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Since the discovery of photocatalytic splitting of water on
TiO2 electrodes in 1972 by Honda and Fujishima, a great
deal of effort has been devoted in recent years to the
development of highly active heterogeneous photocatalysts
for environmental applications including air purification,
water disinfection, hazardous waste remediation, and water
purification, as well as for the energy-related applications,
such as, hydrogen production and solar cells. Among the
various oxide and nonoxide semiconductor photocatalysts,
the photocatalytic performance of titania has been most
intensively studied because of its biological and chemical
inertness, strong oxidizing power, cost effectiveness, and
long-term stability against photocorrosion and chemical
corrosion, and especially its energy band edges, which well
match the redox potentials of water. However, the photocat-
alytic performance of TiO2 must be further enhanced from
the practical and commercial viewpoints, mainly due to the
high recombination rate of photogenerated conduction band
electrons and valence band holes and narrow light-response
range resulting from the wide band gap. To resolve these
problems, many methods have been proposed to enhance the
photocatalytic activity of TiO2, including crystal and textural
modification, band gap (electronic structure) engineering,
interfacial heterostructuring, noble metal loading, metal ion
doping, carbon and nitrogen doping, dye sensitization, and
also the usage of sacrificial reagents (electron donors or hole
scavengers).

This special issue contains thirty nine papers, which
mainly deal with environmental purification, hydrogen pro-
duction, and dye-sensitized solar cells. Among them 30
papers are related to environmental photocatalysis, 4 papers
deal with photoelectrocatalysis and photoelectrochemistry, 3

papers are devoted to photocatalytic hydrogen production,
and 2 papers focus on dye-sensitized solar cells. Furthermore,
this special issue contains two papers related to the pho-
tocatalytic degradation of endocrine disrupting chemicals
(EDCs) present in wastewater by TiO2 and to the preparation
of film-type TiO2 nanotube photocatalysts by liquid-phase
deposition, respectively. Ten of the aforementioned papers
are devoted to the doping or codoping TiO2 photocatalysts.
Eight papers deal with the composite photocatalysts. Two
papers are related to the preparation, photocatalytic activity,
and recovery of magnetic photocatalysts. Two papers report
data on the modification of Degussa-P25 TiO2 powders.
Another two contributions describe the removal of indoor
formaldehyde pollutants. Three papers are devoted to
bactericidal and antibacterial activity of TiO2. One paper
deals with photocatalytic selectivity of TiO2. Another paper
discusses the plasmon photocatalytic selectivity of Au-TiO2.
Finally, two other papers are related to the low-temperature
preparation of TiO2 and photocatalytic treatment of textile
wastewater, respectively. We wish to express our thanks to
all the authors for submitting interesting contributions to
this special issue. A brief summary of all thirty nine accepted
papers is provided below.

In “Degrading endocrine disrupting chemicals from waste-
water by TiO2 photocatalysis: a review,” the authors discuss
the heterogeneous photocatalysis, the abatement of endo-
crine-disrupting chemicals (EDCs), phthalates, bisphenol A
and chlorophenols in particular, using TiO2-based catalysts.
Degradation mechanisms, pathways, and intermediate prod-
ucts of various EDCs on TiO2 photocatalysis are described
in detail. The influence of experimental conditions on the
photocatalytic degradation of various EDCs on TiO2 is
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covered with a special attention. Finally, the future prospects
and challenges for the photocatalytic degradation EDCs on
titania are summarized and discussed.

Another contribution “A review on TiO2 nanotube film
photocatalysts prepared by liquid-phase deposition,” provides
a concise appraisal of studies on the formation of TiO2

nanotube films by liquid-phase deposition based on the
template-assisted growth. The formation mechanisms of
anodic alumina templates and TiO2 nanotube films are
discussed. The morphology of TiO2 is influenced by the
morphology of anodic alumina. This work shows that
the proper concentration of deposition solution (0.1 mol/L
(NH4)2TiF6) and proper calcination temperature (400◦C)
are favorable for the production of TiO2 nanotube films.

In “Photocatalytic properties of nitrogen-doped Bi12TiO20

synthesized by urea addition sol-gel method,” the undoped and
nitrogen-doped Bi12TiO20 materials were synthesized by sol-
gel method in the presence of urea and subjected to annealing
at 600◦C. The UV-Vis absorption spectra indicate that the
absorbance band of N-doped samples is shifted from 420
to 500 nm due to the substitution of oxygen with nitrogen
and the formation of Ti–N and N–O bonds. The optimal N-
doping amount was determined. The resulting photocatalyst
Bi12TiO20−yNy (y = 0.03) with N/(N+O) mole ratio of about
3% showed better performance than those strongly doped
(Bi12TiO20−zNz; z = 0.06), undoped (Bi12TiO20), and slightly
doped (Bi12TiO20−xNx; x = 0.01).

In “Hydrothermal synthesis of nitrogen-doped titanium
dioxide and evaluation of its visible light photocatalytic activ-
ity,” the N-doped TiO2 was synthesized from nanotube
titanic acid (NTA) precursor via a hydrothermal route in
ammonia solution. The N-doped TiO2 catalyst showed much
higher activity towards degradation of methylene blue and
p-chlorophenol under visible light irradiation than Degussa
P25. This is due to the enhanced absorption of N-doped
TiO2 in visible light region associated with the formation of
single-electron-trapped oxygen vacancies and the inhibition
of recombination of photogenerated electron-hole pair by
doped nitrogen.

In “The synthetic effects of iron with sulfur and fluorine
on photoabsorption and photocatalytic performance in codoped
TiO2,” the structural and electronic properties of iron-
fluorine (Fe-F-) and iron-sulfur (Fe-S-) codoped anatase
TiO2 are investigated by first-principle calculations based on
density functional theory. The formation energy of codoped
system is lower than that of single-element doping, which
indicates the synergic effect of codoping on the stability
of the structure. The codopants introduced impurity gap
states resulting in the reduction of electron transition energy
and thus, the visible light absorption by the samples. It
is concluded that Fe-S should be a better codoping pair
because it introduces extended impurity states resulting in
stronger visible light absorption than those generated by
Fe-F codoping compounds. This work explains the recent
experiments and guides the selection of of the more effective
codopants in TiO2.

In “The photocatalytic inactivation effect of Fe-doped TiO2

nanocomposites on leukemic HL60 cells-based photodynamic
therapy,” the photocatalytic inactivation of Fe-doped TiO2

on leukemic HL60 cells was investigated using photodynamic
therapy (PDT) reaction chamber based on LED light source;
the viability of HL60 cells was examined by Cell Counting
Kit-8 (CCK-8) assay. The growth of leukemic HL60 cells was
significantly inhibited by adding TiO2 nanoparticles, and the
inactivation efficiency was effectively enhanced by the surface
modification of TiO2 nanoparticles by Fe doping.

In “Photocatalytic decomposition of amoxicillin trihydrate
(AMOX) antibiotic in aqueous solutions under UV irradiation
using Sn/TiO2 nanoparticles,” the effects of Sn-doping on
the crystal structure, surface area, adsorption properties,
pore size distribution, and optical absorption properties of
the catalysts were investigated. The resulting Sn/TiO2 nano-
particles exhibited high photocatalytic activity during min-
eralization of AMOX under UV light due to the increase
of generated hydroxyl radicals, band gap energy, specific
surface area, and decrease in the crystallite size. The kinetics
of AMOX mineralization was explained in terms of the
Langmuir-Hinshelwood model.

In “Enhanced visible light photocatalytic activity of meso-
porous anatase TiO2 codoped with nitrogen and chlorine,”
anatase mesoporous TiO2 photocatalysts codoped with N
and Cl (N-Cl-TiO2) were synthesized by one-step sol-gel
process in the presence of ammonium chloride. N-Cl-TiO2

catalyst exhibited higher visible light photocatalytic activity
than P25 TiO2 and N-TiO2, which was attributed to the small
crystallite size, intense light absorption in visible region, and
narrow band gap.

In “Neodymium-doped TiO2 with anatase and brookite
two phases: mechanism for photocatalytic activity enhance-
ment under visible light and the role of electron,” the titania
samples doped with neodymium (Nd) were synthesized by a
sol-gel method and examined for the photocatalytic degrada-
tion of rhodamine-B under visible light. Anatase and brook-
ite phases were detected in these samples. Additionally, Nd
as Nd3+ may enter into the lattice of TiO2 and the presence
of Nd3+ substantially enhances the photocatalytic activity of
TiO2 under visible light. It was found that hydroxyl radicals
produced by Nd-doped TiO2 under visible light are reactive
species for Rh-B degradation and the photogenerated elec-
trons are mainly responsible for the formation of the reactive
species.

In “Mechanistic study of visible-light-induced photodegra-
dation of 4-chlorophenol by TiO2−xNx with low nitrogen
concentration,” the TiO2−xNx powders with low N-doping
concentrations (0.021< x <0.049) were prepared by anneal-
ing commercial TiO2 (P-25) under NH3 flow at 550◦C.
Regardless of UV or visible light, the photoactivities of
the samples decreased as x increased, and TiO1.979N0.021

showed the highest activity for the 4-chlorophenol (4-CP)
decomposition under visible-light irradiation. The visible-
light response for N-doped TiO2 could arise from the
N-induced midgap level, formed above the valence band
(O 2p). Electron spin resonance (ESR) measurements and
the radical scavenger methods provided the evidence that
the active species (OH• and O•−

2 ) are responsible for the
photodecomposition of 4-CP over TiO2−xNx under the
visible irradiation. A possible photocatalytic mechanism was
discussed in detail.
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In “TiO2:(Fe, S) thin films prepared from complex precur-
sors by CVD, physical chemical properties, and photocatalysis,”
the TiO2 thin films were prepared using Ti(dpm)2(OPri)2

and Ti(OPri)4 (dpm = 2,2,6,6-tetramethylheptane-3,5-dio-
ne, Pri = isopropyl) as the precursors. The volatile com-
pounds Fe[(C2H5)2NCS2]3 and [(CH3)C]2S2 were used to
prepare doped TiO2 films. The synthesis was done in vacuum
or in the presence of Ar and O2. Physical, chemical, and
photocatalytic properties of the (Fe, S)-doped TiO2 films
were studied. The TiO2:(Fe, S) films prepared from the
Ti(OPri)4 precursor showed higher photocatalytic activities,
very close to that of Degussa P25 powder in UV region.

In “fabrication of Al-doped TiO2 visible-light photocatalyst
for low-concentration mercury removal,” the high-quality Al-
doped TiO2 visible-light photocatalyst was prepared via a
single-step direct combination of vaporized Ti, Al, and O2

using a 6 kW thermal plasma system. The formed Al-doped
TiO2 nanoparticles were a mixture of anatase and rutile
phases and had a size between 10 and 105 nm. The absorp-
tion spectra of these nanoparticles are shifted towards the
visible light region, depending on the Al2O3 addition. Hg0

breakthrough tests revealed that the nanoparticles showed
an appreciable Hg0 removal capability under visible-light
irradiation. Nevertheless, the moisture reduced Hg removal
by the nanoparticles, especially when visible-light irradiation
was applied, suggesting that the competitive adsorption
between H2O and Hg species on the active sites of TiO2

surface occurred.
In “Effect of Ag-Cu bimetallic components in a TiO2

framework for high hydrogen production on methanol/water
photo-splitting,” the TiO2 photocatalysts doped with Ag,
Cu, and Cu-Ag were prepared for the production of H2

from methanol/water photodecomposition. As compared to
monometal-incorporated TiO2, the H2 production was
markedly enhanced in bimetal-incorporated photocatalyst.

In “Photoelectrocatalytic degradation of sodium oxalate
by TiO2/Ti thin film electrode,” the photocatalytically active
TiO2 thin films were deposited on the titanium substrate
plate by chemical vapor deposition (CVD) method, and
the photoelectrocatalytic degradation of sodium oxalate was
investigated. The additional applied potential in photocat-
alytic reaction could prohibit recombination of electron/hole
pairs, but the photoelectrocatalytic effect was decreased
when the applied electric potential was over 0.25 V.

In “Anodization parameters influencing the growth of
titania nanotubes and their photoelectrochemical response,”
the TiO2 nanotubes (TNTs) were fabricated by electro-
chemical oxidation of Ti foil in a standard two-electrode
cell-containing NH4F. The tube length decreased with bath
temperature, which can be attributed to the faster chemical
dissolution rate at high temperatures. However, nanotubes
growth rate was enhanced by ∼260% with the addition of
EDTA as the complexing agent. Meanwhile, the nanotubes
diameter was found to be proportionally dependent on
bath temperature but independent of the voltage ramp and
addition of EDTA. The photoelectrochemical response under
illumination was enhanced by using the calcined TNT.

In “Effect of N,C-ITO on composite N,C-TiO2/N,C-
ITO/ITO electrode used for photoelectrochemical degradation

of aqueous pollutant with simultaneous hydrogen production,”
the composite Ti/TO electrode was simultaneously used for
hydrogen production and degradation of organic pollutants.
The N,C-TiO2 layer in this electrode enhanced not only the
photocurrent response at entire applied potentials but also
the flat band potential; a shift of about 0.1 V towards cathode
was observed, which is beneficial for the PEC process.

In “Investigation on the photoelectrocatalytic activity of
well-aligned TiO2 nanotube arrays,” the well-aligned TiO2

nanotube arrays were fabricated by anodizing Ti foil in vis-
cous F− containing organic electrolytes, and their photocat-
alytic activity was evaluated in the photocatalytic (PC) and
photoelectrocatalytic (PEC) degradation of methylene blue
(MB) dye in different supporting solutions. The excellent
performance of ca. 97% for color removal was reached after
90 min in the PEC process compared to that of PC process
which indicates that a certain external potential bias favors
the promotion of the electrode reaction rate on the TiO2

nanotube array when it is under illumination. In addition,
it was found that the PEC degradation of MB conducted in
supporting solutions was accelerated at low pH and in the
presence of Cl−.

In “Photocatalytic oxidation of triiodide in UVA-exposed
dye-sensitized solar cells,” the UVA irradiation of glass
mounted dye-sensitized solar cells without UV filtration
caused a failure within 400 hours of light exposure. The
failure mode was shown to relate to the consumption of I3

−,
which was directly related to TiO2 photocatalysis. The device
failure was more rapid for the cells under electrical load
indicating that the degradation of the electrolyte is related to
photogenerated hole production by excitation of TiO2. Once
depleted by UV exposure, the I3

− was regenerated by simple
application of a reverse bias, which can restore severely the
UV-degraded devices to near original working conditions.

In “Effects of homogenization scheme of TiO2 screen-
printing paste for dye-sensitized solar cells,” the TiO2 screen-
printing paste was prepared by two methods to disperse
the nanocrystalline TiO2 powder: a “ball-milling route” and
a “mortal-grinding route.” The TiO2 ball-milling (TiO2-
BM) route gave monodisperse TiO2 nanoparticles, resulting
in high photocurrent density (14.2 mA cm−2) and high
photoconversion efficiency (8.27%). On the other hand, the
TiO2 mortal-grinding (TiO2-MG) route gave large aggre-
gates of TiO2 nanoparticles, resulting in low photocurrent
density (11.5 mA cm−2) and low photoconversion efficiency
(6.43%).

In “Enhancing photocatalytic performance through tuning
the interfacial process between TiO2-assembled and Pt-loaded
microspheres,” the Pt-TiO2 microspheres were prepared in a
solution with subsequent Pt loading through a photoreduc-
tion. The Pt loading led to an efficient separation of pho-
togenerated electron-hole pairs. Meanwhile, electrons stored
in the “microcapacitor” of TiO2 microspheres contributed to
the enhancement of photocatalytic activity under UV light
irradiation.

In “Facile synthesis and photocatalytic property of tita-
nia/carbon composite hollow microspheres with bimodal meso-
porous shells,” the titania/carbon composite hollow micro-
spheres with bimodal mesoporous shells were fabricated
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by one-pot procedure involving acidic (NH4)2TiF6 aqueous
solution in the presence of glucose at 180◦C for 24 h and
then calcined at 450◦C for 2–4 h. All TiO2/C composite
hollow spheres generally exhibited bimodal mesopore size
distribution with peaks in the range of 2.3–4.5 nm and 5.7–
12.7 nm. The TiO2-2 sample showed the highest daylight-
induced photocatalytic activity and greatly exceeded that of
Degussa P25.

In “Performance of Ag-TiO2 photocatalysts towards the
photocatalytic disinfection of water under interior-lighting and
solar-simulated light irradiations,” the characterization and
photoactivity of Ag-TiO2 materials was studied using differ-
ent amounts of silver during the hydrothermal synthesis. The
resulting photocatalysts were tested towards photocatalytic
disinfection of water using a solar light simulator and an
interior-light irradiation setup. The obtained data indicate
an increase in the photooxidative effect of TiO2, while dark
processes show that the partial inactivation is due to the Ag-
TiO2 surface bactericidal effect and possible lixiviated Ag+.

In “Preparation and photocatalytic property of TiO2/dia-
tomite-based porous ceramics composite materials,” the nano-
TiO2/diatomite-based porous ceramics composite materials
were prepared by hydrolysis deposition method using tita-
nium tetrachloride as the precursor of TiO2 and diatomite
as the porous support. After calcination at 550◦C, the thin
TiO2 anatase film was formed on the diatomite with the
average grain size of TiO2 of about 10 nm. The degradation
ratio for 5 mg/L malachite green solution reached 86.2% after
irradiation for 6 h under ultraviolet.

In “Anatase TiO2 nanospindle/activated carbon (AC) com-
posite photocatalysts with enhanced activity in removal of
organic contaminant,” a novel TiO2/AC composite photocat-
alyst was prepared by coating of anatase TiO2 nanospindles
onto the surface of AC particles, which showed better
photocatalytic activity than pure TiO2 due to the synergistic
effect between supporting materials and TiO2 nanospindles.
Most importantly, this composite photocatalysts effectively
reduced the lixiviation of TiO2 from the surface of AC.

In “Preparation and photocatalytic activity of TiO2-
deposited fabrics,” the nanoscale TiO2 photocatalytic films
were formed on the surface of polyester nonwovens by
using direct current reactive magnetron sputtering. The test
results proved that the grain sizes of the sputtered clusters
increased and the coating layer became more compact with
increasing film thickness, but the composition of films did
not change significantly. The photocatalytic activity of TiO2-
coated fabrics mostly depended on the film thickness.

In “Synthesis of Fe3O4/C/TiO2 magnetic photocatalyst
via vapor phase hydrolysis,” a core/multishell-structured
Fe3O4/C/TiO2 magnetic photocatalyst was prepared via
vapor phase hydrolysis process. The size and crystallinity of
anatase TiO2 crystallite in the shell could be tuned by temper-
ature and duration of the process. The photocatalytic activity
of Fe3O4/C/TiO2 was higher than that of the commercial
anatase TiO2 in photocatalytic degradation of methylene
blue (MB), and its recycling property was significantly
improved. The intermediate carbon layer can effectively
eliminate the electron interaction or photodissolution of
Fe3O4occurring at the point of contact.

In “Preparation, photocatalytic activity, and recovery of
magnetic photocatalyst for decomposition of benzoic Acid,” the
optimal experimental parameters of TiO2 preparation were
pH 3, weight ratio of TiO2/SiO2(Fe3O4) at 1 and calcination
temperature of TiO2/SiO2/Fe3O4 at 350◦C. Furthermore, the
paramagnetic behaviors of the prepared TiO2/SiO2/Fe3O4

gave rise to the magnetic photocatalyst, which could be
separated more easily through the application of a magnetic
field.

In “Enhanced photocatalytic activity of TiO2 powders
(P25) via calcination treatment,” the authors showed that cal-
cination influenced the microstructures and photocatalytic
activity of the P25 TiO2 powders. An optimal calcination
temperature (500◦C) was determined, and the photocatalytic
activity of TiO2 powders calcined at 500◦C was nearly twice
higher than that of the uncalcined P25 TiO2.

In “Photocatalytic degradation of NOx using Ni-containing
TiO2,” a nickel-modified titania photocatalyst was prepared
by photodeposition method using Degussa-P25 TiO2 parti-
cle and nickel chloride as raw materials. Ni did not enter into
the TiO2 crystal lattice and was uniformly dispersed onto the
TiO2 surface. The modified titanium dioxide with 0.1 mol%
of nickel exhibited twice higher the NOx-removal activity in
comparison to the bare TiO2 under ultraviolet illumination.
The nickel content in this photodeposition process plays
an important role in controlling affinity towards NOx

molecules, recombination rate of electron-hole pair, and the
content of active sites on the TiO2 surface and therefore,
affects the optical and photocatalytic properties.

In “Effects of calcination temperatures on photocatalytic
activity of ordered titanate nanoribbon (TNR)/SnO2 films
fabricated during an EPD process,” the highest photocatalytic
activity was obtained for the calcined TNR/SnO2 film at
600◦C due to the formation of well-crystallized anatase
phase, the unique morphology, and the fast charge carrier
separation and transfer at the interface of TiO2 and SnO2.

In “Synergistic effect of nanophotocatalysis and nonthermal
plasma on the removal of indoor HCHO,” the effect of
combination of photocatalytic oxidation (PCO) with non-
thermal plasma technology (NTP) on the removal of indoor
HCHO was investigated. The effects of plasma discharge
configuration, the applied voltage, the flow velocity, and the
humidity on the HCHO removal were studied. The HCHO
removal was shown to be more effective in the line-to-plate
electrode discharge reactor; the HCHO reaction rate was
enhanced and the amount of air that needs to be cleaned was
enlarged. The synergistic effect was observed for the indoor
air purification by combining PCO with NTP.

In “Degradation of gaseous formaldehyde by visible light-
responsive titania photocatalyst filter,” a method is proposed
by using electrophoretic deposition (EPD) to fabricate the
titania (TiO2) photocatalyst filter, which after modification
with lithium nitrate (LiNO3) became responsive to visible
light and effectively degraded gaseous formaldehyde. The
best total average degradation performance of thisphotocat-
alyst filter was about 9.2% and 16.3% higher than that of the
original photocatalyst filter (P-25, Degussa) at the UVA and
visible irradiation, respectively, at 26◦C.
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In “Preparation of antibacterial color-coated steel sheets,” a
simple way to manufacture antibacterial color-coated sheet
using Ag-loaded TiO2 is developed. The optimal technical
parameters are 2% for silver-loaded titanium dioxide, which
is dispersed well as color-coated sheets, reaching the antibac-
terial efficiency of 99.99%. The efficiency of methyl orange
degradation reached 88% in 4 h.

In “Highly selective deethylation of rhodamine B on TiO2

prepared in supercritical fluids,” a pure phase anatase TiO2

nanoparticles with sizes of 5–8 nm and different crystallinity
were synthesized in supercritical isopropanol/water using a
continuous flow reactor. Their photodegradation of rho-
damine B (RhB) was evaluated under visible light irradiation.
The as-prepared TiO2 nanoparticles showed much higher
photodegradation efficiencies than commercial Degussa P25
TiO2. Moreover, the photodegradation of RhB on the as-
prepared TiO2 follows a different process than that on
P25 TiO2, quicker N-deethylation and slower cleavage of
conjugated chromophore structure.

In “Enhancement of visible-light photocatalytic activity
of mesoporous Au-TiO2 nanocomposites by surface plasmon
resonance,” the Au-TiO2 nanocomposites were prepared by
a simple spray hydrolytic method with photoreduction at
90◦C. The light absorption, the formation rates of hydroxyl
radicals, and photocatalytic decolorization of RhB aqueous
solution were significantly enhanced by the embedded Au
nanoparticles in the Au-TiO2 nanocomposites due to the
surface plasmon resonance. The composite RAu-0.015 sample
exhibited the best visible-light photocatalytic activity for
decolorization of RhB aqueous solution due to the synergistic
effects of the absorption shift into visible and improved
efficiency of interfacial charge transfer process.

In “Ta/TiO2- and Nb/TiO2-mixed oxides as efficient solar
photocatalysts: preparation, characterization, and photocat-
alytic activity,” Ta/TiO2- and Nb/TiO2-mixed oxide pho-
tocatalysts were prepared by simple impregnation method
using different TiO2 : Nb mass ratios, followed by calcination
at 500◦C. Nb/TiO2- and Ta/TiO2-mixed oxides showed
higher activity than the untreated TiO2 under natural solar
light. The maximum activity was observed for Nb/TiO2

sample (at mass ratio of 1 : 0.1), characterized by the smallest
crystalline size (17.79 nm). As compared to the untreated
TiO2, the solar decolorization and mineralization rates
improved by about 140% and 237%, respectively, and the
band gap was reduced to 2.80 eV.

In “Removal of a cationic dye by adsorption/photodeg-
radation using electrospun PAN/O-MMT composite nanofi-
brous membranes coated with TiO2,” the polyacryloni-
trile (PAN)/organic-modified montmorillonite (O-MMT)
nanofibrous composite membranes were firstly prepared
by electrospinning and then coated with titanium dioxide
(TiO2) using spin coating technique. With the increase of
O-MMT amount, the diameters of the nanofibers decreased,
and the adsorption rate of MB was evidently improved.
Besides, with the increase of TiO2 film thickness, the pho-
tocatalytic properties were enhanced while the adsorption
process was slowed down.

In“Low-temperature reverse microemulsion synthesis,char-
acterization, and photocatalytic performance of nanocrystalline

titanium dioxide,” the nanosized TiO2 nanoparticles were
synthesized in n-hexanol/CTAB/water reverse microemul-
sions. Among all the as-synthesized photocatalysts by aging
method, the nanoparticles aged at 65◦C for 90 h showed the
highest photocatalytic activity, which was higher than that of
commercial P25.

In “TiO2-based photocatalytic treatment of raw and con-
structed-wetland pretreated textile wastewater,” a combina-
tion of photocatalytic and biological degradation of wastewa-
ters generated in textile production (simulation of real textile
effluent) is presented.

Jiaguo Yu
Mietek Jaroniec

Gongxuan Lu
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This study investigated the production of hydrogen over TiO2, Cu-TiO2, Ag-TiO2, and Cu-Ag-TiO2 photocatalysts incorporated
with Cu and Ag ions by a solvothermal method. The Ag metal (200, 220, and 311 plane) peaks at 2θ = 44.50, 64.00, and 77.60o were
presented in the Ag-incorporated TiO2 catalysts. The CuO component (Cu2p3/2 and Cu2p1/2 at 930.4 and 949.5 eV) was exhibited
in the X-ray photon spectroscopy (XPS) band of the Cu-incorporated TiO2 photocatalyst. All the absorption plots in the Cu-, Ag-,
and Cu-Ag-incorporated catalysts showed excitation characteristics; an asymmetric tail was observed towards a higher wavelength
due to scattering. The intensity of the photoluminescence (PL) curves of Cu-Ag-TiO2s was smaller, with the smallest case being
observed for Cu(0.05)-Ag(0.05)Ti(0.9)O2 and Cu(0.03)-Ag(0.07)Ti(0.9)O2. Based on these optical characteristics, the production
of H2 from methanol/water photodecomposition over the Cu(0.03)-Ag(0.07)Ti(0.9)O2 photocatalyst at 8,750 mmol after 8 h was
greater than that over the other photocatalysts.

1. Introduction

The technology for generating hydrogen by the splitting of
water using a photocatalyst has attracted much attention.
The principle of photocatalytic water decomposition is based
on the conversion of light energy into electricity in a
semiconductor on exposure to light [1–3]. Semiconductor
materials such as MTiO3 [4, 5] and TiOxNy [6, 7] have been
widely investigated due to their low band gap and high corro-
sion resistance. However, the photocatalytic decomposition
of water on a TiO2 photocatalyst is ineffective as the amount
of hydrogen produced is limited by the rapid recombination
of holes and electrons, resulting in the formation of water.
Recently, the production of hydrogen has been extended to
the photodecomposition of methanol (CH3OH), which has
a lower splitting energy than water. The following overall
methanol decomposition reaction was proposed [8, 9]:

MeOH(l) ↔ HCHO
(
g
)

+ H2
(
g
)
, G1

◦ = 64.1 kJ mol−1 ,
(1)

HCHO
(
g
)
H2O(l) ↔ HCO2H(l) + H2

(
g
)
,

G◦
2 = 47.8 kJ mol−1,

(2)

HCO2H (l) ←→ CO2
(
g
)

+ H2
(
g
)
, G3

◦ = −95.8 kJ mol−1.
(3)

Finally, MeOH(l) + H2O (l) ↔ CO2
(
g
)

+ 3H2
(
g
)
,

ΔG◦ = 16.1 KJ mol−1.
(4)

The decomposition energy for methanol is smaller
than 0.7 eV, compared to 1.2 eV for water splitting. Most
investigations on the production of hydrogen via methanol
photodecomposition have focused on MxOy (M = Cd or
Zn) [10, 11] and noble metal (Cu, Ag, Pd, Pt, Au)-doped
TiO2 [12–16], which can be used to activate the photo-
catalysts using UV light with longer wavelengths. However,
the number of known photocatalysts is limited, and their
activities remain low. New photocatalysts possessing greater
hydrogen-producing activity under visible light irradiation
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need to be developed. Moreover, hydrogen-based energy
offers the significant advantage of being environmentally
friendly. In our previous study [17], a new material, Cu-
TiO2, where CuxO was substituted into the TiO2 framework,
was investigated as a conducting component to reduce the
large band gap of pure TiO2. The structural effect of the
catalyst on photocatalysis was also evaluated using Cu-
incorporated TiO2 photocatalysts with anatase and rutile
structures. The production reached 16,000 μmol after 24 h
over Cu-TiO2 with a rutile structure for water/methanol
decomposition. Additionally, in our other paper [18], we
reported about the synthesis and characterization of AgxO
and found that the hydrogen production from methanol
photodecomposition over a mixture of AgxO and TiO2 was
remarkably increased. Moreover, it was further enhanced
when AgxO thermally treated at 100◦C was added, and the
production peaked at 17,000 μmol after 24 h. However, the
economic evaluation of this hydrogen production process
remained poor, and any Ag and Cu metals remaining after
the reaction showed a tendency to precipitate at the bottom
of the reactor, where they were rapidly reduced. Subsequently
the catalyst was rapidly deactivated.

Therefore, in order to overcome these disadvantages, we
prepared a new catalyst in which two metals with different
reduction/oxidation abilities were embedded into the TiO2

framework. We investigated the production of hydrogen
from the methanol/water photodecomposition over TiO2,
Cu(0.1)-Ti(0.9)O2, Ag(0.1)-Ti(0.9)O2, Cu(0.05)-Ag(0.05)
Ti(0.9)O2, Cu(0.03)-Ag(0.07)Ti(0.9)O2, and Cu(0.07)-
Ag(0.03)Ti(0.9)O2 photocatalysts in which Cu and Ag
ions were incorporated into the TiO2 framework with an
anatase structure, prepared using a solvothermal method.
To determine the relationship between Cu and Ag species
and the catalytic performance for the production of H2,
these photocatalysts were examined using X-ray diffraction
analysis (XRD), X-ray photon spectroscopy (XPS), and
UV-visible and photoluminescence (PL) spectroscopy.

2. Experimental

2.1. Preparation of Photocatalysts. The photocatalysts were
prepared using the conventional solvothermal method,
as shown in Figure 1. To prepare the sol mixture, titan-
ium tetraisopropoxide (TTIP, 99.95%), copper nitrate
(Cu(NO3)2, 99.9%), and silver nitrate (AgNO3, 99.9%), all
supplied by Junsei Chemical (Tokyo, Japan), were used as the
titanium, copper, and silver precursors, respectively. After
0.9 mol TTIP was added slowly to 250 mL ethanol, Ag and
Cu nitrate (totally 10 mol-% per titanium mole) dissolved
with ethanol were added into the titanium solution. The
mixture was stirred homogeneously for 1 h, and the pH was
maintained at 3.0. The final solution was stirred homo-
geneously and moved to an autoclave for the thermal treat-
ment. TTIP, silver, and copper nitrates were hydrolyzed via
the OH groups during thermal treatment at 473 K for 8 h
under a nitrogen environment at a pressure of approximately
10 atm. The resulting precipitate was washed with distilled
water until pH = 7.0 and then dried at 353 K for 24 h.

The six photocatalysts were pure TiO2, Cu(0.1)-Ti(0.9)O2,
Ag(0.1)-Ti(0.9)O2,Cu(0.05)-Ag(0.05)Ti(0.9)O2, Cu(0.03)-
Ag(0.07)Ti(0.9)O2, and Cu(0.07)-Ag(0.03)Ti(0.9)O2.

2.2. Characteristics of the Photocatalysts. The powders for
the six synthesized photocatalysts were examined by XRD
(MPD, PANalytical, at Yeungnam University Instrumental
Analysis Center) with nickel-filtered CuKα radiation (30 kV,
30 mA) at 2θ angles ranging from 10 to 80◦, a scan speed
of 10◦ min−1, and a time constant of 1 s. The sizes and
shapes of the particles were measured by transmission elec-
tron spectroscopy (TEM; H-7600, Hitachi, at Yeungnam
University Instrumental Analysis Center) operated at 120 kV.
The UV-visible spectra were obtained using a Cary 500 spec-
trometer with a reflectance sphere over the special range
of 200 to 800 nm. PL spectroscopy was also performed to
determine the number of photo-excited electron hole pairs
using a PL mapping system (LabRamHR, Jobin Yvon, at
Korea Photonics Technology Institute Material Characteriza-
tion Center). It was also used to examine the number of
photo-excited, electron-hole pairs for all samples. Samples
of 1.0-mm diameter pellets were measured at room temper-
ature using a He-Cd laser source at 325 nm in the reflection
mode. XPS measurements of Cu2p,Ag3d, Ti2p, and O1s
were recorded with an ESCA 2000 (VZ MicroTech, Ox-
ford, UK) system, equipped with a nonmonochromatic AlK
(1486.6 eV) X-ray source. The powders were pelletized at
1.2 × 104 kPa for 1 min, and the 1.0-mm pellets were
then maintained overnight in a vacuum (1.0 × 10−7 Pa) to
remove the water molecules from the surface prior to the
measurement. The base pressure of the ESCA system was
below 1 × 10−9 Pa. Experiments were recorded with a 200-W
source power and an angular acceptance of ±5◦. The anal-
yzer axis made an angle of 90◦ with the specimen surface.
Wide scan spectra were measured over a binding energy
range of 0 to 1200 eV, with pass energy of 100.0 eV. The Ar+

bombardment of the photocatalysts was performed with an
ion current of 70 to 100 nA, over an area of 10.0 × 10.0 mm,
with a total sputter time of 2400 s divided into 60 s intervals.
A Shirley function was used to subtract the background in
the XPS data analysis. The O1s, Ti2p, Ag3d, and Cu2p XPS
signals were fitted using mixed Lorentzian-Gaussian curves.

2.3. H2 Production from Methanol/Water Photo Decompo-
sition over Photocatalysts. The photodecomposition of meth-
anol/water was performed using a liquid photoreactor de-
signed in our laboratory (Figure 2). For methanol/water pho-
todecomposition, 0.5 g of the powdered photocatalysts was
added to 2.0 L of a 1.0 : 1.0 methanol/water mixture in a 3.0-L
Pyrex reactor. UV-lamps (6 × 3 Wcm−2 = 18 Wcm−2, 30 cm
length × 2.0 cm diameter; Shinan, Sunchun, Korea), emit-
ting radiation at 365 nm, were used. The methanol/water
decomposition was conducted for 30 h, with stirring, with
the hydrogen evolution determined after 1 h. The hydrogen
(H2) produced during the methanol/water photodecompo-
sition was analyzed using a thermal-conductivity-detector-
(TCD-) type gas chromatograph (GC, model DS 6200;
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Figure 1: The preparation of six photocatalysts, pure TiO2, Cu(0.1)-Ti(0.9)O2, Ag(0.1)-Ti(0.9)O2, Cu(0.05)-Ag(0.05)Ti(0.9)O2, Cu(0.03)-
Ag(0.07)Ti(0.9)O2, and Cu(0.07)-Ag(0.03)Ti(0.9)O2 using a solvothermal method.

Donam Instruments Inc., Gyeonngi-do, Korea). To deter-
mine the products and intermediates, the GC was directly
connected to the methanol/water decomposition reactor.
The GC conditions were as follows: column: Carbosphere
(Alltech, Deerfield, IL, USA), injection temp.: 160◦C, initial
temp.: 100◦C, final temp.: 100◦C, and detector temp.: 200◦C.

3. Results and Discussion

3.1. Characteristics of the Photocatalysts. Figure 3 shows
the XRD patterns for the six as-synthesized photocatalysts.
Generally, TiO2 and metal-TiO2 photocatalysts with an
anatase structure are known to perform well in the decom-
position of various organic compounds. The diffraction
peaks for the anatase and rutile phases are labeled A
and R with the corresponding diffraction planes given in
parentheses, respectively [19]. Both pure TiO2 and metal-
incorporated TiO2 catalysts showed well-developed anatase
structures as synthesized. The Ag metal (200, 220, and
311 plane) peaks at 2θ = 44.50, 64.00, and 77.60◦ were
presented in the Ag-incorporated TiO2 catalysts [20] and
the intensities increased with increasing amount of loaded
Ag. These results indicated that the Ag components partially
existed on the external surface of TiO2 and were unlikely
to be incorporated into the framework of the anatase
structure. However, the Cu component did not appear in
any of the catalysts, which indicated its complete insertion
into the TiO2 framework. Interestingly, the structural

stability of anatase increased when bimetallic two metals,
Cu and Ag, were inserted into the TiO2 framework at the
same time, compared with when one kind of metal, Cu
or Ag, that was inserted. Generally, crystalline domain
sizes decrease with increasing line broadening of the peaks.
The line broadening of the [101] peak is related to the
size of the hexagonal crystalline phase. Scherrer’s equation
[21], t = 0.9λ/β cos θ, where λ is the wavelength of the
incident X-rays, β is the full width at half maximum height
(FWHM) in radians, and θ is the diffraction angle, was
used to estimate the crystalline domain size. The estimated
crystalline domain sizes were 15.04, 13.71, 17.00, 11.80,
15.82, and 15.25 nm for pure TiO2, Cu(0.1)-Ti(0.9)O2,
Ag(0.1)-Ti(0.9)O2,Cu(0.05)-Ag(0.05)Ti(0.9)O2, Cu(0.03)-
Ag(0.07)Ti(0.9)O2, and Cu(0.07)-Ag(0.03)Ti(0.9)O2 pow-
ders, respectively. The results indicated that the grain
growths increased and decreased according to incorporation
of Ag and Cu, respectively.

Figure 4 shows TEM images of the particle shapes of the
six photocatalysts. A relatively uniform mixture of rhombic
and cubic particles was observed with sizes ranging from 10
to 20 nm. The particles were slightly decreased in size when
Cu was added but enlarged with Ag addition. The size was the
smallest in Cu(0.05)-Ag(0.05)Ti(0.9)O2, which corresponds
to the XRD patterns shown in Figure 3.

Table 1 summarizes the atomic composition of the six
photocatalysts. The compositions were estimated using ener-
gy dispersive X-ray (EDAX) analysis. The ratios of metal
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Figure 3: The XRD patterns of six photocatalysts as-synthesized. (a) TiO2, (b) Cu(0.1)-Ti(0.9)O2, (c) Cu(0.07)-Ag(0.03)Ti(0.9)O2, (d)
Cu(0.05)-Ag(0.05)Ti(0.9)O2, (e) Cu(0.03)-Ag(0.07)Ti(0.9)O2, and (f) Ag(0.1)-Ti(0.9)O2.

(mono or bimetal)/Ti were 0.20, 0.10, 0.16, 0.10, and 0.11 in
Cu(0.1)-Ti(0.9)O2, Ag(0.1)-Ti(0.9)O2, Cu(0.05)-Ag(0.05)
Ti(0.9)O2, Cu(0.03)-Ag(0.07)Ti(0.9)O2, and Cu(0.07)-
Ag(0.03)Ti(0.9)O2 powders, respectively. Similar to the XRD
results, the incorporation of Ag component into the TiO2

framework was more difficult than that of Cu component.

Figure 5 shows the UV-visible spectra of the six photo-
catalysts. The absorption of the Ti4+ tetrahedral symmetry
normally appears at around 350 nm [22], which is assigned
to L-L (P → π or P → π∗) transitions localized on the oxy-
gen. In the figure, the absorption bands are around 350 nm
for all the photocatalysts, but the intensity of absorption
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Figure 4: The TEM images of six photocatalysts as-synthesized.

Table 1: The atomic composition of the six photocatalysts.

Atomic composition (%)

Samples Metal/Ti O Ti Cu Ag

TiO2 — 7.167 28.33 — —

Cu(0.1)-Ti(0.9)O2 0.20 76.99 19.11 3.89 —

Ag(0.1)-Ti(0.9)O2 0.10 74.03 23.56 — 2.41

Cu(0.05)-Ag(0.05)Ti(0.9)O2 0.11 69.85 27.24 2.11 0.79

Cu(0.03)-Ag(0.07)Ti(0.9)O2 0.16 70.78 25.25 2.03 1.94

Cu(0.07)-Ag(0.03)Ti(0.9)O2 0.10 71.64 25.27 0.86 1.74

for pure TiO2 is stronger than for metal-incorporated TiO2.
The Cu-incorporated materials broadly absorbed at around
650 nm with remarkable intensity, which is allowed by the
large spin-orbit coupling constant of the d-d transfer of
copper, and the band observed in the visible region can be
rationalized in terms of symmetry arguments. Otherwise, the
broad band in the Ag-incorporated catalysts at 380 ∼ 600 nm
was attributed to Ag → O metal-to-ligand charge transfer
(MLCT) transitions. The two broad bands observed in the
wavelength interval 350–600 nm were therefore assigned to
the MLCT and d-d transitions, which indicated that the band
gap was narrowed in the Ag- and Cu-inserted TiO2 catalysts,
leading to higher photocatalytic performance.

Figure 6 shows the PL spectra of the six photocatalysts.
The PL curve suggests that the electrons in the valence
band were transferred to the conduction band, after which
the excited electrons were stabilized by photoemission. In
general, it is very important that the PL intensity increases
with the increasing number of emitted electrons resulting
from the recombination between excited electrons and holes,
and, consequently, that the photoactivity decreases [23]. In
particular, the PL intensity decreases to a greater extent in
the presence of a metal that can capture excited electrons
or exhibit conductivity, via the relaxation process. The PL
curve of pure TiO2 showed emission at 370–450 nm as a
curve type. The band broadening was attributed to the
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Figure 5: The UV-visible spectra of six photocatalysts as-synthesized. (a) TiO2, b) Cu(0.1)-Ti(0.9)O2, (c) Cu(0.07)-Ag(0.03)Ti(0.9)O2, (d)
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overlapped emission from the higher and lower excited
states to the ground states. The pattern of the Ag- or Cu-
incorporated catalysts showed two curves—at 360 nm and
400 nm—which were attributed to the band gap between the
incorporated metals, Ag or Cu, respectively, and that of pure
anatase TiO2. Additionally the curves were shifted to a lower
wavelength, and the PL intensity decreased significantly with
decreasing metal insertion, probably due to the electron-
capturing actions of the metal atoms from conduction band
of TiO2. Particularly when Ag component was inserted into
the TiO2 framework, the PL intensity was largely reduced.
Consequently, the PL intensity varied according to whether
the added metal acted as an electron capturer or not. If
the incorporated metals existed on the surface or in the
framework of TiO2, they attracted the excited electrons from
TiO2, so that the recombination of an electron and a hole was

difficult, thus increasing the number of holes over the valence
band and generating more OH radicals.

3.2. H2 Production from Methanol/Water Decomposition over
the Six Photocatalysts. Figure 7 summarizes the evolution of
H2 from methanol/water decomposition over the six pho-
tocatalysts in a batch-type, liquid photosystem. Over pure
anatase TiO2, 200 mmol of H2 were only collected after
methanol/water photodecomposition for 8 h, however the
amount of H2 gas more increased in the Ag- or Cu-incor-
porated photocatalysts linearly with increasing time.
The H2production was the highest in Cu(0.03)-Ag(0.07)
Ti(0.9)O2 at 8,750 mmol and finally reached 20,000 mmol
after 30 h. therefore, the simultaneously bimetallic addition
of Ag and Cu components had a greater influence on the
H2 production during methanol/water photodecomposition
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than the mono metals, Cu- or Ag-incorporated TiO2.
Particularly, metal chunks were observed to be deposited in
the reactor after the reaction. These results are evidence for
the continuing oxidation/reduction actions between Cu and
Ag during the reaction.

The Cu(0.03)-Ag(0.07)Ti(0.9)O2 particles underwent
quantitative XPS analyses before and after the reaction,
with the typical survey and high-resolution spectra shown
in Figure 8. The Ti2p1/2 and Ti2p3/2 spin-orbital splitting
photoelectrons for anatase TiO2s were located at binding
energies of 462.0 and 456.4 eV, respectively, and were
assigned to the presence of typical Ti4+ [24]. The measured
FWHM of the Ti2p3/2 peak was larger before reaction than
after the reaction. However, there was no subsequent change.
In general, a greater FWHM implies a greater amount
of less-oxidized metals. The Cu2p3/2 and Cu2p1/2 spin-
orbital splitting photoelectrons for the anatase Cu(0.03)-
Ag(0.07)Ti(0.9)O2 photocatalyst before the reaction were
located at binding energies of 930.4 and 949.5 eV, respec-
tively, and these bands were assigned to CuO. However, these
bands were separated into two peaks at binding energies
of 932.5 eV of Cu2p3/2 and 952.5 eV of Cu2p1/2, and these
bands were assigned to Cu2O [24]. On the other hand,
the fresh photocatalyst showed Ag3d5/2 and Ag3d3/2 spin-
orbital splitting photoelectrons at binding energies of 366.1
and 372.0 eV, respectively, which were assigned to AgO, but
the peak intensities were dramatically decreased after the
reaction. This result indicated that the oxidation state of
Cu was reduced and the amount of AgO was decreased
during the reaction, which enabled their strong involvement
in methanol/water decomposition. The O1s region was
decomposed into two contributions: metal (Ti4+ or Ti3+)-
O (527.5 eV) in the metal oxide and metal-OH (529.5.0 eV).
The ratios of metal-OH/metal-O in the O1s peaks were
decreased after the reaction compared to that before the reac-
tion. Additionally, the measured FWHM of the O1s peak was
larger after reaction than that before, which was attributed to
the exposure of Ag or Cu ions from the surface of TiO2.

4. Conclusions

TiO2 photocatalysts inserted with Ag, Cu, and Cu-Ag were
prepared for the production of H2 gas from methanol/water
photodecomposition in a batch-type liquid photosys-
tem. Compared to monometal-incorporated TiO2, the H2

production via methanol/water photodecomposition was
markedly enhanced in bimetal-incorporated photocatalyst
and reached 8,750 mmol after methanol/water photode-
composition for 8 h over Cu(0.03)-Ag(0.07)Ti(0.9)O2 pho-
tocatalyst. These results confirmed that the simultaneous
presence of Cu and Ag components in the framework of
the TiO2 anatase structure improved the H2 production via
methanol/water photodecomposition. Here, we suggested
that any Cu or Ag components present in the TiO2 frame-
work are reduced or decreased by attracting the excited
electrons from the valence band of TiO2, because of the
greater reduction potential of CuO or AgO than that of pure
TiO2. This hinders the recombination of an electron and a

hole because the CuO or AgO component captures electrons,
thereby increasing the number of holes over the valence
band and allowing methanol decomposition to continue.
The simultaneous insertion of the two ions into the TiO2

framework induced an increased synergistic effect.
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Approximately, 15% of the total textile colorant production is estimated to be lost during dyeing and processing of textile fibres. If
left untreated, these wastewaters can represent a serious environmental threat. In the present paper a combination of photocatalytic
and biological degradation of prepared textile wastewaters (simulation of real textile effluent) is presented. Samples have been
monitored through the course of photocatalytic experiments: change in UV-VIS absorbance spectra and complete decolouration
were achieved for all three tested dyed wastewaters; however, only partial COD removal was achieved with photocatalytic oxidation
(PCOx) and photocatalytic ozonation (PCOz). Toxicity test (Vibrio fischeri) of untreated and pretreated (constructed wetland,
CW) samples showed a decrease in toxicity values only for the red-dyed wastewater. Comparison of efficiency of PCOx and PCOz
for decolouration and mineralization of three structurally different dyes (anthraquinone and two azo dyes) has been done. CW
pretreatment caused faster decolouration and substantial COD removal in PCOx (up to 45%). Pretreatment also accelerated
decolouration during PCOz, but it accelerated COD removal only in the case of red-dyed wastewater due to short irradiation
times applied.

1. Introduction

Textile dyes and other industrial dyeing agents represent
one of the largest groups of organic molecules. High variety
is characteristic for textile dyes’ and auxiliary chemicals’
composition used in the dyeing and finishing processes. In
the world’s dye market, azo dyes currently represent 60%
share [1]. Due to incomplete dye exhaustion, the spent dye
baths and water from washing operations constitute large
volumes of dyed wastewaters [2].

Approximately, 15% of the total colorant production
is estimated to be lost during dyeing processes [2]. Dyes
reduce light penetration into the water, interfere with
biological process (photosynthesis), and some exhibit toxic
and carcinogenic effects [3]. Due to the complex, recalci-
trant, and bioresistant character of textile effluents, a lot
of attention has been dedicated to pollution abatement.
Traditional physicochemical methods exhibit drawbacks
such as secondary waste production (sludge), membrane
fouling, and costly adsorbent regeneration [4]. In biological
treatment approaches, the anaerobic phase is important for

decolouration by the reductive cleavage of azo bond through
which aromatic amines are formed, which are sometimes
more toxic than the parent molecule itself [5].

Many new approaches to pollution abatement have been
investigated like microbial or enzymatic decomposition and
advanced oxidation processes (AOPs) [3, 6]. AOPs exhibit
also disinfection action on treated wastewater [7, 8]. TiO2-
based heterogeneous catalysis’ key advantages are absence of
mass/phase transfer, possible operation at ambient condi-
tions (under solar irradiation), and, importantly, likelihood
of complete mineralization of organic carbon into CO2.
Efficient decolouration and partial or total mineralization
of textile effluents by AOPs has been demonstrated [2–13].
Moreover, ozone introduction into the photocatalytically
treated solution considerably increases the amount of highly
reactive oxygen-based radicals in consequence increasing the
rate of mineralization [14].

Constructed wetlands (CWs) are engineered systems
mimicking natural conditions for wastewater treatment.
They are considered as an inherently low cost method since
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they use natural ability of vegetation, sand media, and its
associated microorganisms for pollution removal [15]. The
knowledge on effectiveness of CW for pollution removal has
increased rapidly in last two decades; mainly, they are applied
for municipal wastewaters, but proved to be successful also
in storm, agricultural and industrial wastewaters’ (acid mine
drainage, dairy, and tannery effluent) pollution abatement
[16–18].

A variety of pollutants found in the textile wastewaters
can be removed by CW such as suspended solids, dyes,
organic compounds, and heavy metals [19, 20]. Microbial
transformations are prevailing in organic carbon degrada-
tion; they provide the majority of total nitrogen removal
while plant uptake has a minor role [21]. The decolouration
reaction which takes place in extracellular environment is a
biological and chemical reaction.

Due to the environmental implications and limitations
of each of the above named treatment processes, a lot of
research is focused on combining biological and physico-
chemical treatment methods. A combination of anaerobic
degradation and immobilised TiO2 photocatalysis proved
as feasible approach to treat dye-containing wastewaters
[4, 22]. However, a combination of a CW and TiO2-based
photocatalysis was, to our knowledge, only applied for
pesticide-polluted wastewaters [23].

The aim of the study was (1) to combine the two
promising methods for textile wastewater treatment—CW
treatment and TiO2 photocatalysis—and to demonstrate
advantages/disadvantages and (2) to use a complex matrix
of simulated wastewater samples in the pretreatment and
photocatalytic irradiation experiments since many studies
so far have been performed on pure dye samples and with
biodegradation in very low volume reactors.

A 250 L CW model was established (its performance
will be published elsewhere) with the aim to obtain partial
decolouration of the wastewater and COD removal. The
CW pretreated and untreated samples were then subjected
to photocatalytic degradation and photocatalytic ozonation
in a Carberry-type photoreactor. The aim was to prove the
presumption that the CW as the first-stage treatment can
considerably shorten the irradiation time needed to meet the
discharge limit values.

Simulated wastewaters were prepared according to the
wastewater composition from a local textile plant. Three
reactive dyes with different structure (monoazo, diazo, and
anthraquinone dye) were used in order to establish coloura-
tion reduction and treatment efficiency for structurally
different dyes. Efficiency in terms of colouration removal,
COD reduction, and toxicity assessment was used to evaluate
the effect of each treatment combination. The best strategy
for a combination of the tested methods is discussed from
efficiency point of view.

2. Materials and Methods

2.1. Prepared Wastewater Composition. Wastewater was syn-
thesized according to the local textile plants’ parameters
(Tekstina, Ajdovščina) where technological water is mixed
with communal wastewater (E! 2983 “TEXTILE WET”

report). The same kind of dyes and textile auxiliaries were
added as those used in “Tekstina”: Reactive Blue 19, Reactive
Red 22 or Reactive Black 5 (Figure 1); meat peptone was
added (in experimentally established quantity to meet the
BOD of the wastewater) as nutrient [24]. Concentrations
of added auxiliaries were calculated from the dye dilution
factor. All chemicals were purchased from Bezema Company,
Switzerland and used without further purification. Prepared
wastewater composition was the following: 100 mg/L dye
of Reactive Red, Black or Blue, commercially available as
Bezaktiv Blau V-RN SPE2, Bezaktiv Schwartz V-B 150 and
Bezaktiv Rot V-BN (Bezema, Switzerland), 3.3 μL/L KOLLA-
SOL DCA (sequestering agent), 13.2 μL/L COLORCONTIN
SAN (wetting agent), 30 μL/L EGASOL SF (levelling agent),
250 g/L meat peptone (Fluka, 70174). Due to the fact that
wastewater from the dyeing process in “Tekstina” is mixed
with water from the rinsing stages and the companies’
municipal wastewater, salt (which is normally added to
dyeing solutions) was not added to be able to simulate the
measured conductivity values.

2.2. Laboratory Scale CW Model Pretreatment. An unplanted
constructed wetland model was set up to treat prepared
wastewater (its performance will be published elsewhere).
The model had 2.5 m in length and 0.5 m in width and
depth. The media used was washed sand of 8–11 mm particle
size at the bottom 10 cm and 2–4 mm particle size in the
upper 40 cm. The models’ porous volume was 250 L and
the hydraulic retention time (HRT) was 24 h with the
constant flow of 175 mL/min. The CW model worked under
continuous feed operation.

The following parameters were measured in situ at 4
measuring points—pH, temperature (T), electric conductiv-
ity, and dissolved oxygen (DO)—using the WTW MultiLine
P4 portable universal pocket-size meter with pH electrode,
SenTix 41 temperature probe, Cell Ox 325 dissolved oxy-
gen probe, and TetraCon 325 standard conductivity cell.
Samples from the influent and the effluent of the CW
model were taken every 24 hours during the operation and
directly analyzed. COD was determined photometrically on
Nanocolor 500D photometer (Macherey-Nagel, Germany)
using standard COD digestion solutions in the range 100–
1500 mg/L (ISO 15705, measurement uncertainty = ±3%).
BOD5 was determined after incubation in WTW OxiTop
measuring bottles (ISO 5815). Samples were also analysed
with LUMIStox toxicity test (Dr. Lange, Germany) biolu-
minescence inhibition on Vibrio fischeri exposed to sample
solutions for 30 min at 15◦C. Results were compared to
an aqueous control with colour correction (ISO 11348).
For qualitative information on colouration reduction the
absorbance was measured across the UV and VIS spectra
(200–800 nm) in quartz cell with 10 mm optical length,
on Hewlet Packard 8453 UV-VIS spectrophotometer (ISO
7887).

2.3. Photoreactor Setup. Photocatalytic degradation was car-
ried out in a Carberry-type photoreactor described elsewhere
[25]. Duran glass reactor tube used in the experiments has
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Figure 1: Chemical structures of dyes used in the experiments.

a frit with a valve at the lower end to allow the sample to
be gas purged (Figure 2(a)). Initial volume of the irradiated
sample was 280 mL. 6 low pressure mercury fluorescent
lamps (CLEO 20 W, 438 × 26 mm, Philips; broad max at
355 nm) were used as UVA irradiation source.

Photocatalytic paper (Ahlstrom, France) was adjusted
to a steel support and radially fastened with 24 thin bars
to form a 12 angle star (Figures 2(b) and 2(c), [26]). The
photocatalytic paper area was 0.069 m2 and catalyst mass
per unit area (paper + TiO2) was 75 g/m2, the total mass
being 5.18 g. Commercially available paper is impregnated
with Millennium PC-500 photocatalytic powder. Prior to
fastening the paper onto the support, flowing water was used
to rinse off the redundant catalyst.

2.4. Photocatalytic Degradation. Oxygen or ozone was bub-
bled through the lower end frit into the reactor tube. The
gas flow was kept constant to keep the solution saturated. In
the photocatalytic ozonation experiments the ozone was gen-
erated by Pacific Ozone Technology instrument, model LAB
21, fed with pure oxygen (99.5%). Gaseous concentration of
ozone was determined by iodometric titration. The flow rate
of ozone was calculated to be 0.13 g/h.

PCOx (Photocatalytic Oxidation): Dyed wastewaters
with characteristics presented in the Table 1 were exposed
to UVA irradiation under constant oxygen purging for
90 to 210 min, depending on the time needed to achieve
decolouration.

PCOz (Photocatalytic Ozonation): Dye solutions were
exposed to UVA irradiation under constant ozone purging
for 20 to 30 min, depending on the time needed to achieve
decolouration. Argon was introduced into the samples after
sampling to prevent further oxidation of the sample.

Samples from both photocatalytic degradation exper-
iments were taken in different time intervals (according
to decolouration rate) and analyzed. The absorbance (at
respective band wavelengths) was measured; the COD mea-
surements and Lumistox toxicity tests were done to evaluate
the toxicity and mineralization (degradation) efficiency.

Due to the very low concentrations of textile auxiliaries
added to the prepared textile wastewater (see Section 2.1),

they exhibited a negligible contribution to COD and BOD
values of the samples.

3. Results and Discussion

3.1. Changes of Absorbance Spectra after Pretreatment and
during Photocatalytic Degradation. In Figures 3, 4, and 5
time-dependent UV-VIS absorbance spectra measured dur-
ing PCOx experiment of Reactive Blue 19 (RBL19, Figure 3),
Reactive Black 5 (RBK5, Figure 4), and Reactive Red 22
(RRD22, Figure 5) containing wastewaters are presented.
Absorbance bands of all three dyes decrease with time of
irradiation in the UV and VIS region. Measurements at their
wavelengths of maximum intensity indicate degradation of
dye molecules leading to a complete absence of wastewaters’
colouration.

The same starting concentration of three commercial
dyes (100 mg/L) exhibited significantly different absorbance
at their characteristic absorbance bands (VIS spectra).
RBL19 exhibited the lowest absorbance: 0.8, RBK5 the
highest absorbance: 3.1, and RRD22: 1.9 on average. This is
explained by the different structure of dyes under study, the
RBK5 is a diazo dye, the RRD22 is a monoazo dye, and RBL19
is an anthraquinone dye (Figure 1). The goal to use the
same concentration of commercial textile dyes (100 mg/L)
was followed, even though the initial absorbance of RBK5
reached above 2.5. To verify the absorbance measurements
the sample was diluted and calibration curve was done.

When spectra of the pretreated and untreated samples
are compared (Figures 3, 4 and 5) it can be observed that
the CW model pretreatment had a uniform effect on all
dyes—it decreased VIS and increased UV absorbance—a
consequence of aromatic amines’ formation. This results
from the azo bond reduction and chromophore cleavage in
anaerobic conditions. The obtained results are in accordance
with previous findings [6, 27].

The major difference between both sets of RBL19
degradation spectra (Figures 3(a) and 3(b)) lies in the fact
that spectra of the pretreated sample exhibit simultaneous
decrease in UV and VIS absorbing components (Figure 3(b))
(band at 592 nm), but in the untreated sample (Figure 3(a))
only minor decrease of UV absorbance is exhibited during
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(a) (b) (c)

Figure 2: (a) Photocatalytic cell with the glass tube. (b) Geometrical shape of the steel paper holder (top view). (c) Photocatalytic paper
fixed to the steel holder.

Table 1: Characteristics of untreated and pretreated textile wastewater, subjected to photocatalysis.

Parameter
Untreated sample CW-pretreated sample

Blue Red Black Blue Red Black

Absorbance at max intensity in Vis 0.88 at 592 nm 1.99 at 520 nm 3.1 at 598 nm 0.55 at 592 nm 0.99 at 520 nm 1.1 at 598 nm

COD [mg/L] 372 351 360 280 215 245

BOD [mg/L] 183 185 187 148 93 100

pH 8.1–8.2 8.1–8.2 8.1–8.2 ∼7.3 ∼7.3 ∼7.3

Toxicity [%] 84 100 100 73 100 100

irradiation. During the pretreatment on average 35% of
the dye molecules present in the wastewater is degraded
into degradation products which exhibit absorbance in the
UV part. These degradation products proved to be more
susceptible to photocatalytic degradation compared to the
parent compound.

The remaining UV absorbance of the untreated sample
after photocatalysis (Figure 3(a)) is attributed to high
resistance of anthraquinone dyes to degradation in this
spectral range. Aromatic organic intermediates in the sample
such as quinones and phenols cause the UV absorbance
[28]. According to the references, different degradation
products like quinones, phenols and mono- and diacids
(maleic, acetic, oxalic) are formed under mild experimental
conditions [28, 29].

Absorbance in the UV region is pronounced in both
RBK5 (Figures 4(a) and 4(b)) spectra. On contrary to RBL19
(Figure 3), degradation of RBK5 in the untreated (Fig-
ure 4(a)) and pretreated (Figure 4(b)) samples is manifested
simultaneously in the UV and VIS part of the spectra during
irradiation.

In the untreated sample’s spectra (Figure 4(a)) a new
band is formed after 80 min of irradiation at 260 nm. The
pretreated sample (Figure 4(b)) has two distinct bands in the
UV, at 335 and 260 nm, the latter one is probably the main

anaerobic degradation product [30]. In a photocatalytic
study of the same dye (slurry TiO2) temporal changes
in spectra also showed a newly occurring band in the
260–280 nm region after 90 min of irradiation [31]. The
GC-MS analysis revealed formation of aromatic and short
chain aliphatic oxygenated hydrocarbon (like butanoic and
propanoic acid) compounds [31]. Since the absorbance at
260 nm is present in both sets of spectra (Figures 4(a) and
4(b)) it can be assumed that the same degradation products
are formed during anaerobic degradation and after 80 min of
untreated sample irradiation.

Both RRD22 wastewater sample’s spectra (Figures 5(a)
and 5(b)) exhibit characteristic absorbance band at 520 nm.
As in the case of RBK5 (Figure 4(b)), the RDD22 dye degra-
dation during CW pretreatment is confirmed by a decrease
in VIS and increase in UV absorbance, due to formation of
aromatic products (Figure 5(b)). Again as in Figure 4, the
RRD22 photocatalytic degradation occurs simultaneously
in the UV and VIS part (Figure 5). Absorbance in the
UV region at wavelengths between 260 and 300 nm is
pronounced in both samples, indicating presence of aromatic
compounds (Figures 5(a) and 5(b)). Unfortunately (to our
knowledge) no scientific literature data on red dye of the
same chemical structure is available, so no degradation
products are suggested except those generally characteristic
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Figure 3: UV-Vis spectral changes as function of time of irradiation of untreated (a) and pretreated (b) Reactive Blue 19 textile effluent
taken 5 to 15 min intervals, the irradiation time was 90 min.
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Figure 4: Temporal changes in absorption spectra of untreated (a) and pretreated (b) Reactive Black 5 textile effluent taken at 5–15 min
intervals, the irradiation time was 210 min.

for textile dye degradation where formic and acetic acid are
main degradation products followed by oxalic, glycolic and
malonic acids [32].

The absorbance of dyes onto the photocatalytic paper
was observed after 2-3 min immersion into the wastewater.
By the end of the irradiation as the wastewater decolourised,
also the photocatalytic paper discolourised. Since reversible
adsorption would result in an unchanged spectrum after
irradiation and spectra of all three dyes exhibited completely
altered shape, this confirms the oxidative transformation
rather than dye adsorption took place.

3.2. Comparison of Photocatalytic Degradation of Pretreated
and Untreated Samples. In the following Figures 6, 7 and 8
normalised absorbance at the main VIS absorbance band and
COD values of samples taken at the same irradiation intervals

are plotted as a function of time of irradiation (average values
of 2–6 irradiation experiments). The difference in initial
absorbance values between the untreated and pretreated
samples is demonstrated. The irradiation time was chosen
according to the time needed for each dye to be completely
decolourized.

The lowest decrease in absorbance during pretreatment
in the CW model was established for the RBL19 (Figure 6).
Anthraquinonic dyes have already been reported as more
recalcitrant under anaerobic conditions compared to azo
dyes [33]. This was confirmed as the average decolouration
percent was 35 for RBL19 (Figure 6) and much higher for
both azo dyes up to 60% for RBK5 (Figure 7) and over 50%
for RRD22 (Figure 8).

When photocatalytic reactions take place on the surface
of the catalyst, the pH value of the wastewater is an important



6 International Journal of Photoenergy

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2
2.4
2.6
2.8

3

240 280 320 360 400 440 480 520 560 600 640 680 720 760 800

A
bs

or
ba

n
ce

Untreated sample

t0

λ (nm)

tirradiation

(a)

Pretreated sample

t0

tirradiation

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2
2.4
2.6
2.8

3

240 280 320 360 400 440 480 520 560 600 640 680 720 760 800

A
bs

or
ba

n
ce

λ (nm)

(b)

Figure 5: Temporal changes in absorption spectra of untreated (a) and pretreated (b) Reactive red 22 textile effluent taken at 5–15 min
intervals, the irradiation time was 210 min.

factor since it dictates the surface charge properties of the
catalyst. The starting pH of the untreated and pretreated
wastewater (Table 1) was higher than the point of zero
charge of TiO2 and SiO2 oxide surfaces (6.2 and 2.5, resp.),
which creates electrostatic repulsive effect (ERL) which in
turn hinders adsorption of the dye onto the photocatalyst
surface. During degradation no significant change of pH was
observed (up to 0.2 pH units oscillation), even though the
pH values would be expected to decrease due to formation of
acidic degradation products [32, 34]. However, it has to be
taken into account that prepared wastewater samples beside
dyes contained also high amount of organic material (see
Section 2.1) which also influenced (buffered) wastewaters’
pH values.

Electric conductivity of the pretreated samples was
higher than that of the untreated samples, indicating partial
organic material mineralization. Increased ion concentration
proved to lower the ERL and promote further decolouration
and degradation due to cations’ negative charge neutraliza-
tion and dye/catalyst surface interactions promotion. The
effect of anions, which compete with the dye for surface
adsorption sites is presumed to be less pronounced since
negative and neutral sites on the semiconductor surface
outnumber the positive ones [35]. Nevertheless, the acidic
conditions proved to be more feasible for dye degradation in
many studies, so under acidified conditions, the degradation
rate would be expected to increase due to no ERL and
more efficient electron-transfer process between the positive
charged catalyst and negatively charged dye molecule [2, 36].
As in this study the aim was to mimic real conditions
of industrial wastewaters’ composition, the degradation in
acidic media has not been tested.

Catalyst surface area proved to be an important parame-
ter determining degradation rate due to dye/catalyst adsorp-
tion dependence [32, 35, 37, 38]. In the case of Degussa P25
aqueous suspension and lower dye concentration (compared
to the concentration used in our experiment) PCOx the
decolouration was achieved in 15 to 90 min, depending

on the catalyst load [31]. A complete mineralization was
reached after 200 min of irradiation of an 85 mg/L RBK5
[39]. Literature data on photocatalytic paper application for
dye degradation or mineralization is very scarce. Irradiation
in a similar immobilised TiO2 reactor with H2O2 addition
reached complete removal of colouration in 30 to 60 min,
depending on the concentration of H2O2 added [40]. A
direct comparison is difficult since the reactor setup and the
type of TiO2 were different.

For RBL19 (Figure 6) the shortest irradiation time, that
is, 90 min, was needed to achieve complete decolouration.
This is attributed to its lowest initial absorbance indicating
the lowest colouration intensity (anthraquinone structure).
Nevertheless, 35% difference in initial colouration of the
pretreated sample (Figure 6) did not shorten the irradiation
time needed to reach complete decolouration and proved the
recalcitrance of this anthraquinone dye.

Longer irradiation time (210 min) was needed to decol-
ourise RBK5 (Figure 7) and RRD22 (Figure 8). As resulting
from Figures 7 and 8, the PCOx decolouration course
exhibits a clear difference in favour of the pretreated samples
regarding the required irradiation time for decolouration
(about 40% shorter time of irradiation).

Dye molecules colour the wastewater up to a degree
which causes screening effect as they absorb UV irradiation,
preventing it from reaching the surface of the catalyst
and thus reducing reactive radicals formation and reaction
efficiency. In Subsection 3.1 the initial absorbance values,
which imply to the intensity of colouration, are presented.
The substantial difference in initial absorbance and chemical
structure (structural formulas in Figure 1) among azo and
anthraquinone dyes resulted in almost 60% shorter time
needed for RBL19 decolouration. Retardation in light pen-
etration with increasing dye concentration requires higher
catalyst surface for the same degradation rate to be achieved
[10, 39].

When decolouration curves of untreated samples are
compared, it can be ascertained that the RBL19 (Figure 6)
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Figure 6: Colouration expressed as A/A0 and COD values of
Reactive Blue 19 wastewater samples at different times of PCOx irra-
diation. Square symbols in all graphs represent absorbance values of
untreated and pretreated samples; sphere symbols represent COD
values of the same samples.
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Figure 7: Colouration expressed as A/A0 and COD values of
Reactive Black 5 wastewater samples at different times of PCOx irra-
diation.

curve exhibits first order exponential decay; but RBK5
(Figure 7) and RRD22 (Figure 8) curves exhibit more of a
sigmoid shape in the first part of the irradiation experiment.
Only after 60 min of irradiation, when initial absorbance
decreases for 30%, the curves acquire exponential decay
shape. Exhibited characteristic of the curves is attributed
to the screening effect of the red and black dye during
first part of irradiation due to high initial colouration
intensity. When colouration intensity decreases for a certain
percent, screening effect is no longer present and further
decolouration proceeds exponentially. These findings are in
accordance with the published results [34]. Additionally, the
screening effect is confirmed by the fact that none of the
pretreated samples’ decolouration curves has sigmoid shape.
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Figure 8: Colouration expressed as A/A0 and COD values of
Reactive Red 22 wastewater samples at different times of PCOx
irradiation.

Toxicity of the untreated and pretreated samples towards
the Vibrio fischeri test organism prior to irradiation was
very high (only for the blue-dyed wastewater was lower than
100%) (Table 1). This is attributed to the established textile
dyes’ toxicity; mother compounds or degradation products
are many times found to be carcinogenic or mutagenic [41].

During textile wastewaters’ photocatalytic degradation
only in the case of pretreated RRD22 a pronounced decrease
in toxicity occurred. In all cases the toxicity during the
irradiation first increased and later started to decrease. As
also the COD values showed sigmoid shape (Figures 6, 7,
8) during irradiation, the toxicity of the samples can be
attributed to toxic intermediates formed during first stages
of reaction. This confirms the published results by [42].
Prolonged irradiation would be expected to result in further
toxicity abatement since COD values started to decrease
during the second half of irradiation.

3.3. COD Concentration and Sample Mineralization. From
Figures 6, 7, and 8 it can be concluded that decolouration
was achieved much faster compared to the mineralization.
Since the irradiation time was chosen according to the
time needed for disappearance of visible colouration, the
obtained mineralization rate is not significant. During dye
degradation the intermediate products were formed and
partial mineralization as final compound degradation was
achieved only at longer irradiation time.

No COD decrease was achieved at RBL19 (Figure 6)
untreated wastewater irradiation. This is attributed to the
short irradiation time applied. Average COD decrease for
untreated wastewaters is similar for black (Figure 7) and
red dye (Figure 8), reaching 169 and 143 mg/L, respectively
(45 and 43% decrease). These numbers are in agreement
with the published data for similar irradiation lengths [43].
Irradiation in a similar immobilised TiO2 reactor, but with
H2O2 addition reached 50 mg/L after 240 min of irradiation,
in our experiment the COD decrease was higher [40]. After
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decolouration of the wastewater is achieved, the COD is
reported to decrease sharply [6].

In all untreated water samples an increase in the
COD concentration is exhibited in the first 60–80 min
of irradiation. After 60 min irradiation of the untreated
RBL19 wastewater sample (Figure 6—dark sphere symbol)
a peak occurs and no correlation with decolouration can
be established. The RBK5 and RRD22 COD curves (Figures
7 and 8—dark sphere symbol) of untreated wastewater
samples exhibit an increase in COD concentration, a peak
occurring after 80 min which is followed by a decrease. COD
curves’ sigmoid shape indicates formation of more tolerant
intermediate products, which temporarily increase COD of
the wastewater [44].

CW pretreatment contributed to COD decrease after
photocatalysis of all the wastewater samples ranging from
only 24 mg/L (RBL19, Figure 6) to 108 mg/L (RBK5, Fig-
ure 7) and 121 mg/L (RRD22, Figure 8). It can be concluded
that the pretreatment increases the overall mineralization
rate which for real scale textile wastewater treatment plants
means shorter irradiation time in order to meet the effluent
limits (COD under 120 mg/L) [43]. In the case of pretreated
samples, the sigmoid shape of the curve is far less pro-
nounced (Figures 6, 7, 8—light sphere symbol). COD value
starts to decrease in the second half of irradiation.

It has to be taken into account that when the wastewater
is irradiated, the COD decrease does not depend solely on the
dye degradation but is rather influenced by many additional
photocatalytic decomposition processes taking place in the
irradiated wastewater.

3.4. Photocatalytic Ozonation. When ozone molecule is
adsorbed onto the surface of the semiconductor an ozonide
radical anion is formed, resulting in hydroxyl radical for-
mation. Another pathway of its formation through ozone
mediation is the reaction of superoxide anion with the
ozone, again leading to hydroxyl radical formation [45, 46].
Furthermore, a synergy effect of TiO2-based photocatalysis
combined with ozonation has been reported. It results from
a series of reactions which are often conditioned by preceding
reactions’ products [47, 48].

As in PCOx also in PCOz the absorbance spectra of
untreated wastewater samples and CW pretreated samples
(not shown) indicated a decrease in the absorbance bands
in UV and VIS region with time of irradiation and no new
absorbance bands occurred. After PCOz the spectra show
absence of VIS wavelengths absorbing molecules, while some
absorbance in the UV persists and is more pronounced in the
untreated samples.

All the untreated and pretreated wastewater samples
reached complete decolouration in much shorter time with
PCOz compared to PCOx, as following from Figures 9,
10 and 11. The untreated RBK5 (Figure 10) and RRD22
(Figure 11) samples were decolourised in 20 min and RBL19
(Figure 9) in only 10 min. Faster decolouration is attributed
to the action of ozone which increases the rate of decoloura-
tion [14].

For both RBL19 (Figure 9) wastewater samples the same
irradiation time was needed to reduce visible colouration; for
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Figure 9: Colouration expressed as A/A0 and COD values of
Reactive Blue 19 wastewater samples at different times of PCOz irra-
diation. Square symbols in all graphs represent absorbance values of
untreated and pretreated samples; sphere symbols represent COD
values of the same samples.
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Figure 10: Colouration expressed as A/A0 and COD values of
Reactive Black 5 wastewater samples at different times of PCOz
irradiation.

RRD22 (Figure 11) the difference between the untreated and
pretreated one was only 5 min. Only in the case of RBK5
(Figure 10) the pretreated samples needed considerably
shorter (50%) irradiation time.

Since ozone molecule adsorption to the semiconductor
surface is an inevitable step for hydroxyl radical formation,
the catalyst type, load, and surface area play an important,
rate determining role [49, 50]. This was also proven by
Wu et al., 2008 [51], where addition of different amounts
of TiO2 did not considerably improve decolouration. To
our knowledge, so far there are no publications yet on the
dye decolouration with PCOz using Ahlstrom photocatalytic
paper as catalyst. The data on PCOz irradiation with
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Table 2: Irradiation times given in minutes needed to obtain decolouration of different samples and the difference between both methods
and between untreated (UN-T.) and pretreated (PRE-T.) samples within each method (PCOx and PCOz).

Colour Treatment/sample
PCOx

(O2 purging)
[min]

PCOz
(O3 purging)

[min]

Difference
between

PCOx and
PCOz [%]

Difference
between

UN-T. and
PRE-T. PCOx

[%]

Difference
between

UN-T. and
PRE-T. PCOz

[%]

Blue, RBL19
Untreated 90 6 93

0 0
Pretreated 90 6 93

Red, RRD22
Untreated 210 20 90

43 25
Pretreated 120 15 88

Black, RBK5
Untreated 210 20 90

69 50
Pretreated 65 10 85
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Figure 11: Colouration expressed as A/A0 and COD values of
Reactive Red 22 wastewater samples at different times of PCOz
irradiation.

P25-Degussa TiO2 catalyst for monochloroacetic acid and
pyridine degradation [46] has proven to be 4 times and 5
times more efficient respectively, compared to the PCOx.

Ozone-mediated dye degradation was established to be
the fastest at alkaline pH values since alkaline environment
promotes ozone decomposition in favour of hydroxyl radical
formation [52, 53]. Thus, the samples’ pH values are in
favour of radical formation (Table 1). In more alkaline
wastewaters degradation rate would be further increased
since the difference between pH 2 and 12 was found to be
32% [53].

In Figures 9, 10, and 11 the COD values of the samples
obtained during 20 to 30 min irradiation time are also
shown (right side scale). For the RBL19 pretreated sample
(Figure 9, light sphere symbol) no decrease is exhibited
while the untreated sample (Figure 9, dark sphere symbol)
exhibits 32% COD decrease. For RBK5 (Figure 10) the
COD concentration decrease is evident for untreated samples
(26%, 93 mg/L, Figure 10, dark sphere symbol) but was again
absent in the pretreated samples (Figure 10, light sphere

symbol). Only in the case of RRD22 wastewater (Figure 11)
the PCOz proved to be successful in COD abatement in both
sets of samples (33% and 17% for untreated and pretreated
samples). Moreover, the more or less pronounced sigmoid
COD curves indicate formation of degradation reaction
products which can act as ozone scavengers thus decreasing
the rate of mineralization. Again it has to be kept in mind that
all samples were actually wastewater and not dye solution
samples, containing also organic material (see Section 2.1).

Study done by authors in [54] shows that PCOz treat-
ment (P25-Degussa) of textile effluents resulted in almost
complete decolouration after 60 min of irradiation and more
than 60% decrease in TOC values [54]. This implies to
the competition of reaction intermediates with pollutant
molecules in O3 scavenging and only their further degrada-
tion to mineralization eventually decreases the overall TOC
values. In simulated textile wastewaters prolonged irradia-
tion time would be needed to reach not only decolouration
but also higher degree of COD removal.

As in PCOx also in PCOz high toxicity of the samples was
exhibited during and after irradiation. Again only toxicity of
the untreated RRD22 samples decreased to 82% and of the
pretreated RRD22 samples below the toxicity limit (20%).

Large differences are exhibited between the PCOx and
PCOz irradiation (decolouration) times (Table 2). The PCOz
irradiation time of the RBL19 untreated and pretreated
samples was shorter for 93% and of the RRD22 and RBK5
samples between 85 and 90%, compared to PCOx. Again
the RBL19 pretreatment did not shorten the decolouration
irradiation time but the RRD22 and RBK5 pretreatment
shortened it for 25–69%.

For RBL19 was the COD decrease substantial only in
untreated samples’ PCOz (Table 3); in RRD22 and RBK5
PCOx it accounted for 41–60% and was much lower (or
absent) in PCOz. This confirms that the length of irradiation
played a crucial role in COD decrease.

4. Conclusions

In the paper a comparison between the photocatalytic decol-
ouration and mineralization of untreated and pretreated
samples of three prepared textile wastewaters is presented.
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Table 3: COD removal of samples during irradiation treatment.

Sample/colour COD removal [%]
during irradiation

PCOx
irradiation

[%]

PCOz
irradiation

[%]

Blue, RBL19 Untreated 0 32

Pretreated 8 0

Red, RRD22 Untreated 43 33

Pretreated 60 17

Black, RBK5 Untreated 45 26

Pretreated 41 0

During the CW pretreatment of simulated textile
wastewater considerable level of decolouration and partial
decrease in the COD levels was achieved. It can be concluded
that the pretreatment proved to be successful in shortening
the decolouration irradiation time for both azo dyes, RRD22
and RBK5 in PCOx and PCOz experiments. This was not the
case for RBL19 since the irradiation time is exactly the same
regardless of the samples’ origin. Overall irradiation time was
found to be dependent on the initial colouration intensity
due to screening effects at high initial colourations.

Regarding the irradiation time scale, PCOz proved to be
more efficient in terms of much shorter decolouration time
compared to the PCOx. However, due to shorter irradiation
time the COD removal was lower or absent.

To meet the technical water effluents’ legislative limits,
both experiments would have to be prolonged, due to
the insufficient COD removal. Since intermediate products’
degradation follows the decolouration step and catalytic
decolouration is much faster with ozone purging, photocat-
alytic ozonation is proposed as a more favourable of the two
procedures. But longer ozonation experiments would have to
be tested for a COD removal.

A combination of the CW and photocatalytic techniques
proved to be a promising approach in increasing cost
efficiency in textile wastewater treatment.
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A simple method to fabricate antibacterial color-coated steel sheet was presented. The Ag-loaded TiO2 was well dispersed in steel
coil coating coupled with some special additives, such as plasticizer, wetting dispersant, and flow agent, and finally became the part
of coil coating without any negative influence on the properties of final products. The best process parameters were obtained by
substantive trial experiments. Ag-loaded TiO2 with the addition of 2% (w/w) in steel coil coating not only improved antibacterial
efficiency of the antibacterial color-coated sheet by reaching 99.99%, but also greatly increased the degradation percentage of
methyl orange to 88% without decreasing physical properties. The antibacterial color-coated sheets are expected to be used as
antimicrobial products in the construction industry considering its low cost and high effectiveness in inhibiting the growth of
bacteria.

1. Introduction

The menace of infection caused awareness around the world
by the suddenly globally spreading epidemic disease, such
as avian influenza [1], SARS, H1N1, and other unexpected
multiplication of germs or other bacteria that pose serious
health problems [2, 3]. Great deals of antibacterial prod-
ucts appeared in the cases of antibacterial ceramics [4–7],
antibacterial glasses [8–10], antibacterial textiles [11–13],
antibacterial plastics [14–16], antibacterial stainless steels
[17–20], and so forth. These applications mainly involve
the methods of adding antibacterial agents into the overall
substrate, modifying the surface of substrate, or directly
coating the antibacterial agents. However, the development
of antibacterial products in a wide range of areas was still
hindered due to the low effective utilization rate of the
antibacterial agents, the high cost, and the poor binding
force, which existed between antibacterial agents and the
substrates restrict. In this paper, the antibacterial agent
was firstly poured into the coil coating before being made
into the antibacterial color-coated sheet. Sequent research
findings demonstrated that antibacterial agents presented a
comfortable dispersive distribution on the surface of color-
coated sheet, which could remarkably reduce the cost by
attributing to the less addition of antibacterial agents and
the simple manufacturing technological process. It was also

found that the binding force among the antibacterial agents
and substrate got much stronger than ever due to the
integration of antibacterial agents into the coil coating.

Served as one category of antibacterial agent, titanium
dioxide is the most preferred material to be served as pig-
ment. Unfortunately, the antimicrobial activity of pure TiO2

is merely valid when it is irradiated under UV light. In ad-
dition, the low electron transfer rate to oxygen and high
recombination rate of electron-hole employed in UV light
impose further limits to the effective photocatalytic ster-
ilization rate of TiO2 [21–23]. These drawbacks strongly
restricted the practical applications of TiO2 as an effective
and promising antimicrobial material. Silver (including Ag
ions and Ag nanoparticles) is a well-known and effective
inorganic antimicrobial material that has been applied in
many fields. However, the high-cost and dark color are
two notable obstacles during its applications as large-scale
antimicrobial coatings [24–26]. Nevertheless, Ag can act as
both an antimicrobial auxiliary agent and a sink for electrons
and redox catalyst that may enhance the overall photo-
oxidation ability of TiO2 [27–30]. Thus, it is reasonable and
rational to combine Ag with TiO2 during antimicrobial coat-
ings production.

This study focused on the manufacture of antibacterial
color-coated sheet using Ag-loaded TO2 as antibacterial
agent. The antibacterial agent was firstly poured into steel
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Figure 1: Preparation flowsheet of antibacterial color-coated sheet.

coil coating with some additives and made into the antibac-
terial coil coating. And then, the antibacterial color-coated
sheet was manufactured in a normal process. It delivered a
technology of less addition of antibacterial agents and simple
procedure.

2. Experimental

2.1. Materials. Ag-loaded TiO2 was purchased from Jingui
Group (Chenzhou, China). The grain size was 48 nm and the
Ag particle size was 10 nm. Coil coatings (including polyester
topcoat and epoxy priming paint) and diluents (the main
components were ethyl acetate, butyl acetate, benzene,
toluene, acetone, ethanol, butanol, etc.) were provided by
Center Group (Changshu, China). The additives including
plasticizer, wetting dispersant, and flow agents were pur-
chased from Yongyan Ltd. (Shanghai, China).

2.2. Preparative Method of Antibacterial Color-Coated Sheet.
The preparative process of antibacterial color-coated steel
plate is shown in Figure 1. A certain amount of coil coatings,
coil coating diluents, silver-loaded titanium dioxide, and
some additives including plasticizer, wetting dispersant, and
flow agents were added into the paint grinder running in
high speed, and then filtered through the paint filter. Finally,
the color-coated steel plate was achieved by roll coating,
baking and curing.

The Ag-loaded TiO2 used in this study was produced by
Jingui Group using the technological process developed in
our previous studies [31–35].

2.3. Antibacterial Properties Testing. Antibacterial properties
of products were tested according to “Antibacterial Coat-
ing—Antibacterial Performance Test Method, the appendix
A of “the People’s Republic of China Chemical Standard
HG/T 3950-2007”. In the tests, nutrient agar media (Luria
Broth, LB) was prepared in water by mixing tryptone, NaCl,
agarose gel powder and yeast extract in the volume percent
of 1%, 0.5%, 1.5%, and 0.5% to total of media, respectively.
The mixture was put into a conical flask and autoclaved
for 45 min at 120◦C. The conical flask was kept in room
temperature for 2 h for cooling and then poured into separate

Petri dishes. A 5 cm × 5 cm sample was cut from the
antibacterial color-coated sheets for bacterial culture and
the surface of all samples was cleaned with absolute ethanol
soaked tissue paper before antibacterial test. The samples
were placed in separate Petri dishes on top of the pre-
deposited LB. A clean soda-lime glass piece was used as a
control sample. After placing the antibacterial color-coated
sheets samples, a thin layer of LB was further deposited on
top. These plates were kept for 1 h for complete gelation
of the agar, and after that quantitative solution of E. coli
was evenly spread over each gel plate in the respective Petri
dishes. The plates were incubated for 24 hours to allow
the completion of bacterial growth. The bacterial colonies
formed in each plate were observed and the bacterial number
on each sample was counted with colony counting method.
The antibacterial efficiency of the color-coated sheet was
calculated in

Antibacterial efficiency = A0 − A

A0
, (1)

where A0 and A are the antibacterial number of the control
sample and antibacterial color-coated sheet sample, respec-
tively.

2.4. Photocatalysis Properties. The methyl orange solution
with 3 of pH value was poured into the culture. The pho-
tocatalytic activity of the antibacterial color-coated sheet was
evaluated on the degradation of methyl orange in an aqueous
solution under illumination of UV light (mercury vapor
lamp, 40 W, 40 cm long, predominant wavelength 253.7 nm)
in a photoreactor system. The degradation of methyl orange
was calculated in

Degradation = B0 − B

B0
, (2)

where B0 and B are the absorbance of the primal and remain-
ing methyl orange, respectively. The absorbance was mea-
sured with UV/vis spectrophotometer (UV-2450, Japan).

2.5. Duration Properties. The antibacterial color-coated sheet
was made of the white gray coil coating with 2% silver-loaded
titanium dioxide, cutting into 5 cm × 5 cm pieces. Forty-five
pieces were placed into the ϕ 9 cm culture dish, respectively,
with three parallel samples each day. Then each culture
dish was poured 30 mL ultra-pure water, and sampled every
day. The silver content in the water and the antibacterial
properties of the sheets would be tested.

3. Results and Discuss

3.1. Antibacterial Properties. Addition of antibacterial agent
and effective utilization rate are key factors influencing on
antibacterial properties of the color-coated sheet. The more
antibacterial agents used, the higher antibacterial efficiency
obtained, but the cost also increased thereupon. The best
dose should satisfy antibacterial requirement and low cost.
Ag-loaded TiO2 should be highly dispersed under stirring
and function of additives to get well compatibility with coil
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Table 1: Effect of agent amount on antibacterial property of color-coated steel.

The dose of Ag/TiO2/wt% 0 1 2 3 4 5

Bacterial count of 1#/cfu 1.88 × 106 2.40 × 105 172 29 <20 <20

Antibacterial efficiency/% — 87.23 >99.99 >99.99 >99.99 >99.99

Bacterial count of 2#/cfu 1.86 × 106 2.36 × 105 166 27 <20 <20

Antibacterial efficiency/% — 87.31 >99.99 >99.99 >99.99 >99.99

Bacterial count of 3#/cfu 1.91 × 106 2.48 × 105 180 35 <20 <20

Antibacterial efficiency/% — 87.02 >99.99 >99.99 >99.99 >99.99

Average antibacterial efficiency/% — 87.19 >99.99 >99.99 >99.99 >99.99

coating. So, the rotation speed and stirring time are consid-
ered.

Table 1 shows the effects of different antibacterial agent
dosages on the antibacterial properties of color-coated sheet.

As from Table 1, the antibacterial properties increased
with the increase of addition of antibacterial agents. The
antibacterial efficiency reached about 87% when 1% (wt)
of Ag-loaded TiO2 was added. Obviously, the antibacterial
efficiency reached 99.99% when the antibacterial agents
addition was higher than 2%. This could be ascribed to
the reactive oxygen antibacterial mechanism. In the presence
of water and oxygen, the antibacterial agents containing
TiO2 can adsorb water and oxide, producing HO∗ with
high oxidative and reactive capacity. HO∗ can infiltrate
and destruct coenzyme A and also degrade endotoxin,
protein lipids and mineralize into CO2 through particles
on the cell surface binding of the hydroxyl groups. Ag+

in the antibacterial agents can be firmly attached to the
bacteria, and further penetrate into the bacterial cell wall
when contacting the negatively charged cell membrane. This
responds to OH in bacteria and results in bacterial proteins
coagulation, cell synthesize enzyme activity destruction, and
therefore, loss of reproduce ability and death. Besides, Ag+

can also destroy bacteria electronic transmission system,
respiratory system, and mass transport system for killing
bacteria. Silver-loaded titanium dioxide agents have the
advantages of both above at high temperature, high security,
long-term sterilization, and high antibacterial property even
in dark condition. Therefore, the 2% dosage of silver-loaded
titanium dioxide in coil coating is determined.

Silver-loaded titanium dioxide was added to the mixture
of paint at high speed, and then an original speed. The effects
of different rotation speeds on the fineness of the coil coating
and gloss of the color-coated steel sheet were investigated.

As seen from Figures 2 and 3, the fineness of the coating
decreased and the gloss of color sheet increased gradually
with the increase of speed. The fineness of coating is the
range of 10–20 μm and the gloss 35 ± 5 according to
“evaluation method of dispersion of pigments.” The fineness
of coating is about 19 μm and the gloss approximately 32
under speed 4000 r/min, both of which meet the required
standards. Antibacterial agents dispersed in the coil coating
passes through three processes, namely, wetting, grinding,
and dispersion and stability. Wetting is defined as the solvent
taking the place of the air and water on the surface of paint.
Solvent-based paint is not a problem as the surface tension
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Figure 2: Effect of stirring speed on fineness of particles.
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Figure 3: Effect of stirring speed on gloss value.

of paint is always lower than that of the general. The silver-
loaded titanium dioxide is a nanopowder, but the particles of
antibacterial agents would get together due to van der waals
force. Therefore, it is required to redisperse under shearing
or impact forces.

When the shear rate (D) is constant, the shear force (τ)
and viscosity (η) is proportional as

τ = Dη. (3)
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Figure 4: Effect of stirring time on fineness of coil coating.
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Figure 5: Effect of stirring time on gloss of coil coating.

The higher the speed, the greater the shearing force under
certain viscosity, which is helpful for the grinding. In sum-
mary, silver-loaded titanium dioxide is added to the coil coat-
ing under the speed of 4000 r/min.

The effects of stirring time on fineness of the coil coat-
ing and gloss of the color-coated sheet were studied under
4000 r/min of rotation speed after adding silver-loaded tita-
nium dioxide to the coil coating.

Figures 4 and 5 show the effects of stirring time on finess
and gloss of coil coating. It is evident that the fineness
decreased and the gloss improved with the increase of stirring
time. The fineness and the gloss were about 19 μm and 32,
respectively, after stirred for 3 h. Both values reached the pig-
ments and the grinding fineness requirements based on “the
evaluation method of dispersion of pigments” mentioned
above. Consequently, the final choice of grinding time is 3 h.

The surface morphology of color-coated sheet was ob-
served by using SEM in order to detect the effect of antibac-
terial agent in the coil coating. SEM analysis results of
precoated layer of color-coated sheets with and without Ag-
loaded TiO2 are shown in Figure 6. The coated particles after

adding antibacterial agents were well distributed except a
small part of the reunion, and the particle sizes were about
10 μm, which is quite similar to the ordinary color-coated
sheet. The results were in accordance with the measurement
results and achieved the required fineness. It was indicated
that Ag-loaded TiO2 almost became the part of coil coating
under the function of additives. There was nearly no differ-
ence between ordinary color-coated sheet and antibacterial
color-coated sheet in appearance and morphology. This was
beneficial to the dispersion of antibacterial agents and the
improvement of the antibacterial property.

Ag in the antibacterial agent plays an important role
in antibacterial property. The most distinguished feature
of the ordinary color-coated sheet and antibacterial color-
coated sheet lies in the function of silver and titanium
dioxide. Although the addition was little, the change of the
elements in the ordinary color-coated sheet and antibacterial
color-coated sheet should be observed. EDX analysis of
color-coated sheet with and without antibacterial agents was
undertaken to analyze the change of their elements. The
results are showed in Figure 7.

It can be seen from the figures that the elements Ti and
Ag in color-coated sheet adding antibacterial agents appeared
as compared to those without adding antibacterial agents.
However, the dosage of elements was relatively small so that
the increase of elements Ti and Ag were not significant.
Nonetheless, it also can be indicated that silver-loaded
titanium dioxide has been incorporated into the precoated
layer of antibacterial color-coated sheet.

3.2. Photocatalysis Properties. Figure 8 shows the methyl
orange degradation ability of color-loaded sheet. The con-
centration of methyl orange decreased with time and came
to the equilibrium finally. The speed of degradation is not
fast with the degradation efficiency of 25% in the first
1 h. However, the degradation efficiency reached about 80%
after 2 h. Methyl orange concentration tends to be stable
with the degradation efficiency of about 88% at 4th hour.
In conclusion, the color-coated sheet synthesized in the
present study possesses high degradation of methyl orange.
The color-coated sheet adding antibacterial agents has the
capability of “self-cleaning.”

Photocatalytic degradation of methyl orange mechanism
is as follows: the valence band electrons of silver-loaded
titanium dioxide are excited under UV, then they jump
across the forbidden band into the conductive band and
form the highly reactive negative-charged electron e−, while
producing a corresponding hole h+ in the valence band.
Then electrons and holes separate and migrate to different
positions on the surface of particles and reduction and
oxidation happens on the surface of materials. The main
reactions are as follows:

OH− + h+ −→ ·OH

H2O + h+ −→ ·OH + H+

e− + O2 −→ O2
−
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Figure 6: SEM of ordinary color-coated sheet (a) and antibacterial color-coated sheet (b).

1.9

1.6

1.2

0.8

0.4

0
1 2 3 4 5 6 7 8 9 10 11 12

Energy (keV)

K
C

n
t

C

O

Si

Al Pb

Pb

Ti
Element ←↩ Wt% ←↩

CK ←↩
OK←↩
AlK←↩
SiK←↩
TiK←↩
PbL←↩

Matrix←↩ Correction←↩

44.40←↩
23.31←↩
01.13←↩
01.99←↩
27.99←↩
01.18←↩

63.12←↩
24.88←↩
00.72←↩
01.21←↩
09.98←↩
00.10←↩
ZAF←↩

At%←↩

c:\edax32\genesis\genmaps.spc
05-Sep-2008 16:28:49

LSecs: 44

(a)

1 2 3 4 5 6 7 8 9 10 11 12
Energy (keV)

K
C

n
t

C

O

Si

Ag
Al

Pb

Pb

Ti
Element ←↩ Wt% ←↩

CK ←↩
OK←↩
AlK←↩
SiK←↩
AgL←↩
TiK←↩
PbL←↩

Matrix←↩

43.13←↩
21.95←↩
01.17←↩
01.93←↩
00.47←↩
29.33←↩
02.02←↩

Correction←↩

62.99←↩
24.06←↩
00.76←↩

00.08←↩
01.20←↩

10.74←↩
00.17←↩
ZAF←↩

At%←↩
2

1.6

1.2

0.8

0.4

0

c:\edax32\genesis\genmaps.spc
05-Sep-2008 16:24:52

LSecs: 44

(b)

Figure 7: EDX of (a) ordinary color-coated sheet and (b) antibacterial color-coated sheet.

·OH + organics −→ · · · −→ CO2 + H2O

O2
− + organics · · · −→ CO2 + H2O

(4)

3.3. Stability and Duration Properties. The stability of anti-
bacterial coil coating was evaluated using the centrifugation
settling time and gravity settling time. The settling time of
antibacterial agents is equal to the storage period of antibac-
terial agents in the coil coating under gravity. The time for
appearing 10 mm supernatant is the centrifugal settling time
tC . Gravity settling time tG can be calculated by

tG
tC
= 4π2RN2

g
. (5)

Table 2: Effect of stability of coil coating under non-modified and
modified.

Non-modified coil coating Modified coil coating

Time/month 25.1 15.6

As shown in Table 2, the storage period of coil coating
is about 2 years without antibacterial agents and 16 months
with antibacterial coil coating. The silver-loaded titanium
dioxide particles make Brownian motion in the coil coating,
which could result in the decline of stability. Flocculation
appears under the particles’ kinetic energy over the repulsive
force when particles contact to each other. Therefore, adding
antibacterial agents makes the stability of the coil coating
decreased.
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Table 3: Results of pilot-scale run and practical application (average values).

Chromatic aberration
Impact/J

MEK/
times

Gloss-
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T-bend/T
Film thick-
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Antibacterial
EfficiencyDL Da Db DE

Hand sample 0.09 0.06 −0.10 0.21 9 >100 33 3T 14 >99.99%

Bulk sample 0.07 0.03 −0.07 0.10 9 >100 32 2T 14 >99.99%

First batch of
commercial
product

−0.23 −0.18 0.01 0.28 9 >100 34 3T 14 >99.99%

Second batch of
commercial
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−0.09 −0.11 0.06 0.16 9 >100 33 3T 14 >99.99%
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Figure 8: Photocatalytic degradation ratio of antibacterial color-
coated sheet.

Duration property was characterized by the release of
Ag+ in the antibacterial color-coated sheet and the antibac-
terial efficiency after water immersion. The release and anti-
bacterial properties of Ag+ in the antibacterial color-coated
sheet kept at 3 μg/L and did not change significantly in 15
days. The antibacterial properties of the antibacterial color
sheet achieved 99.99%, and Ag+ release was not detected
when the sheet was immersed in water. Thus, the duration
property of antibacterial color-coated sheet is perfect.

3.4. Pilo-Scalet Run and Practical Application. The physical
properties of antibacterial color-coated sheets conducted
“Test methods for prepainted GB/T 13448-2006” and the
antibacterial property was finished by “Guangdong Detec-
tion Center of Microbiology.” Random sampling test was
carried out on hand sample, bulk sample, and commercial
products. The results in Table 3 indicate that the values
of terminal products could meet the first class standard
according to “Specification for prepainted steel sheet GB/T
12754-2006.”

4. Conclusions

A simple way to manufacture antibacterial color-coated sheet
using Ag-loaded TiO2 is developed. The optimal techni-
cal parameters are 2% of silver-loaded titanium dioxide,
4000 r/min of stirring speed, 3 h for stirring time. The silver-
loaded titanium dioxide is dispersed well in color-coated
sheet and the antibacterial efficiency reaches 99.99%. The
efficiency of methyl orange degradation reaches 88% in
4 h. The duration of antibacterial color-coated sheet is long
enough. The products of antibacterial color-coated sheet
meet the first class standard of prepainted steel sheet and
have excellent properties of antibiosis, photocatalysis, and
duration.
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Nanoscale titanium dioxide (TiO2) photocatalytic films were deposited on the surface of polyester nonwovens by using direct
current reactive magnetron sputtering. The effects of coating thickness on the surface structures and properties of TiO2-coated
fabrics were investigated by X-ray photoelectron spectroscopy (XPS), atomic force microscope (AFM), and scanning electron
microscope (SEM). The photocatalytic activity of the functional nonwoven fabrics was evaluated by the degradation of methylene
blue. The test results proved that the grain sizes of the sputtered clusters increased and the coating layer became more compact
with the increase of film thickness, but the composition of the sputtered films did not have any significant change. At the same
time, the photocatalytic activity of TiO2-coated fabrics mostly depended on the film thickness which could lead to the optimum
thickness for a particular application.

1. Introduction

Polyester (PET) nonwoven materials are increasingly used in
many industries ranging from wipes to filters due to their
unique fibrous structures and relatively low cost [1]. Because
of these increasing applications, it is desirable to produce
such nonwoven materials with specially designed surface
properties, such as surface abrasion, surface adsorption,
and surface biocompatibility [2]. However, the surfaces of
PET fibers are often not ideal for a particular application.
The inert nature of PET fibers has hindered the expanding
applications of PET nonwovens.

Nanoscale titanium dioxide (TiO2), with excellent
properties of photocatalysis [3], has been developed and
employed to modify the surface of common nonwovens
by various deposition techniques such as chemical vapor
deposition, sol-gel deposition, and magnetron sputtering
[4–6]. The sol-gel method is one of the most widely used
techniques because of its simple process. This kind of
method, however, does not adapt to preparing uniform
and compact functional films in a large area. The weak
adhesive force between the fabric and the function films
also cannot satisfy the need for lengthy and repeated usage
[7]. In addition, the chemical pollution caused by a wet

process is another serious disadvantage. The magnetron
sputtering technique, an environmentally friendly process,
has emerged as one of the most promising techniques. It
permits large-scale deposition of high-quality films at high
deposition rates, and metal target can be used for fabrication
of large-scale uniform coatings with a high or low density
at a relatively low deposition temperature [8]. It is especially
important for thermal sensitive substrates such as PET
materials, which cannot endure high temperatures.

It was reported that the structure and properties of TiO2

films prepared by magnetron sputtering can be modified
and controlled by process parameters such as coating
thickness, sputtering gas Ar : O2 ratio, sputtering power, and
sputtering pressure [9]. Therefore, the analysis of the coating
microstructure with different thickness and its influence on
the photocatalytic activity of the TiO2-coated fabrics is an
interesting subject to study.

In this study, nanoscale TiO2 films were deposited on
the surface of PET nonwovens by using direct current
(DC) reactive magnetron sputtering at room temperature.
In order to correlate the effect of the thickness on the
coating structure and photocatalytic properties, three sam-
ples with different thicknesses (20, 60, and 100 nm) were
produced. X-ray photoelectron spectroscopy (XPS), atomic
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force microscopy (AFM), scanning electron microscope
(SEM), and photocatalytic tests were employed to study
surface chemical composition, morphology, microstructure,
and photocatalytic activity of the materials, respectively.

2. Experimental

2.1. Materials Preparation. Commercial spunbonded poly-
ester nonwovens (100 g/m2) were used as the substrate in this
study. It was first washed with ethanol and distilled water
before sputter coatings and then dried in an oven at 40◦C
for 24 h. The dried samples were further cut into a size of 6×
6 cm for sputtering.

2.2. Sputter Coating. Sputtering coatings of TiO2 were per-
formed onto the flexible nonwovens in a magnetron sputter
coating system (Shenyang Juzhi Co., Ltd.). A high-purity
titanium (Ti) target (diameter: 50 mm; purity: 99.99%) was
mounted on the cathode. The target was placed below the
substrate holder at a distance of 60 mm. During sputtering,
the substrate holder was kept rotating at a speed of 100 rpm
to ensure the uniform deposition on the surface of the
nonwoven substrate. The sputter chamber was first pumped
to a base pressure of 1.5 × 10−3 Pa before introducing
bombardment gas (argon gas 99.999%) and reacting gas
(oxygen gas 99.999%). Based on the previous investigation
[10], argon and oxygen gas-flow rates were set at 80 and
12 mL/min, respectively. Coating was performed at pressure
of 0.5 Pa with a power of 50 W. The thickness of the deposited
layer was examined by a quartal crystal detector FTM-V
(Shanghai, China) during the sputtering process.

2.3. XPS Analysis. X-ray photoelectron spectroscopy (XPS),
a type of Thermo ESCALAB 250 equipment (USA), was
used to analyze the elemental composition of the functional
fabrics. Measurements were run at a base pressure of 10−6 Pa
using an Al Kα (hv = 1486.6 eV) source and the source was
operated at a power of 225 W. All XPS spectra were calibrated
with the C1 s peak at 284.6 eV. The spectra were recorded
in CAE mode (constant analyzer energy) with analyzer pass
energies of 20 eV.

2.4. Surface Morphology by AFM. Morphology and dis-
tribution of nanoscale TiO2 on the fibre surfaces were
examined using Benyuan CSPM3300 Atomic Force Micro-
scope (Guangzhou, China). Scanning was carried out in
contact mode AFM with a silicon cantilever. All images were
obtained at ambient conditions and analyzed by the Imager
4.40 Software equipped with CSPM3300 AFM.

2.5. SEM Analysis. A SEM instrument (S-4800, HITACHI,
Japan) operated at 5 kV was used to observe the cross-
section structure and analyze the growth model of TiO2

films. Samples were coated with platinum in order to prevent
charge buildup during SEM observations.

2.6. Photocatalytic Activity. The photocatalytic activity of
the prepared TiO2-coated nonwovens was tested by using
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Figure 1: XPS survey spectra of samples.

decomposition of methylene blue (MB, C16H18N3S–Cl–
3H2O) under UV irradiation of ZXC II ultraviolet lamp
(245 nm, 30 W, Shanghai, China) [11, 12]. This was done in a
lightproof container in order to avoid possible complicating
effects of illumination. Test samples with a certain area were
dipped into an aqueous MB solution with a concentration
of 5 mg/L and pH 6.5. The absorbance of the solution
was measured every 30 min by 721 spectrophotometer
(Shanghai, China) at a wavelength of 665 nm [13].

The decolorizing ratio At was calculated using the
following equation [14]:

At = (C0t − Ct)
C0t

× 100%, (1)

where C0t and Ct represent the absorbency of the MB
solution for the uncoated and TiO2-coated samples in t
minutes, respectively. The experiments were repeated for
three times; herein, the average values were reported.

3. Results and Discussion

3.1. XPS Analyses. XPS analysis provides information about
film composition and chemical state.

Figure 1 shows the XPS survey spectra of uncoated and
coated TiO2 PET nonwovens. Photoelectron peaks for C and
O are shown in uncoated samples. Presence of peaks, binding
energy of C1 s (285.0 eV) and O1 s (531.0 eV), have been
related to organic surface of polyester [15]. Ti photoelectron
peaks were observed in XPS survey spectra of coated samples,
whereas there was no Ti photoelectron peak in uncoated
samples. Peak intensity of Ti and O is obviously increased
and C is significantly reduced with the increase in coating
thickness. Moreover, peak-binding energies for Ti 2p3/2 and
Ti 2p1/2 peaks of 20 nm, 60 nm, and 100 nm coated films
are all about 458.2 eV and 464.0 eV, assigned to Ti4+ in
TiO2 with a peak separation of 5.8 eV [16]. It indicates that
the increase in coating thickness seems not to have any
significant influence on the composition of the sputtered
TiO2 on the PET nonwoven fabric surface.
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Figure 2: AFM images of uncoated and coated PET fiber surface at the scan size of 2000 × 2000 nm (a) uncoated, (b) 20 nm, (c) 60 nm, and
(d) 100 nm.

3.2. Comparison in Surface Morphology. AFM images reveal
the change in the surface microstructure of the polyester
fibers after the TiO2 coating, as shown in Figure 2.

It is clearly shown that uncoated PET fiber has a relatively
smooth surface with some microdefects such as microcracks
and point defects on its surface (Figure 2(a)). They might
have been formed during the manufacturing process. The
sputter coatings of TiO2 significantly altered the surface
characteristics of the PET fibers (Figures 2(b)–2(d)). TiO2

clusters scattered on the PET fiber surface after 20 nm
coating, but the clusters have variable sizes from less than
20 nm to over 50 nm (Figure 2(b)). Intrinsic defects on
PET surface may be responsible for the rough and loose
structure of coating surface, because sputtering particles are
preferential nucleation and growth at the defect location of
substrate surface in the initial film growth stage [17]. As
the coating thickness is increased to 60 nm, TiO2 clusters
coated on the PET fiber surface have coalesced and looked
more even. Average size of the sputtered TiO2 cluster is about
31.5 nm and compact coating is formed (Figure 2(c)). AFM
image in Figure 2(d) indicates that the increased coating
thickness from 60 nm to 100 nm leads to more compact
distribution of the TiO2 clusters on the fiber surface. The
growth of the TiO2 clusters is also observed and the size of
the sputtered TiO2 cluster is increased to 35.1 nm. This is
attributed to the collision of the sputtered TiO2 grains. The
increase in sputter coating thickness leads to the growth of
the TiO2 clusters and more compact deposition.

3.3. Microstructure of Film Cross-Section. TiO2-coated PET
nonwoven with 100 nm thickness was broken for the SEM
imaging. Broken section image of TiO2 films provided

Figure 3: Section image of 100 nm thick film.

a more detailed picture of the microstructure and their
evolution from the interface to the outer surface, as shown in
Figure 3. It clearly reveals that TiO2 layers exhibit a columnar
microstructure with the columns extending throughout the
film thickness. This also implies that the growth of TiO2

on PET fiber surface belongs to the island growth mode
(Volmer-Weber mode) including nucleation, island growth,
impingement and coalescence of islands, and development
of a continuous structure as well as film growth [18].
This microstructure might originate from the low adatom
mobility of the sputtered particles on the low-temperature
substrate surface [19].

3.4. Photocatalytic Activity. The photocatalytic activity of
TiO2-coated fabrics was evaluated by photocatalytic decom-
position of MB in its aqueous solution. Figure 4 shows the
absorbency of MB aqueous solutions tested with original
and TiO2-coated fabrics under different film thickness. The
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Table 1: Decolorizing ratios of MB aqueous solutions tested with uncoated and TiO2-coated fabrics.

Film thickness Original sample 20 nm 60 nm 100 nm

Absorbance C240 0.340 0.220 0.135 0.130

Decolorizing ratio A240 (%) — 35.29 60.29 61.76
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Figure 4: Effects of film thickness on the absorbency curve of
methylene blue solution.

average results of three absorbency measurements were
reproducible with standard deviation typically less than
±3.0%. The decolorizing ratios calculated from (1) are
shown in Table 1.

In photocatalytic tests, it was found that when fabric
samples with a certain area were, respectively, immersed into
the same quantitative MB aqueous solution, samples would
turn into blue due to its adsorption of MB molecules. And
with concentration decreasing, the color of MB solution
faded and absorbency decreased. The absorbency of MB
aqueous solution with the original fabric would tend to
stabilize after a period of time because of the surface
adsorption/desorption equilibrium [20], but there is a
slightly downward trend shown in Figure 4. It may be due to
the chemical decomposition of MB induced by UV radiant
energy [21]. Under the same test conditions, significant
decrease in the absorbency is observed for the 20 nm coated
fabric compared to the uncoated fabric. This indicated that
the TiO2 film deposited on the nonwoven surface exhibits
decomposition ability of methylene blue. The decolorization
ratio A240 min was 35.29% shown in Table 1. When the
coating thickness increased to 60 nm, A240 min increased to
60.29%, indicating excellent photocatalytic properties. It
then increased slowly to 61.76% when the coating thick-
ness is increased to 100 nm. The change of decolorization
ratio with different film thicknesses can contribute to the
evolution of the film morphology. Photocatalytic processes

are chemical reactions on the surface. Thus, the photocat-
alytic activity of final TiO2 film depends strongly on their
structures, surface morphology, and total surface area. The
increase of surface area should improve the efficiency of the
process because it implicates larger contact surfaces exposed
to the pollutants [22]. TiO2 films of 60 nm thickness are more
uninterrupted, even than 20 nm films, more even surface
structure and smaller particle size contribute to the increase
in surface area of the deposited films. This was proved by
AFM scans and photocatalytic activity of coated fabrics.
When film thickness is increased to 100 nm, the surface
roughness and compactness are enhanced, but the surface
morphology and particle size only change little, resulting in
slight increase in surface area and photocatalytic activity.

Another factor that should have been noted is the
thickness of the film. It has effect on both the transmission
of UV light in the film and the transportation distance that
the electrons and holes produced under UV irradiation need
to travel to reach the surface of the film [23]. When the
film thickness is relatively thin, the number of photoexcited
electron-hole pair grows with the increase of film thickness
and photocatalytic activity improved. However, when the
film keeps growing thicker, the number of photoexcited
electron-hole pair that could move to the photocatalyst
surface and participate in the desired photocatalysis reaction
remains stable. So, when the film thickness grows to a certain
range, the degradation rate would not change evidently with
the increase of the film thickness.

4. Conclusions

This study has compared the effect of film thickness on grain
growth and microstructure and chemical composition as
well as photocatalytic activity of TiO2 coatings deposited by
DC magnetron sputtering at room temperature. The sputter
coatings formed nanoscale clusters scattered or covered
on the fiber surface subject to the film thickness. Film
thickness affected the grain size of the TiO2 clusters. With
increase in film thickness, grain size of the sputtered clusters
increased and coating layer became more compact, but
the composition of the sputtered films did not have any
significant change. The photocatalytic test results proved that
film thickness plays an important role in the photocatalytic
activity of the TiO2-coated fabric. It is believed that there
existed a critical thickness related to the photocatalytic
activity of TiO2 thin films. When the film thickness is below
the critical thickness, the photocatalytic activity of TiO2

thin films increases with the thickness increasing. But once
the film thickness exceeds the critical thickness, the film
thickness has little influence on the photocatalytic activity of
the TiO2 thin films.
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TiO2 and Sn/TiO2 nanoparticles were successfully synthesized by sol-gel method. The resulting nanoparticles were characterized
by XRD, TEM, SEM, UV-Vis reflectance spectroscopy, and BET analysis methods. The effects of Sn-doping on the crystal structure,
surface area, adsorption properties, pore size distribution, and optical absorption properties of the catalysts were investigated. The
effect of different Sn content on the amount of hydroxyl radical was discussed by using salicylic acid as probe molecule. The pho-
tocatalytic activity of samples was tested by photocatalytic mineralization of amoxicillin trihydrate (AMOX) as a model pollutant.
Sn/TiO2 nanoparticles exhibited high photocatalytic activity during the mineralization of AMOX under UV light due to increase
in the generated hydroxyl radicals, band gap energy, specific surface area, and decrease in the crystallite size. The kinetic of the
mineralization of AMOX can be explained in terms of the Langmuir-Hinshelwood model. The values of the adsorption equilibrium
constant (KAMOX) and the kinetic rate constant of surface reaction (kc) were 0.56 (mg L−1)−1 and 1.86 mg L−1 min−1, respectively.

1. Introduction

Recently, there has been an increasing concern, particularly
in highly developed countries, about penetration of pharma-
ceuticals into the environment and related risks [1]. A large
variety of pharmaceutical compounds have been frequently
found in sewage treatment plant effluents and river streams
at concentrations up to several μg L−1 [2]. These compounds
enter the aquatic environment after their ingestion and
subsequent excretion either without modifications or in the
form of nonmetabolized parent compounds [3]. Among
the various pharmaceutical compounds present in the
environment, special emphasis has been given to antibiotics,
which are the most often discussed pharmaceuticals because
of their potential role in the development of antibiotic-
resistant bacteria [4]. The great concern is that waters
contaminated with antibiotics can reach waters used for
human consumption or municipal water treatment facilities
[5]. Due to their antibacterial activity, waters containing
antibiotics commonly used in animal and human health

(antibiotics included) are refractory to natural biological
degradation or conventional wastewater treatments [6].
Amoxicillin is a semisynthetic β-lactam antibiotic (7-[2-
amino-2-(4-hydroxyphenyl)-acetyl] amino-3,3-dimethyl-6-
oxo-2-thia-5-azabicyclo [3.2.0] heptane-4-carboxylic acid),
used in humans and food-producing animals to treat
several diseases. Some authors have found amoxicillin and
cloxacillin in wastewater [7].

Several alternatives to destroy these kinds of compounds
have been considered in recent studies in the literature. These
include reverse osmosis, adsorption on activated carbons, or
advanced oxidation technologies, such as Fenton reaction,
ozonation, and peroxidation combined with UV light [8].
Heterogeneous photocatalysis using a semiconductor is a
new, effective, and rapid technique for the removal of
pollutants from water [9]. Among various semiconducting
materials, much attention has been given to TiO2 due
to its outstanding stability, inexpensiveness, lack of tox-
icity, and strong photoactivity [10]. Extensive researches
have been focused on synthetic methods of semiconductor
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Table 1: Chemical structure and characteristics of AMOX.

Characteristics

IUPAC name
(2S,5R,6R)-6-[(R)-(-)-2-amino-2-(p-hydroxyphenyl)acetamido]-3,3-dimethyl-7-oxo-4thia-1-
azabicyclo[3.2.0]heptane-2-carboxylic acid trihydrate

Molecular formula C16H19N3O5S3H2O

Molecular weight 419.45

Appearance White or almost white powder

Melting point 152–156◦C

Structure

OH

O

H
N

O

N

H
S

H

OH

O

NH2

·3H2O

nanoparticles with better crystallinity and photocatalytic
performance. Yu et al. [11] prepared CuO/Cu2O composite
hollow microspheres with controlled diameter and composi-
tion and without the addition of templates and additives by
hydrothermal synthesis using Cu(CH3COO)2·H2O as a pre-
cursor. However, there is still a problem that photocatalytic
efficiency is not high because recombination of photogener-
ated electron-hole pairs influences low photo quantum effi-
ciency [12]. To enhance its photoactivity, TiO2 is often doped
with various metal ions and oxides such as Zn, Pt, Pd, Au, Ag,
Cu, WO3, and V2O5 [13]. The dopants act as charge separa-
tors of photoinduced electron-hole pairs, and it is proposed
that, after excitation, the electron migrates to the metal where
it becomes trapped and electron-hole recombination is
suppressed [14]. Castro et al. [15] presented the performance
of Ag-TiO2 photocatalyst, obtained using the hydrothermal
synthesis route, under different light irradiations setups
such as solar-simulated and interior-lighting lamps with
different irradiation powers, towards the photocatalytic
inactivation of E. coli in water. A possible way to improve
the photocatalytic performance of doped TiO2 is to explore
the cooperative effect by introducing more than one species
of foreign elements to the host [16]. Appropriate choice of
the codoping pair is the key factor. Li et al. [17] investigated
the structural and electronic properties of iron-fluorine (Fe–
F) and iron-sulfur- (Fe–S-) codoped anatase TiO2. They
reported that the photocatalytic performance under visible
light of Fe–S-codoped TiO2 is better than that of Fe–F-
codoped one, and Fe–S should be a better codoping pair.

Photocatalytic oxidation of some antibiotics such as
Lincomycin, tetracycline, oxolinic acid, and fluoroquinolone
has been reported [2, 18–20]. Xekoukoulotakis et al. [4] have
reported that the use of UV/TiO2 was able to achieve 90%
TOC reduction after 90 min of reaction with 10 mg L−1 ERM
and 250 mg L−1 TiO2. Abellán et al. [21] have reported 82%
of sulfamethoxazole degradation and 23% TOC reduction by
UV/TiO2 in 6 hr. No study on photocatalytic oxidation of
amoxicillin·3H2O, in aqueous solution using Sn/TiO2 as a
catalyst under UV-C irradiation has been reported.

In this work, preparation and characterization of pure
and Sn/TiO2 nanoparticles is reported. These nanosized
catalysts were characterized by the techniques such as
XRD, SEM, TEM, DRS, and BET analysis methods. The
photocatalytic activity of the prepared nanoparticles has
been studied on the mineralization of AMOX, as a prototype
molecule. Chemical structure and characteristics of AMOX
have been given in Table 1. We investigated in a systematic
way the effect of various parameters such as doping content
of Sn, the amount of photocatalyst, and AMOX initial con-
centration on mineralization in model aqueous solutions. A
detailed kinetic description of the process was given based
on well-known mechanistic/kinetic models, namely, the
Langmuir-Hinshelwood (L-H) model whereby the organic
regent was preadsorbed on photocatalyst surface prior to
UV illumination. We intentionally decided to investigate
sample mineralization rather than substrate decomposition
since the rationale of micropollution abatement in aqueous
matrices should involve its complete elimination rather than
its transformation to other species.

2. Experimental

2.1. Materials. Titanium n-butoxide (TBOT, Ti(OC4H9)4),
ethanol with absolute grade, and tin (IV) chloride were
used without any further purification. All chemicals used in
this study were analytical grade and purchased from Merck
(Germany).

2.2. Preparation of TiO2 and Sn/TiO2 Nanoparticles. Ac-
cording to [22, 23], for the synthesis of TiO2nanoparticles,
first titanium n-butoxide was slowly dissolved in ethanol.
The prepared solution was sonicated in an ultrasonic bath.
The hydrolysis process was then performed by adding of
drop by drop H2O into a flask containing TBOT/EtOH
mixture under reflux and magnetic stirring. The molar ratio
of TBOT/EtOH/H2O was 1 : 1 : 65. The yellowish transparent
sol was yielded after continuously stirring for 3 h. Finally,
TiO2 nanoparticles were gained by calcining the TiO2 xerogel
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at 450◦C for 3 h and grinding. The preparation of Sn-doped
TiO2 nanoparticles was the same as that of TiO2, except
that the water used for the synthesis contained the required
amount of tin (IV) chloride.

2.3. Analytical Methods. Powder X-ray diffraction (XRD)
was used for identification of crystalline phases and esti-
mation of the crystallite size. The X-ray diffraction (XRD)
patterns were recorded on a Siemens/D5000 X-ray diffrac-
tometer with Cu Kα radiation (λ = 0.15478 nm). The texture
and morphology of the prepared samples were measured by
scanning electron microscope (SEM) (Philips XL-30ESM).
Transmission electron microscopy (TEM) observation was
carried out on Zeiss EM 900–80 keV electron microscopy
instrument. The sample for TEM was prepared by dispersing
the final powder in ethanol, and the dispersion was then
dropped on copper/carbon grid. The nitrogen adsorption
and desorption isotherms at 77 K were measured using Bel-
sorp mini II. The specific surface area and the pore size distri-
bution (average pore diameter and mean pore volume) were
measured from the adsorption isotherm using the Brunauer-
Emmett-Teller (BET) method and from the desorption
isotherm using the Barret-Joyner-Halender (BJH) method,
respectively. Ultraviolet/visible diffuse reflectance spectra
(DRS) were taken on Avaspec-2048 TEC spectrometer. Total
organic carbon (TOC) was measured with Shimadzu 5000A
TOC analyzer equipped with an autosampler (ASI-5000) and
platinum-based catalyst. The carrier gas was synthetic air at
the rate of 150 mL/min. The samples were acidified to pH <
4 before being sent to TOC analyzer to ensure that inorganic
carbon would be released from the solution as CO2.

2.4. Photocatalytic Activity. Mineralization of AMOX under
UV light was used as a model reaction to evaluate the
photocatalytic activity of prepared samples. Photocatalytic
activity measurements were carried out at atmospheric
pressure in a batch quartz reactor [24]. Artificial irradiation
was provided by 15 W (UV-C) mercury lamp (Philips,
Holland) emitted around 254 nm positioned parallel to the
reactor [25]. In each run, desired concentration of AMOX
(20 mg L−1) and TiO2 was fed into the quartz tube reactor
and it was allowed to equilibrate for 30 min in the darkness.
The zero time reading was obtained from blank solution kept
in the dark. Aliquots of the mixture were taken at periodic
intervals during the irradiation, centrifuged for 10 min at
1000 rpm (Hettich EBA) to remove catalyst particles, and
then analyzed for their total organic carbon (TOC) content.

All the concentration profiles can be correlated to
irradiation time by the following exponential function with
good agreement:

−dTOC
dt

= kapTOC. (1)

Therefore, the photocatalytic mineralization of AMOX
is pseudo-first-order reaction, and its kinetics may also be
expressed as

ln
(

TOC0

TOC

)
= kapt. (2)
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Figure 1: XRD patterns of (a) TiO2, (b) 1 mol% Sn/TiO2, (c)
1.5 mol% Sn/TiO2, (d) 3 mol% Sn/TiO2.

In this equation, TOC0 and TOC are the antibiotic
concentrations (mg L−1) at times 0 and t, respectively, and
kap is the pseudo-first-order rate constant (min−1).

3. Results and Discussion

3.1. Characterization of Nanoparticles

3.1.1. X-Ray Diffraction. Based on the XRD spectra, the
crystalline phases could be categorized into two primary
components, an anatase (A) and a rutile (R) phase, and
represented the intensity of the strongest anatase reflection
of (101) plane at 2θ = 25.3◦± 0.1◦, anatase reflection of
(200) plane at 2θ = 48.0◦± 0.1◦, and the intensity of the
strongest rutile reflection of (110) plane at 2θ = 27.4◦± 0.1◦.
Additionally, the anatase phase of TiO2 crystal is a tetragonal
system in lattice geometry [26]. The average crystallite size of
the particles was calculated according to following Scherrer’s
equation [27];

D = kλ

β cos θ
. (3)

In this equation, λ the X-ray wavelength equal to
0.154 nm, k is a constant taken as 0.89, β is the line width
at half maximum height, and θ is the diffracting angle. The
phase content of a sample can be calculated by following
equation [28]:

Rutile phase % = 100
1 + 0.08(IA/IR)

, (4)

where IA and IR are integrated intensities of the anatase and
rutile peaks, respectively. Figure 1 shows the X-ray diffrac-
tion patterns of TiO2 and 1.5 mol% Sn/TiO2 samples. Inten-
sity of the anatase main peak located in 2θ = 25.5◦ indicates a
high degree of crystallinity for these nanoparticles. Crystallite
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Figure 2: SEM image of 1.5 mol% Sn/TiO2 nanoparticles.

Table 2: Phase content and crystallite size of prepared nanoparti-
cles.

Sample Phase structure Crystalline size (nm)

TiO2 A: 100, R: − DA: 10, DR: −
1 mol% Sn/TiO2 A: 100, R: − DA: 9.1, DR: −
1.5 mol% Sn/TiO2 A: 100, R: − DA: 8.4, DR−
3 mol% Sn/TiO2 A: 89, R: 11 DA: 7, DR: 8.5

size and amount of each phase nanoparticles have been
reported in Table 2. The crystallite size of titania decreases
with increasing doping concentration. This reduction in
crystallite size is proposed due to segregation of the dopant
cations at the grain boundary which inhibits the grain
growth by restricting direct contact of grains. The phase
composition varies with the increasing content of Sn.
According to the XRD patterns, the pure TiO2 sample
constituted pure anatase phase. On the other hand, the
sample containing Sn shows a multiphase composition as the
Sn content increases. The 3 mol% Sn sample is composed of
crystallites of both anatase and rutile phase. The formation
of crystallites of rutile phase at a low calcination temperature
is induced by the presence of Sn, as previously reported [29].
Metal may have been finely dispersed, incorporated in the
TiO2 crystal structure, or crystals are too small for detection
due to a relatively low metal doping [30].

3.1.2. SEM Analysis of Sn/TiO2 Nanoparticles. The SEM
image of 1.5 mol% Sn/TiO2 is shown in Figure 2. Since
less particle agglomeration occurred, the large surface area
conveys high adsorption abilities of the catalysts. This
image shows relatively uniform particles which are coherent
together.

3.1.3. TEM Analysis of Sn/TiO2 Nanoparticles. Figure 3
shows TEM images of TiO2 and 1.5 mol% Sn/TiO2 nanopar-
ticles. It can be seen that the particles exhibit a relatively
uniform particle size distribution. The average size of the
primary particles estimated from the TEM image is about 7–
10 nm, which is in good agreement with that calculated from
the XRD pattern using Scherrer equation.

Table 3: BET data for TiO2 and 1.5 mol% Sn/TiO2.

Sample
BET surface area

(m2 g−1)
Total pore volume

(cm3 g−1)
Mean pore

diameter (nm)

TiO2 47.03 0.112 9.7

1.5 mol%
Sn/TiO2

80.03 0.178 8.9

3.1.4. BET Analysis. Figure 4 shows nitrogen adsorption-
desorption isotherms of TiO2 and 1.5 mol% Sn/TiO2 sam-
ples. Both samples show the isotherm of type IV. At high
relative pressure range from 0.4 to 1, the isotherm exhibits
a hysteresis loop of type H2 associated with the ink bottle
pores, indicating that the powders contain mesopores due
to the aggregation of crystallites [31]. The hysteresis loop
in the lower relative pressure range (0.4 < P/P0) was
related to finer intra-aggregated pores formed between intra-
agglomerated primary particles, and that in the higher
relative pressure range (0.8 < P/P0 < 1) was associated with
larger interaggregated pores produced by interaggregated
secondary particles [32]. The porous structure is believed to
facilitate the transporting of reactant molecules and products
through the interior space due to the interconnected porous
networks and favor the harvesting of exciting light due to
enlarged surface area and multiple scattering within the
porous framework [33].

Figure 5 shows the pore size distribution of 1.5 mol%
Sn/TiO2 as estimated according to the BJH method from
the adsorption branch. It can be seen that the diameter
range of pores located from 0.97 to 10 nm and the mean
diameter of pores is 8.9 nm. With doping of Sn, the average
pore size decreases slightly from 9.7 to 8.9 nm (Table 1).
There are two possible factors causing the decrease in
average pore size. One is that the aggregation of smaller
crystallites forms smaller pores. The other is that some ions
of doping probably insert into the pore of pure TiO2, which
also causes pore size to become smaller [34]. The specific
surface area determined with the BET method is 80.03 m2 g−1

which is higher than 47.03 m2 g−1 of TiO2 sample. The
enhanced surface area of 1.5 mol% Sn/TiO2 compared to
nanosized TiO2 is due to its increase in the mesopore size
and mesopore volume [35]. Loganathan et al. [36] have
reported that metal doping at a specific concentration can
have a favorable effect on the surface area. However, at an
excess doping concentration, it could result in the damage of
the porous framework, thus negatively affecting the surface
area.

The specific surface area, pore volume, and pore size
of TiO2 and 1.5 mol% Sn/TiO2 nanoparticles are presented
in Table 3. The increase of surface area can be useful in
the efficiency of the photocatalytic activity as it implies
larger contact surfaces exposed to the reagents [37]. It
is accepted in heterogeneous photocatalysis process that
higher surface area and pore volume can be useful in the
formation of photogenerated electron and hole pairs. Hence,
heterogeneous photocatalysis is influenced greatly by the
surface area and pore structure [38].
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Figure 3: TEM images of (a) TiO2, (b) 1.5 mol% Sn/TiO2 nanoparticles.
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Figure 4: Adsorption-desorption isotherms of TiO2 and 1.5 mol%
Sn/TiO2.

3.1.5. DRS Analysis. To investigate the optical absorption
properties of synthesized samples, diffuse reflectance spectra
(DRS) were analyzed. Sn-doping obviously affects light
absorption characteristics of TiO2 as shown in Figure 6.
The reflectance spectrum of TiO2 nanoparticles show an
absorption threshold at 400 nm, while for Sn/TiO2 samples
the absorption threshold is between 390 and 381 nm.
The absorbance of Sn/TiO2 nanoparticles is shifted toward
shorter wavelength than TiO2 nanoparticles. In general, blue
shift of the absorption onset of Sn-doped nanoparticles is
associated with the increase of the carrier concentration
blocking the lowest states in the conduction band, well
known as the Burstein-Moss effect [39, 40]. The theory for
band-gap widening for polar semiconductors, proposed by
Sernelius et al. [41], in order to describe the experimen-
tally found blue shift in Sn/TiO2 nanoparticles, considers
displacement polarization effects and structural disorder as
additional factors that affect the shape of the band tails.
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Figure 5: Pore diameter distribution of 1.5 mol% Sn/TiO2.
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Figure 6: UV-Vis absorption spectra of (a) TiO2, (b) 1 mol%
Sn/TiO2, (c) 1.5 mol% Sn/TiO2, (d) 3 mol% Sn/TiO2.
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Figure 7: Hydroxyl radical amounts on Sn/TiO2 nanoparticles with
different Sn content.

The direct band-gap energy can be estimated from a plot
of (αhν)2 versus photon energy (hν). Sn/TiO2 nanoparticles
show higher band-gap energy than TiO2 nanoparticles. The
band gap energy estimated from DRS analysis for Sn/TiO2

nanoparticles is between 3.17 and 3.25 eV, which is higher
than 3.1 eV for TiO2. The band gap plays a critical role
in deciding the photocatalytic activity of photocatalysts for
the reason that it participates in determining the e−/h+

recombination rate. According to Moss-Burstein theory,
in heavily doped TiO2 nanoparticles, the donor electrons
occupy states at the bottom of the conduction band. Since the
Pauli principal prevents states from being doubly occupied
and optical transition is vertical, the valence electrons require
extra energy of doped TiO2 to be boarder than that of pure
TiO2 nanoparticles [42].

3.1.6. Measurement of Hydroxyl Radical. It is well understood
that hydroxyl radical is generated upon proper photon
illumination to photocatalyst. The hydroxyl radical is a
powerful oxidizing species, having potential oxidation of
approximately 2.8 volt (versus NHE), which may lead to
complete mineralization of pollutants. Generally, the greater
the formation rate of ∗OH radicals is, the higher separation
efficiency of electron-hole pairs is achieved. So, the photo-
catalytic activity is a positive correlation to the formation
rate of ∗OH radicals, namely, a faster formation rate of ∗OH
radicals leads to a higher photo-catalytic activity [43]. The
effect of different Sn content on the amount of hydroxyl
radical was detected using salicylic acid as a probe molecule
[44]. The salicylic acid reacted with the hydroxyl radicals to
form 2,3-dihydroxybenzoic acid. After reacting 20 min, the
amounts of hydroxyl radicals absorbed by the solution at the
wavelength of 510 nm were measured. A blank experiment
was run before adding the photocatalyst. No change is
observed in the absorbance, which indicated that there was
no photolysis reaction in salicylic acid under UV irradiation.
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Figure 8: Influence of Sn content on the photocatalytic activity
of samples under UV irradiation: (a) 0.0% Sn/TiO2, (b) 0.5 mol%
Sn/TiO2, (c) 1 mol% Sn/TiO2, (d) 1.5 mol% Sn/TiO2, (e) 2 mol%
Sn/TiO2 and (f) 3 mol% Sn/TiO2.

Figure 7 shows the hydroxyl radical with different Sn content.
The amount of hydroxyl radicals increases as the Sn content
increases. The hydroxyl radical of 1.5 mol% Sn/TiO2 is very
high, indicating that the sample has a high separation rate
of photoinduced carriers. However, the amount of hydroxyl
radicals can decrease if the Sn content is too high. The reason
is that the amount of photoinduced electrons accumulating
instantly at the SnO2 conduction band is too much due
to excess SnO2 so that some photoelectrons can indirectly
recombine with holes [45]. Therefore, it can be concluded
that the separation rate of photoinduced charge carriers can
be improved by doping an appropriate amount of Sn.

3.2. Photocatalytic Activity Studies

3.2.1. Photocatalytic Mineralization of AMOX Using Sn/TiO2

Nanoparticles. The results of mineralization of AMOX using
Sn/TiO2 nanoparticles are illustrated in Figure 8. As the
irradiation time increased, AMOX degraded into small frag-
ments and subsequently mineralized completely. It could be
seen that the photocatalytic activity of Sn/TiO2 nanoparticles
was higher than that of the pure TiO2. Further observation
showed that photocatalytic activity gradually increased with
increasing content of Sn. The slight enhancement of photo-
catalytic activity of 0.5 mol% Sn/TiO2 nanoparticles could
be assigned to the fact that the excited electrons from the
valence band to the conduction band could migrate to Sn
nanoparticles and then migrated to O2 molecules adsorbed
on the surface of the Sn. Sn produced an Schottky barrier,
which facilitated the electron capture [46]. Especially, when
the content of Sn increased to 1.5 mol%, the photocatalytic
activity of Sn/TiO2 nanoparticles significantly increased. The
high photo-catalytic activity of 1.5 mol% Sn/TiO2 sample is
due to the following several factors.

(i) TiO2 is a photoactive semiconductor that when
illuminated with photon energy equal or greater than its
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band gap energy, the following reaction took place on the
surface of the photo-catalyst:

TiO2 + hν −→ TiO2
(
e− + h+) (5)

h+ + H2O −→ ∗OH + H+ (6)

h+ + OH− −→ ∗OH (7)

∗OH + antibiotic −→ CO2 + H2O (8)

h+ + e− −→ N + energy. (9)

SnO2 and TiO2 are both wide band gap semiconductors.
Although the band gap of SnO2 (3.8 eV) is wider than that
of TiO2 (3.1 V), the Fermi lever of SnO2 is lower than that
of TiO2. It means that the photo-generated electrons may
easily transfer from TiO2 to SnO2, but not to recombine
with the photo-generated holes on the surface of TiO2

immediately. Consequently, more and more holes are present
on the surface and take part in the reactions of oxidizing
OH− and H2O into hydroxyl radicals. Hydroxyl radicals
would be finally responsible for the degradation of pollutants
into H2O and CO2 [47, 48]. Furthermore, photo-induced
electrons easily transfer from TiO2 to SnO2 due to their
potential difference of conduction band. According to [49],
the conduction band (CB) edges of TiO2 and SnO2 are
situated at −0.34 and +0.07 V versus normal hydrogen
electrode (NHE) at pH 7. Thus, electron can easily flow
into SnO2, which has a more positive conduction band. This
results into the decrease in the chance of recombination
of photoinduced carriers so that the separation rate of
photoinduced electron-hole pairs can improve, that is, the
amount of hydroxyl radicals can increase. The amounts of
hydroxyl radicals and the efficient charge separation directly
influenced the photocatalytic activity [45]. As can be seen in
Figure 8, the photocatalytic activity of 1.5 mol% Sn/TiO2 is
very high, indicating that the sample has a high separation
rate of photoinduced carriers.

(ii) A small amount of metal ions can act as a photo-
generated hole and a photo-generated electron trap and
inhibit the hole-electron recombination:

Mn+ + e−CB → M(n−1)+ (electron trap)

Mn+ + hVB
+ → M(n + 1)+ (hole trap).

The trapped electron may thus be readily transferred to
oxygen molecule to form a superoxide radical anion (O2

•−).
In addition, the trapped hole can be easily transferred to
hydroxyl anion adsorbed on the surface forming hydroxyl
radical (OH•), or it can also be transferred to adsorbed dye
molecule to form a dye radical [50].

Sn/TiO2 nanoparticles show higher band-gap energy
than TiO2 nanoparticles, which not only suppressed the
electron-hole recombination but also generated more ∗OH
radicals [35].

(iii) The superior degradation efficiency of Sn/TiO2

nanoparticles could be attributed to a larger surface area
compared to another photocatalyst. A large surface area may
be an important factor in certain photocatalytic mineral-
ization reactions, as a large amount of adsorbed organic
molecules promotes the reaction rate [51].

(iv) Particle size is another important parameter influ-
encing photocatalytic efficiency, since the electron-hole
recombination rate may depend on the particle size. It
is well known that in the nanometer-size range, physical
and chemical properties of semiconductors are modified
(compared with bulk). Small variations in particle diameters
lead to great modifications in the surface/bulk ratio, thus
influencing the recombination rates of volume and surface
electrons and holes [52].

Moreover, a decrease in the activity is expected when the
content of Sn becomes too large. The detrimental effect of tin
on TiO2 photoactivity has several reasons.

(v) The amount of photoinduced electrons accumulating
instantly at the SnO2 conduction band is too much due
to excess SnO2 so that some photoelectrons can indirectly
recombine with holes [45].

(vi) An excess amount of Sn dopant can produce the
recombination center of photoinduced electron and hole
pairs. Recombination of e−-h+ pairs reduces the rate of
photocatalytic mineralization [53].

(vii) Excessive coverage of TiO2 catalyst limits the
amount of light reaching to the TiO2 surface, reducing
the number of photogenerated e−-h+ pairs and lowering
consequently the TiO2 photoactivity [54].

(viii) Doped metal may occupy the active sites on the
TiO2surface for the desired photocatalytic reactions causing
the TiO2 to lose its activity [55].

(ix) The probability of the hole capture is increased by
the large number of tin particles at high tin dopings, which
decrease the probability of holes reacting with adsorbed
species at the TiO2 surface [56].

Based on the results, the optimum content of Sn-
doped TiO2 for treatment of AMOX in aqueous solution is
1.5 mol%.

3.2.2. Effect of the Amount of Sn/TiO2 Nanoparticles. Pho-
tocatalytic mineralization of AMOX may depend on the
catalyst amount. In order to investigate the effect of catalyst
amount, experiments were carried out by varying the
amount of photocatalyst from 100 to 600 mg L−1, and the
mineralization profile is shown in Figure 9. The rate of
reaction increases with the increase of photocatalyst up to
400 mg L−1 and a further increase leads to a decrease in the
antibiotic mineralization. This observation can be explained
in terms of availability of active sites on the catalyst surface
and the penetration of UV light into the suspension. The
total active surface area increases with increasing catalyst
dosage [57]. The reasons for decrease in mineralization
rate were aggregation of Sn/TiO2 nanoparticles at high
concentration causing a decrease in the number of surface
active sites and an increase in the opacity and light scattering
of Sn/TiO2 nanoparticles at high concentration. This tends to



8 International Journal of Photoenergy

0

0.04

0.08

0.12

0.16

k a
p

(m
in
−1

)

100 mg L 200 mg L 400 mg L 600 mg L

Sn/TiO2 (mg L−1)

Figure 9: Effect of Sn/TiO2 amount on AMOX mineralization.

0

0.05

0.1

0.15

Distilled water Real water

k a
p

(m
in
−1

)

Figure 10: Investigation of the efficiency of 1.5 mol% Sn/TiO2 in
mineralization of AMOX from real water.

decrease the passage of irradiation through the sample [58].
The catalyst concentration above which conversion levels off
depends on several factors (e.g., reactor geometry, operating
conditions, wavelength, and intensity of light source) and
corresponds to the point where all catalyst particles, that
is, all the surface exposed, are fully illuminated [4]. In this
study, the optimum concentration at which all subsequent
experiments were conducted was about 400 mg L−1.

3.2.3. Treatment of Real Water Containing AMX. In order
to investigate the efficiency of Sn/TiO2 nanoparticles in
mineralization of AMOX in the real water, 20 mg L−1 of
antibiotic was added into a real water sample (carbon-
ate hardness: 94 mg L−1 CaCO3, sulphate concentration:
175.1 mg L−1 SO4

2−) that was obtained from an irrigation
well in Tabriz, Iran. Results in Figure 10 show the effect of
presence of common anions such as sulphate, carbonate, and
bicarbonate on the mineralization of AMX. It is clear from
this figure that, in presence of SO4

2−, HCO3
−, and CO3

2−,
the percent of mineralization decreases. This inhibition is
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Figure 11: Determination of the pseudo-first-order kinetic rate
constants, kap.

Table 4: Pseudo-first-order kinetic rate constants in photocatalytic
experiments with different initial concentration of AMOX.

[Sn/TiO2]0

(mg L−1)
[AMOX]0

(mg L−1)
kap(min−1) 1/kap (min) r2

400 40 0.068 14.5 0.997

400 30 0.09 11.1 0.999

400 20 0.143 6.95 0.994

400 10 0.25 3.98 0.991

undoubtedly due to their ability to act as hydroxyl radical’s
scavengers by the following reactions [59]:

SO4
2− + ∗OH −→ SO4

•− + OH− (10)

HCO3
− + ∗OH −→ CO3

•− + H2O (11)

CO3
2− + ∗OH −→ CO3

•− + OH−. (12)

These ions may also block the active sites on the Sn/TiO2

surface thus deactivating the catalysts towards AMOX and
intermediate molecules. Although the generated radical
anions have been shown to be an oxidant itself, but its
oxidation potential is less than that of the hydroxyl radicals.

3.2.4. Effect of the Initial AMOX Concentration in the
Photocatalytic Reaction. The effect of varying AMOX initial
concentration was studied in the range of 10–40 mg L−1.
Figure 11 shows a plot of ln (TOC0/TOC) versus time for
all the experiments with different initial concentration of
AMOX.

By applying a least square regression analysis, the values
of kap have been obtained. The results are shown in Figure 12.

Table 4 reports the values of kap resulting from plot
of ln ([TOC]0/[TOC]) versus “Time,” which decreases as
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the initial reactant concentration increases. The presumed
reason is that when the initial concentration of antibiotic is
increased, more and more antibiotic molecules are adsorbed
on the surface of Sn/TiO2 nanoparticles. The large amount
of adsorbed antibiotic is thought to have an inhibitive effect
on the reaction of antibiotic molecules with photogenerated
holes or hydroxyl radicals, because of the lack of any direct
contact between them. This was attributed to the rise of
internal optical density, which caused the solution to became
impermeable to UV light [60]. Once the concentration of
antibiotic is increased, it also causes the antibiotic molecules
to absorb light and the photons never reach the photocatalyst
surface, and thus the photocatalytic mineralization efficiency
decreases [61, 62].

Several reports have established that the heterogeneous
photo-oxidation rate fits well to the classic Langmuir-
Hinshelwood (L-H) mechanism [63] which in terms of
mineralization kinetics can be described as follows:

r = kckAMOX(TOC)
1 + kAMOX(TOC0)

, (13)

1
kap

= 1
kckAMOX

+
TOC0

kC
, (14)

where kAMOX and kc are the Langmuir-Hinshelwood adsorp-
tion equilibrium constant and rate constant of surface
reaction, respectively. Using the data from photocatalytic
experiments with different initial AMOX concentrations, the
values of kAMOX and kc can be calculated using the linearized
equation by plotting 1/kobs versus [TOC]0. As can be seen
in Figure 13, a straight line fitted the experimental data
reasonably well (the coefficient of linear regression, r, was
0.994), thus indicating that photocatalytic mineralization
of ERM most probably follows Langmuir-Hinshelwood
kinetics. From the slope of the straight line, kc was computed
equal to 1.86 mg L−1 min−1, while from the intercept, kAMOX

was 0.56 (mg L−1)−1. Yurdakal and his coworkers reported
Langmuir-Hinshelwood equation constants for mineraliza-
tion of Gemfibrozil (GEM) drug in the presence of two
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Figure 13: Determination of the adsorption equilibrium con-
stant, kAMOX, and the second order rate constant, kc, for the
Langmuir-Hinshelwood kinetic model.

commercial polycrystalline TiO2 powders (Degussa P25 and
Merck). The values of kc are 1.91 × 10−8 and 6.78 ×
10−9 mol m−2 s−1 and those of KGEM 5.11 × 103 and 1.07 ×
105 M−1 for Degussa P25 and Merck, respectively [3].

4. Conclusions

TiO2 and Sn/TiO2 nanoparticles could be prepared by sol-gel
method using titanium n-butoxide and tin (IV) chloride as
precursors. The XRD results showed that the crystallite size
greatly decreased due to Sn-doping but an increase in surface
area, pore volume, and band gap energy was observed.
Nitrogen adsorption-desorption isotherms showed that the
adsorption ability was enhanced owing to Sn-doping. The
absorbance of Sn/TiO2 nanoparticles was shifted toward
shorter wavelength than TiO2 nanoparticles. The effect of Sn
dopant on the photoinduced charge property was estimated
by measuring hydroxyl radicals using salicylic acid as probe
molecule. The photocatalytic efficiency for AMOX decom-
position was remarkably enhanced owing to Sn-doping, and
1.5 mol% Sn/TiO2 sample had the highest photocatalytic
activity due to increase in the generated hydroxyl radicals,
band gap energy, specific surface area, and decrease in the
crystal size. Langmuir-Hinshelwood kinetic model provided
a good fit to the photocatalytic mineralization of AMOX,
used in this study. This study confirms the potentialities of
heterogeneous photocatalysis to decontaminate wastewaters
containing organic pollutants.
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High-quality Al-doped TiO2 visible-light photocatalyst was prepared via a single-step direct combination of vaporized Ti, Al,
and O2 using a 6 kW thermal plasma system. Results showed that the formed Al-doped TiO2 nanoparticles were a mixture of
anatase and rutile phase and had a size between 10 and 105 nm. The absorption spectra of the nanoparticles shifted towards
the visible light regions, depending on the Al2O3 addition. Ti4+ and Ti3+ coexisted in the synthesized Al-doped TiO2; the Ti3+

concentration, however, increased with increasing Al2O3 addition due to Al/Ti substitution that caused the occurrence of oxygen
vacancy. Hg0 breakthrough tests revealed that the nanoparticles had an appreciable Hg0 removal under visible-light irradiation.
Nevertheless, moisture reduced Hg removal by the nanoparticles, especially when visible-light irradiation was applied, suggesting
that the competitive adsorption between H2O and Hg species on the active sites of TiO2 surface occurred.

1. Introduction

Mercury (Hg) releases from nature and anthropogenic sour-
ces have been the major focus of environmental studies ow-
ing to the toxicity and bioaccumulative behaviors [1]. Hg
species in gaseous phase from emission sources in general
exist in three main forms: elemental (Hg0), oxidized (Hg2+),
and particle-bound (Hgp). Hg2+ and Hgp can be easily
removed by air pollution control devices such as wet flue gas
desulfurization and electrostatic precipitators. Nevertheless,
Hg0 is highly volatile, insoluble in water, and thus difficult to
remove from a gas stream.

Using titanium dioxide (TiO2) photocatalysts as adsor-
bents and catalysts has been advised as a novel technique to
effectively remove Hg0 [2–11]. Wu et al. [2] used in situ pro-
duced TiO2 particles to remove Hg under UV irradiation.
Upon irradiation with UV light, active sites become available
on the TiO2 particle surface and effectively adsorbed Hg to

form a complex with TiO2. The manufacturing procedures
strongly influence the purity and surface characteristics of
resulting TiO2 nanoparticles, which afterward affect the pho-
tocatalytic properties. Sol-gel method has been widely used
in the bench-scale TiO2 nanoparticles fabrication due to its
simplicity to perform [12–15]. Nevertheless, the processing
temperature of sol-gel method syntheses is relatively low. A
multistep fabrication procedure, that is, sample synthesis and
subsequent calcination, was thus needed to transform the
obtained TiO2 into anatase or rutile. Thermal plasma has
been shown to possess advantages to develop nanoparticles
with clean surface and narrow particle size distribution.
Using thermal plasma as a heating source may directly vapor-
ize Ti metal having a high melting point at 1941 K and induce
the high-purity TiO2 formation in a single step.

A decisive obstruction in the successful application of
TiO2 is the band gap energy of 3.2 eV causing the TiO2 only
being activated by UV irradiation. Visible-light (VL) TiO2



2 International Journal of Photoenergy

Ar
Power
supply

Powder
feed

Powder
filter

Buffer 
tank

Plasma torch

Water
cooling

TP

O2

Figure 1: Schematic diagram of non-transferred DC plasma torch system for synthesis Al-doped TiO2 photocatalysts.

photocatalysts have therefore obtained great attention in
recent years. Several studies have indicated that an improved
TiO2 photocatalyst excited by VL sources can be prepared by
substitutional doping with metal atoms, such as Fe [16, 17],
Er [18], and Al [19–23]. Because the ionic radii for Al and
Ti are similar (0.053 nm for Al3+ and 0.061 nm for Ti4+),
Al can easily fill into a regular cation position and form a
substitutional solid solution. Numerous studies have shown
that Al-doped TiO2 nanoparticles can be manufactured via
vapor-phase. Lee et al. [19] prepared Al-doped TiO2 with
thermal plasma using TiCl4 and AlCl3 as precursors. The
absorption band of synthesized Al-doped TiO2 nanoparticles
shifted from the UV region to the VL region. Choi et al. [23]
prepared Al-doped TiO2 nanoparticles using a citrate-nitrate
autocombustion system with Ti solution and Al(NO3)3 solu-
tion as precursors. The authors also demonstrated that Al-
doped TiO2 gas sensor was more selective and sensitive to
CO and O2 under 600◦C.

In our previous study, high-purity TiO2 nanoparticles
using Ti metal as a precursor were successfully manufactured
with a transferred plasma torch [24]. Nevertheless, using
transferred DC plasma torch as the heating source has defects
on low nanoparticles yield. Another plasma system was es-
tablished in our earlier study using a nontransferred DC
plasma torch as the heating source [25]. Our preliminary
test has shown that Al-doped TiO2 nanoparticles can be
successfully formed in a single step via this non-transferred
DC thermal plasma system. However, the anatase/rutile ratio
of the formed Al-doped TiO2 was below 58.2 wt%, which
may be due to the higher plasma power (i.e., 8 kW). In this
study, Al-doped TiO2 photocatalyst with a broad absorption
spectrum was developed under a lower plasma power (i.e.,
6 kW). The photocatalyst fabricated from this innovative
single-step procedure was tested for Hg0 capture under both
UV and VL irradiation. We expected that a reducing plasma
power can increase the anatase ratio of the formed Al-
doped TiO2 crystal. The greater content of anatase phase
in TiO2 may enhance the transformation of Hg0 into Hg2+,
which could subsequently enhance the removal effectiveness
of TiO2. The Hg0 removal effectiveness of Al-doped TiO2

in the presence of O2, H2O, and light irradiation was

further discussed. Notably, few studies have examined the VL
photocatalytic effects of Al-doped TiO2 on removal of Hg0 at
an extreme low concentration, namely, μg Nm−3 level.

2. Experimental Details

2.1. Synthesis of Al-Doped TiO2 Nanoparticles. The DC plas-
ma torch apparatus used for preparing TiO2 nanoparticles
is illustrated in Figure 1. The system comprised a non-trans-
ferred plasma torch connected to a DC power supply (Model
PHS-15C, Taiwan Plasma Corp., Taiwan), a stainless steel
reaction chamber (i.d. = 30 cm; length = 100 cm), a stainless
steel powder feeder, a powder filter, a buffer tank, and a vac-
uum pump (GVD-050A, ULVAC) for shifting the particles
floating in the exhaust gas. The plasma torch consisted of
a water-cooled copper alloy electrode. The system was per-
formed at 30 A and 200 V. Titanium powder (99.8% purity),
Al2O3 powder (99.9% purity), and ultrahigh-purity (UHP)
O2 were used as precursors. A mixture of UHP Ar and O2

was used as the plasma gas. The flow rate was 60 L min−1 at
Ar : O2 = 3 : 1 by volume. UHP Ar with a flow rate of 2 L
min−1 was also used as the carrier gas of the Ti and Al2O3

powder feedstock. The Al2O3/Ti mass ratio was controlled at
0, 0.1, 0.3, and 0.5. The powder feeding rate was fixed at 0.2 g
min−1. The gas stream containing the formed TiO2 nano-
particles was passed through the stainless steel powder filter
and a buffer tank induced by the vacuum pump.

2.2. Al-Doped TiO2 Nanoparticle Characterization. The par-
ticle size and morphology of TiO2 nanoparticles were exam-
ined with a transmission electron microscope (TEM, Philips
CM-200). Powder X-ray diffraction (XRD, Rigaku Rinet 200)
with Cu κα radiation (λ = 1.5405 Å) was used for crystal
structure identification. The JCPDS database was used for
powder crystalline phase identification. The mass fractions
of anatase to rutile in formed TiO2 nanoparticles were
calculated by [26],

fA = 1
1 + 1.26IR/IA

, (1)
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where fA is the mass fraction of anatase, IA is the intensity
of (101) reflection of anatase, and IR is the intensity of (110)
reflection of rutile. The diffuse reflectance UV-visible spectra
(UV-Vis) of TiO2 nanoparticles were measured from 300 to
800 nm using a spectrophotometer (Hitachi U-3010). X-ray
photoelectron spectroscopy (XPS, ULVAC-PHI 1600) was
used for Ti, O, Al, and Cu bonding patterns identification.
The obtained XPS spectra were deconvoluted with the
XPSPEAK software.

2.3. Hg Removal Experiments. Al-doped TiO2 synthesized at
the Al2O3/Ti mass ratio of 0.5 was evaluated for the removal
effectiveness of low-concentration gaseous Hg0. Gaseous Hg0

was generated with a certificated Hg0 permeation tube (VICI
Metronics) which heated at 70 ± 0.1◦C to ensure a constant
Hg0 diffusion rate. Gaseous Hg0 with a known concentration
was mixed with N2, O2, and water vapor which was generated
by streaming N2 passed through a water bubbler. All gas
mixing and Hg0 injection occurred within a temperature-
controlled chamber and heated tubes/lines to prevent water
condensation. The generated Hg0-containing gas with a
concentration of 10–15 μg Hg0 Nm−3 and a flow rate of 1.5 L
min−1 flowed through the photochemical reactor with 30 mg
Al-doped TiO2 were irradiated with UV or VL light. The
photochemical reactor was a cylindrical quartz tube with
an i.d. = 25 mm and a length = 150 mm. The nanoparticles
were uniformly coated onto a glass slide, which was placed
horizontally in the tube. The UV and VL light sets was
located 1 cm above the tube. The photochemical tube reactor
was operated at 25◦C and atmospheric pressure. The effluent
gas from the photochemical reactor flowed through a mois-
ture trap (i.e., a nefion tube) to remove H2O from the gas
stream and thus to minimize the interference in Hg detec-
tion. The tail gas then flowed through a gold amalgamation
column held by a heating coil (Brooks Rand model AC-01)
where the Hg0 in the gas was adsorbed. The Hg0 that was
concentrated on the gold was then thermally desorbed and
sent as a concentrated Hg stream to a cold-vapor atomic fluo-
rescence spectrophotometer (Model III, Brooks Rand Lab)
for analysis. Six minutes were needed to complete a test run;
ten runs were performed for each test condition. Finally,
the exhaust was passed through a carbon trap before it was
effluent into the fume hood.

3. Results and Discussion

Figure 2 illustrates the TEM images of the nanoparticles
produced at various Al2O3/Ti mass ratios. TEM results
indicated that the synthesized Al-doped TiO2 was homoge-
neous, without significant phase separation or coating on
the surface. It was also noticed that the synthesized nanopar-
ticles was in hexagonal or spherical shapes; adding Al2O3

powder had insignificant effects on the shape of the formed
nanoparticles. The darker areas in the TEM micrographs
showed the agglomeration of Al-doped TiO2 nanoparticles.
The powder size of the feedstock Ti and Al2O3 powder were
about 5–15 μm. However, nanoparticles formed at Al2O3/Ti
mass ratios of 0 to 0.5 were approximately between 10 and

Table 1: Crystal phases of Al-doped TiO2 synthesized at various
Al2O3/Ti mass ratio.

Al2O3/Ti mass ratio fA (wt.%) Phase detected

0 64.31 Anatase, rutile

0.1 62.67 Anatase, rutile

0.3 59.67 Anatase, rutile

0.5 53.77 Anatase, rutile, Al2O3

105 nm. These observation results indicate that the injected
Ti and Al2O3 powders successfully vaporized at the high
flame temperature and subsequently synthesized Al-doped
TiO2 nanoparticles via the recombination of vaporized Ti,
O and Al atoms in the thermal plasma environment.

XRD powder patterns for the nanoparticles fabricated at
various Al2O3/Ti mass ratios are presented in Figure 3. All
the peak intensity of powder diffraction was normalized by
anatase (101). The experimental results suggested that most
of the diffraction peaks could be designated as the presence
of anatase and rutile phases. However, the diffraction peaks
standing for Al2O3 appeared as Al2O3/Ti = 0.5, based on 2θ =
35.15◦, 43.35◦, 52.5◦, and 57.5◦ that are indexed to the Al2O3

diffraction pattern. These observations are consistent with
our previous work [25] and suggest that at Al2O3/Ti = 0.5
loading, the thermal plasma was less effective to vaporize the
Al2O3 powders and to induce the interactions between Ti,
O, and Al atoms. Moreover, the relative content of anatase,
depicted with the fA value (Table 1), noticeably reduced with
increasing Al2O3/Ti due to consequent transformation into
rutile at an elevating temperature [27]. Notably, the TiO2

was fabricated at a fixed plasma power of 6 kW. The plasma
temperature change at various Al2O3/Ti ratios should be
small and may not markedly influence the transformation
of anatase into rutile. The enhancement in transformation
of anatase into rutile may also attribute to the increase in Al
doping [19, 21, 22, 28].

Figure 4 demonstrates the UV-visible spectra of the Al-
doped TiO2 nanoparticles synthesized at various Al2O3/Ti
mass ratios over the wavelength range of 300–800 nm. The
commercial Degussa P-25 photocatalyst was also tested
for comparison. The experimental results showed that the
absorption edge was at ∼390 nm for P-25 photocatalyst. The
TiO2 nanoparticles synthesized in thermal plasma at the
Al2O3/Ti mass ratio of 0 to 0.3 possessed an absorption
edge at ∼400 nm. The absorption spectra of Al-doped TiO2

slightly shifted from UV to VL region with reference to an
increase in Al2O3/Ti mass ration can be assigned to the
band gap narrowing relation to the interstitial Al species in
the TiO2 crystal [19, 29, 30]. Especially, TiO2 synthesized
at Al2O3/Ti = 0 also had band gap absorption at ∼400 nm,
which was comparable to that of Al-doped TiO2 formed at
Al2O3/Ti = 0.1. The extent of red shift and band broadening
may be attributed to the presence of oxygen vacancies in
TiO2 crystal formed in the high-temperature plasma flame.
Numerous studies have shown the appearance of the visible-
light activity was attributed to the newly formed oxygen
vacancy state in the TiO2 band structure [24, 31]. Further
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Figure 2: TEM images of TiO2 nanoparticles synthesized at Al2O3/Ti mass ratio of (a) 0, (b) 0.1, (c) 0.3, and (d) 0.5.
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Figure 3: XRD patterns of TiO2 nanoparticles synthesized at
Al2O3/Ti = 0 to 0.5 and Degussa P-25.

evidences and explanation are presented based on XPS anal-
ysis. In contrast, the Al-doped TiO2 synthesized at Al2O3/Ti
= 0.5 showed strong absorption in the VL range, suggesting
that the extent of red shift and broadening was greatly depen-
dent on Al2O3 concentrations in the plasma environment.

The XPS spectra of Ti2p for the synthesized TiO2 nano-
particles are shown in Figure 5. The Al2p spectra for the
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Figure 4: Optical absorption spectra of synthesized Al-doped TiO2

and commercial P-25 photocatalyst.

synthesized TiO2 nanoparticles at a Al2O3/Ti mass ratio of
0.1, 0.3, and 0.5 are shown in Figure 6. The Ti2p XPS spectra
acquired from TiO2 fabricated at various Al2O3/Ti mass
ratios were deconvoluted into four peaks within 456.4–
464.5 eV, including Ti4+

2p1/2, Ti3+
2p1/2, Ti4+

2p3/2, and Ti3+
2p3/2. These
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Figure 5: Ti2p XPS spectra of TiO2 synthesized at Al2O3/Ti mass ratio of (a) 0, (b) 0.1, (c) 0.3, and (d) 0.5.

peaks are indications to the presence of TiO2 (Ti4+
2p1/2and

Ti4+
2p3/2) and Ti2O3 (Ti3+

2p1/2 and Ti3+
2p3/2), respectively [32]. For

the Al-doped TiO2, the Al2p peaks at a binding energy of
75.5 eV can be attributed to the presence of Al3+. The results
suggested that the Al3+ content enhanced with an increase in
Al2O3 addition. The calculated Ti3+/(Ti3++ Ti4+) ratios for
Al-doped TiO2 at Al2O3/Ti = 0, 0.1, 0.3, and 0.5 were 3.1,
17.1, 17.5, and 33.2%, respectively, based on the deconvo-
luted peak area. These data indicated that Ti3+ concentration
greatly enhanced with increasing Al2O3 addition owing to
the transformation of TiO2 into Ti2O3. We suspected that
Ti4+/Al3+ ionic substitution may take place during the Al
doping. If this assumption held, when Ti4+ (ionic radius =
0.061 nm) is substituted by Al3+ (ionic radius = 0.053 nm)
from TiO2 crystal, the lattice mismatch occurs as a result of
that the ionic radius of Ti4+ is larger than that of Al3+. To
atone for the smaller ionic radius of Al3+, a Ti species having
an ionic radius larger than Ti4+ is needed. Consequently,
Ti4+ is reduced to Ti3+ (ionic radius = 0.067 nm). The ob-
served Ti3+ peaks in the present study are consistent with
Steveson et al. [33] and our previous work [25]. In addition,

Table 2: Atomic percentage of synthesized TiO2 nanoparticles
based on XPS examinations.

Al2O3/Ti mass ratio
Composition (at.%)

O Al Ti Cu

0 74.17 0 23.25 2.57

0.1 65.95 6.77 25.33 1.95

0.3 62.96 10.45 23.13 3.46

0.5 57.83 22.09 15.44 4.63

the formal charge generated by the substitution of Ti4+ with
Al3+ can also be compensated via the formation of O− from
O2−, which resulted in the oxygen vacancies found in Al-
doped TiO2 [21, 33, 34].

Notably, about 1.95–4.62 at.% Cu was found in the
formed Al-doped TiO2 based on the XPS analysis (Table 2).
The Cu impurity was from the vaporization of plasma torch
made of Cu alloy under the high-temperature plasma envi-
ronment. Associated with the results from the UV-visible
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analysis, the doped Cu and the oxygen vacancy may syn-
ergistically contribute to the observed red shift in the UV-
visible absorption spectrum for the non-Al-doped TiO2 (i.e.,
Al2O3/Ti = 0). Nevertheless, Zhang et al. suggested that Cu
content < 38 at.% in TiO2 had negligible effects on the
Ti2p binding energy of XPS examinations [35]. Therefore,
isomorphous substitution due to Al doping into TiO2 crystal
should be the major contribution of the increasing Ti3+. The
red shift in the absorption spectra of TiO2 nanoparticles
thus primarily was attributed to the Al doping and generated
oxygen vacancy (Figure 4).

The Hg0 adsorption breakthrough results for Al-doped
TiO2 nanoparticles synthesized at Al2O3/Ti = 0.5 are shown
in Figure 7. The experimental parameters included O2

concentration, humidity, and the type of light sources. These
parameters were tested alternately by gradually increasing the

O2 concentration from 0% to 12% combined with intro-
ducing H2O (20% relative humidity) and UV/VL irradia-
tion to the photocatalytic reactor. The experimental results
showed that Hg0 capture was very small with rapid break-
through at the 0% O2, dry (H2O < 0.1 vol%), and dark con-
dition (runs 0–10 in Figure 7), manifesting that the synthe-
sized Al-doped TiO2 (Al2O3/Ti = 0.5) was less effective in
removal of Hg0 under the test condition. This result was
anticipated because Hg0 appeared to the main Hg species
at the 0% O2, dry, and dark condition and was not easy to
form a strong binding with the surface of TiO2. However, an
increase in the Hg0 capture to 25% was apparently observed
when UV irradiation was applied (breakthrough down to
approximately 0.75; runs 11–20). The significant enhance-
ment in Hg0 removal for Al-doped TiO2 nanoparticles under
UV irradiation is a strong indication that this sample had
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a good photocatalytic potential to transform Hg0 into Hg2+

that enhanced the adsorption onto Al-doped TiO2. It is also
noteworthy that without the presence of O2, VL was less
effective in photocatalytic oxidation than UV (runs 21–30).
In addition, a significant decrease in Hg0 capture was ob-
served at the humid condition (runs 31–60). This result sug-
gest that H2O competitively adsorbs onto the TiO2 active
sites, causing the reemission of adsorbed Hg species, which
can be Hg0 or Hg2+ needed to be further examined. The
experimental results presented here are in agreement with
those found in earlier studies [6, 7, 24, 36]. Li and Wu
reported that the physically adsorbed Hg0 can be desorbed
from the surface of a SiO2-TiO2 composite by water vapor
at high concentration, which suggested that Hg0 is only
weakly adsorbed on the sorbent surface [6]. Dissimilar to
H2O, O2 notably improved the adsorption of Hg0; increasing
O2 concentration strongly enhanced the Hg0 capture of Al-
doped TiO2 to up to 40% (equivalent to breakthrough of
0.6; Figure 7). It is noteworthy that when O2 was > 6%, Hg0

capture was similar for Al-doped TiO2 under either UV or VL
irradiation (runs 131–150 and 221–240). These data not only
revealed the importance of O2 in enhancing Hg0 capture, but
also verified the visible-light activity of the synthesized Al-
doped TiO2 nanoparticles on Hg0 oxidation/adsorption.

4. Conclusion

Al-doped TiO2 nanoparticles were successfully synthesized
in a single step using Ti powders, Al2O3 powders, and O2

by a nontransferred plasma torch system. TiO2 nanoparticles
formed at Al2O3/Ti mass ratios 0 to 0.5 were approximately
between 10 and 105 nm. The crystal phases of the formed
TiO2 nanoparticles were mainly in anatase and rutile forms.
However, increasing the Al2O3 addition caused the ratio of
anatase to rutile decreased. The presence of oxygen vacancy
and the substitution of Ti4+ with Al3+ were suspected to cause
the slight red shift in the absorption edge to lower energy due
to band gap narrowing. Al doping and oxygen vacancy in the
TiO2 crystal may also result in the phase transformation from
TiO2 to Ti2O3. Hg breakthrough results showed that the Hg0

removal with formed Al-doped TiO2 in a dry condition was
greater than that in a humid condition when light irradiation
was applied. Hg capture was also found to be markedly
enhanced by increasing O2 concentration. Nevertheless,
H2O showed deteriorating effects on the adsorption of Hg
through competition for active sites on the Al-doped TiO2

surface. Results presented here suggest that Hg0 removal
using synthesized Al-doped TiO2 nanoparticles may be
greatly affected by the extent of catalytic transformation of
Hg0 into Hg2+ and amphoteric (hydrophilic-hydrophobic)
surface properties of Al-doped TiO2.

We envision that the photocatalyst can be successfully
used to capture Hg from coal-derived flue gas. Nevertheless,
it is imperative to note that this study employed gas streams
consisting of Hg0 in a moisture-oxygen-nitrogen mix. Coal-
derived flue gas is a complex mixture also containing fly ash
particles, moisture, CO, and many acid gases. For example,
a typical untreated flue gas derived from the combustion of

a US low sulfur eastern bituminous coal can contain 5–7%
H2O, 3-4% O2, 15-16% CO2, 1 ppbv total Hg, 20 ppm CO,
10 ppm hydrocarbons, 100 ppm HCl, 800 ppm SO2, 10 ppm
SO3, 500 ppm NOx, and balance N2 [9–11]. The influen-
ces of the flue gas components on Hg removal using TiO2

photocatalysts are thus highly needed to be further investi-
gated.
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Ta/TiO2- and Nb/TiO2-mixed oxides photocatalysts were prepared by simple impregnation method at different TiO2 : Nb or Ta
mass ratios of 1 : 0.1, 1 : 0.5, and 1 : 1, followed by calcination at 500◦C. The prepared powders have been characterized by XRD,
XPS, UV-Vis spectra, and SEM. The photocatalytic activity was evaluated under natural solar light for decolorization and miner-
alization of azo dye Orange II solution. The results showed that Nb/TiO2- and Ta/TiO2-mixed oxides have higher activity than the
untreated TiO2 under natural solar light. The maximum activity was observed for Nb/TiO2 sample (at mass ratio of 1 : 0.1), which
is characterized by the smallest crystalline size (17.79 nm). Comparing with the untreated TiO2, the solar decolorization and miner-
alization rates improved by about 140% and 237%, respectively, and the band gap reduced to 2.80 eV. The results suggest that the
crystal lattices of TiO2 powder are locally distorted by incorporating Nb5+ species into TiO2, forming a new band energy structure,
which is responsible for the absorption in the visible region. Unlike Ta/TiO2, the Nb/TiO2-mixed oxides can prevent the grain size
growth of the treated TiO2, which is important to achieve high solar photoactivity.

1. Introduction

Titanium dioxide (TiO2) is nontoxic, efficient photo-catalyst,
chemically stable, and relatively inexpensive. Although TiO2

is the most popular photocatalytic material, it has not been
applied widely in the field of environmental pollution control
under solar light. The band gap (Eg) of TiO2 anatase is
∼3.2 eV and lies in the UV range so that only 5–8% of sun-
light photons have the required energy to activate the catalyst
[1, 2]. This relatively large band gap has significantly limited
its application, particularly under solar and/or visible light.
An effective way to improve the TiO2 photocatalytic activity
is to introduce foreign metal ions as dopants into its lattice.
Depending on the dopant type and concentration, the
band gap of TiO2 can be tailored to extend the photo
responsiveness into the visible light region. Usually, the
UV activity of undoped TiO2 is much greater than the
visible light activity of the doped material. Therefore, for
solar applications, the photocatalysts should be tested under
simulated solar irradiation or under real sun conditions [3].

TiO2 doped with Tantalum (Ta) and niobium (Nb) by
sol-gel method has been widely used in gas sensing film ap-
plication [4–6]. Generally those metal dopants (Ta and Nb)
are used in sensor applications to inhibit the TiO2 phase
transformation from anatase to rutile and to hinder grain
growth during heating. Niobium oxide and, in particular, its
most stable form, Nb2O5, is an interesting semiconductor
with a band gap of about 3.9 eV (decreasing to about 3.5 eV
in the amorphous state), with a high dielectric constant and
high index of refraction, which has found important appli-
cations in electronics and optical applications, including thin
films (antireflective coatings, solar control, etc.) [7].

Atashbar et al. [8] prepared thin films of TiO2 doped with
niobium oxide, for use in oxygen sensing applications. Thick
film gas sensors made by Nb- or Ta-doped TiO2 have also
been prepared and investigated for atmospheric pollutant
monitoring [5]. Vanadium and tantalum-doped titanium
oxide (TiTaV) as a novel material for gas sensing has been
prepared by Carotta et al. [4]. Furubayashi et al. [9] pointed
out that Nb-doped anatase TiO2 film has excellent electrical
conductivity and transparency.
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Table 1: Composition of prepared samples.

Sample reference TiO2 : Nb (mass ratio) Nb molar % Sample reference TiO2 : Ta (mass ratio) Ta molar %

Pure TiO2 1 : 0 0 Pure TiO2 1 : 0 0

TNb1 1 : 0.1 2.9 TTa1 1 : 0.1 1.8

TNb2 1 : 0.5 13 TTa2 1 : 0.5 8.3

TNb3 1 : 1 23 TTa3 1 : 1 15.3

Technological interest in Nb-doped TiO2 derives from
the fact that Nb doping leads to enhanced photocatalytic
activity in the destruction of organochloride pollutants such
as dichlorobenzene [10]. Some investigators [11–13] report-
ed that photocatalytic activity of Nb-doped TiO2 was much
better than that of pure TiO2. Castro et al. [11] prepared
Nb-doped TiO2 by a simple, lowcost, and low-temperature
hydrothermal technique. The Nb-doped TiO2 was more
active than undoped TiO2 for diquat degradation under UV
light irradiation. Yang et al. [14] prepared micrometer-sized
Nb-doped TiO2 porous spheres by ultrasonic spray pyrolysis
method. Comparing with pure TiO2, the prepared Nb-doped
TiO2 enhanced photocatalytic activity for the photodegrada-
tion of aqueous methylene blue solution under both visible
and solar light irradiation. The enhanced photocatalytic acti-
vities of Ta codoped TiO2 thin films under visible light have
also been reported by Obata et al. [15].

However, to our knowledge, the photocatalytic activity
of Nb/TiO2- and Ta/TiO2-mixed oxides for wastewater treat-
ment under natural solar light, has not yet been reported.
Furthermore, modifying the commercial TiO2 (Degussa
P25), which is relatively cheap and commercially available, to
improve its solar photoactivity are an interesting subject.

Very limited attempts were found recently in the litera-
ture to improve the Degussa P25 photoactivity [16, 17]; in
both cases, the photocatalyst activity was tested only under
UV light. For photocatalytic hydrogen production, Yu et al.
successfully improved the commercial P25 TiO2 by impreg-
nation with copper nitrate followed by calcinations at 350◦C
[18], and by a simple precipitation method using Ni (OH)2

clusters [19]. Zhao et al. [20] fabricated ordered titanate
nanoribbon (TNR)/SnO2 films by electrophoretic deposition
(EPD) using hydrothermally prepared titanate (P25 Deg-
ussa) as a precursor. The photocatalytic activity was evaluat-
ed by decolorization of RhB aqueous solution under UV ir-
radiation. Shang et al. [21] prepared N-doped TiO2 powder
by annealing commercial TiO2 (P25) under an NH3 flow at
550◦C. 4-chlorophenol decomposition was used to evaluate
the photocatalytic activity under the visible light irradiation.
Qi et al. [22] and Yu et al. [23] used the commercial P25
to prepare Pt/TiO2 catalysts and CdS-sensitized Pt/P25 for
photocatalytic hydrogen production. Recently, Znad and
Kawase [1] successfully doped the commercial TiO2 (Deg-
ussa P25) with a nonmetal dopant (sulfur) and improved its
solar photo-catalytic activity for decolourizing polluted
wastewater.

In the present work, with the aim of developing more effi-
cient and cost-effective solar photocatalyst and to investi-
gate the metal ions (such as Nb and Ta) influence, the Ta/
TiO2- and Nb/TiO2-mixed oxides photocatalysts have been

prepared by simple impregnation method using the well-
known TiO2 (Degussa P25) as a Ti precursor and, respective-
ly, niobium oxide (Nb2O5) and tantalum oxide (Ta2O5) as a
metal oxides. Nb and Ta ions were chosen since these ele-
ments have ionic radii similar to that of Ti, so that they could
replace it in a substitutional solution with negligible distor-
tion of the lattice. Concentrations higher than the solubility
limits have been chosen to study the possible segregation of
a mixed oxide.

This work was mainly devoted to find out whether the
metal ions (Nb and Ta) can improve the photocatalytic acti-
vity (or properties) of TiO2 under natural solar light, beside
its well-known activity in film sensing application.

2. Experimental

2.1. Preparation of Ta/TiO2- and Nb/TiO2-Mixed Oxides Pho-
tocatalyst. The Ta/TiO2- and Nb/TiO2-mixed oxides photo-
catalysts were prepared by a simple impregnation method.
The mass ratios for the different samples are shown in
Table 1. For comparison, untreated Degussa P25 TiO2 (pure
TiO2) was used in this work. Degussa P25 is a mixture of
anatase and rutile (80 : 20) with a BET surface area of about
52.4 m2/g and average primary particle size of about 20 nm.

In a typical preparation (described for sample TTa2 =
1 : 0.5 as representative of the series), Tantalum oxide Ta2O5

(0.5 g, 1.13 mmol) was suspended in 30 mL ethanol under
stirring. 1 g (12.52 mmol) of Degussa P25 TiO2 powder was
suspended in 30 mL ethanol and the suspension then soni-
cated for 1 h at room temperature. The two suspensions
of TiO2 and Nb2O5 or Ta2O5 were mixed under vigorous
stirring for 4 hours at room temperature and then dried
under vacuum to obtain a powder which was further dried
in oven for 8 h at 80◦C. The obtained powder, was ground
and then calcinated at 500◦C for 3 h in the presence of air
with a ramp rate of 2◦C/min.

2.2. Characterization. The crystalline structure of the pre-
pared Ta/TiO2- and Nb/TiO2-mixed oxides photocatalysts
was characterized by X-ray powder diffraction (XRD) analy-
sis (RINT Ultima III, Rigaku co., Japan) using Cu Ka radia-
tion at a scan rate of 4 degree/min. The acceleration voltage
and the applied current were 40 kV and 40 mA, respectively.
The mean size of crystallite (D, nm) was calculated from
full-width at half maxima (FWHM) of corresponding X-ray
diffraction peaks using Scherrer’s formula D = 0.89λ/β cosφ,
where λ is the wavelength of the X-ray radiation (λ =
1.54056 nm Cu Ka), β is the full-width at half maximum
(rad), and φ is the reflect angle. The content of anatase
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wA (%) was determined according to the following equation
[24]: wA (%) = {IA/(IA + 1.265IR)} × 100, where IR and
IA are the intensities of the diffraction peaks of rutile (110)
and anatase (101), respectively, obtained from XRD patterns.
X-ray photoelectron spectra (XPS) of the powders were mea-
sured using Shimadzu ESCA 750 photoelectron spectrometer
with an MgKα 1253.6 ev; the shift of binding energy due to
relative surface charging was corrected using the C1s level
at 285 eV as an internal standard. The diffuse reflectance
UV-Vis spectra were measured with an Ocean Optics high-
resolution HR4000 USB spectrometer (HR4000 Ocean Op-
tics Inc.) with an extended wavelength range from 190 to
1100 nm. The microstructures of the samples were observed
by a scanning electron microscope, SEM (JSM-5310LV, Jeol
Co., Japan).

2.3. Photocatalytic Activity Measurement. Solar photocatal-
ytic decolorization and mineralization of Orange II dye was
carried out in 300 mL Pyrex glass beaker. All the reactions
were carried out according to the following procedure: 0.4 g
of photocatalyst (modified or unmodified TiO2) was added
to 250 mL of aqueous dye (Orange II) solution (20 mg/L).
The dyes solution was mixed with a magnetic stirrer during
the course of the experiment. At the beginning, the solution
mixture was stirred for 30 min in the dark to ensure establish-
ment of the dye’s equilibrium adsorption/desorption. Then
sun light was allowed to irradiate the reaction mixture, and at
regular time intervals, samples were taken from the suspen-
sion and the change of Orange-II concentration was mea-
sured using UV-Vis spectrophotometer (TU-1900 UV spec-
trometer) at fixed wavelength of 486 nm. For this purpose,
the photocatalyst was immediately removed from the sample
by filtration, using a 0.4 μm syringe filter. Solar experiments
were carried out from 10:00 AM to 5:00 PM during May in
Saitama, Japan. During the solar experiments, the UV and
the visible ranges (illuminance) of the solar light intensity
were measured by the UV radiometer (UVR-2, TOPCON,
with UD-36 (310–400 nm/average 365 nm) detector, Tokyo,
Japan) and illuminance meter (T-10, Konica Minolta), res-
pectively. The accumulated solar energy was calculated by
[25]

Qn = Qn−1 + ΔtI
(
A

V

)
, Δt = tn − tn−1. (1)

Qn accumulated solar energy per unit of slurry volume
(KJL−1), Δt is the time difference between radiation measur-
ements (h), I is the solar light intensity per unit of irradiation
surface area measured during time interval Δt (Wm−2), A is
the irradiated surface area of the photoreactor (m2), and V is
the photoreactor volume (m3).

3. Results and Discussion

3.1. Characterization of the Prepared Photocatalysts. Figures
1(a) and 1(b) show the XRD patterns of Ta/TiO2- and Nb/
TiO2-mixed oxides photocatalysts beside the unmodified
TiO2 samples. The anatase (101) peak was used to determine
the grain size by Scherer’s formula. It is evident that the Nb

and Ta contents significantly influenced the particle size
(FWHM) and crystallinity (anatase and rutile phases) of the
modified samples. It was observed that the XRD patterns of
TTa1 and TNb1 samples showed no signals originating the
presence of Ta2O5 and Nb2O5 metal oxides, respectively.
Actually at these low concentrations (2.9 mol% Ta and
1.8 mol% Nb), Ta and Nb ions are randomly dispersed in the
crystallographic sites of anatase structure. Furthermore, the
absence of metal peaks could come from their ultra fine dis-
persion on TiO2 particles as very small clusters or due to very
low metal content.

Figure 1(a) shows the X-ray diffraction patterns for the
Ta/TiO2-mixed oxides samples, at high concentrations of
8.3% Ta and 15.3% Ta (TTa2 and TTa3 samples), the re-
sults clearly show the presence of peaks corresponding to
orthorhombic Ta2O5 (JCPDS 79–1375) [26]. The intensities
of those peaks significantly increased with increasing the
Ta2O5 concentration mainly due to segregation. Further-
more, increasing the Ta2O5 concentration could not prevent
the grain growth, the average crystalline size of unmodified
TiO2 (TTa0) increased from 19.50 nm to 21.80 nm for TTa3
(see SEM results). In contrary the results of the grain size
analysis of Nb/TiO2-mixed oxide photocatalyst (Figure 1(b))
showed that the grain growth of the unmodified TiO2

(TNb0) have been retarded due to the addition of niobium
ion. The crystalline size of TNb1 and TNb3 was 17.79 nm and
18 nm, respectively.

Moreover, increasing the Nb2O5 concentration has stabi-
lized the anatase phase, the anatsae content for TNb1, TNb2,
and TNb3 samples was about 86%. Our results are consistent
with the results of Arbiol et al. [27] who studied the effect of
Nb doping in samples synthesized by induced laser pyrolysis.
They found that the presence of Nb substitutional ions in
the anatase structure hindered the particles growth and
transformation from anatase to rutile in TiO2 nanoparticles.

The above trend of XRD results is in agreement with the
SEM analysis that indicates a decrease of the TNb particle
size, as the Nb ion prevents the grain growth [28]. SEM anal-
ysis was used to attain morphological structure of the investi-
gated photocatalysts.

The SEM images of the Ta/TiO2- and Nb/TiO2-mixed
oxides samples besides the unmodified TiO2 sample (TNb1,
TTa1, and unmodified TiO2) are shown in Figure 2. The SEM
image of unmodified TiO2 (Figure 2(a)) reveals that the
powder consists of large micron-scale spherical agglomer-
ates, which consist of tightly packed nanoparticles. For TTa1
sample (Figure 2(b)), some large particles obviously appear.
It can be deduced that the appearing large particles may be
due to the agglomeration of nanoparticles during the heat
treatment. However, TNb1 sample (Figure 2(c)) seems to be
relatively homogenous and to contain no large particles. The
powder that possesses a sponge-like structure was found to
be fine and slightly agglomerate. This structure is beneficial
to enhancing the adsorption of reactants [29].

XPS spectra of the unmodified TiO2-, Nb/TiO2− and Ta/
TiO2-mixed oxides powders are shown in Figure 3(a) for
Ti 2p, Figure 3(b) for Nb 3d, and Figure 3(c) for Ta 4f.
Figure 3(a) shows that the peak position of Ti 2p3/2 corres-
ponds to that of the Ti4+ oxidation state [1]. It appears that
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Figure 1: (a) XRD results for untreated (pure TiO2) and Ta/TiO2-mixed oxides at different TiO2 : Ta ratios and 500◦C calcination tempera-
ture for 3 hours. (b) XRD results for untreated (pure TiO2) and Nb/TiO2-mixed oxides at different TiO2 : Nb ratios and 500◦C calcination
temperature for 3 hours.
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Figure 2: SEM photographs showing the untreated TiO2 (Degussa P25) (a) and treated samples after calcinations at 500◦C for 4 hours (b)
Ta/TiO2-mixed oxides (TTa1), (c) Nb/TiO2-mixed oxides (TNb1).
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Figure 3: (a) XPS profiles of Ti2p spectra for the untreated TiO2 (Degussa P25) and treated TiO2 photocatalyst after calcination at 500◦C
for 3 hours in air. (b) Typical Nb 3d spectrum for Nb/TiO2 mixed oxides. (c) Typical Ta 4f spectrum for Ta/TiO2 mixed oxides.

the TiO2 phase has been changed due to Nb and Ta species,
since the full width at half-maximum (FWHM) for Ti 2p3/2

for the treated and untreated TiO2 samples is not the same.
This is in contrast to Atashbar et al. [8] who found no change
in TiO2 phase due to Nb species as the FWHM for both the
Nb-treated and untreated TiO2 was the same, which could be
attributed to the low amount of Nb used in their work (1%
wt). Concerning the Nb 3d spectra for Nb/TiO2-mixed oxide
(TNb1) shown in Figure 3(b), two peaks are observed at
206.7 and 209.8 eV, the peaks represent the 3d5/2 and 3d3/2

components, respectively. The center of the Nb 3d3/2 peak
corresponds to that of Nb5+ oxidation state [8, 30]. Nb5+ spe-
cies, substituting for Ti4+ in the crystalline lattice, could be a
reason for anatase stabilization. Figure 3(c) shows the XPS

results for Ta 4f spectra for Ta/TiO2-mixed oxide (TTa1).
The peaks at 26.4 eV and 28.1 eV were assigned to Ta5+ [15].
No impurities, such as Ta2O5, were observed for the sample
at 1.8 mol% Ta (TTa1), indicating that the Ta ion was substi-
tuted at Ti sites. Therefore, it can be concluded that the
oxidation state of both tantalum and niobium ions in titania
(anatase) is +5. Several authors [31, 32] have illustrated that
both Nb5+ and Ta5+ ions substitute for Ti4+ ions in normal
lattice sites. In order to maintain the equilibrium of charges,
the extrapositive charge due to Nb5+ or Ta5+ may be compen-
sated by the creation of an equivalent amount of Ti3+ ions
[33] or by the presence of vacancies in the cation sites [34].
Oxygen vacancies facilitate visible light absorption by gen-
erating discrete states about 0.75 eV and 1.18 eV below
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Table 2: Characterization of the prepared samples.

Sample Crystalline size, D (nm) Anatase content (%) Band gap (eV) Decolorization rate, Kap (min−1)

Pure TiO2 19.50 80.02 3.10 0.0152

Nb/TiO2 (TNb1) 17.79 86.03 2.80 0.0364

Nb/TiO2 (TNb3) 18.00 85.70 2.93 0.0216

Ta/TiO2 (TTa1) 20.74 75.50 3.01 0.0212

Ta/TiO2 (TTa3) 21.80 82.01 2.98 0.0192
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Figure 4: UV-vis diffuse reflectance spectra of the Ta/TiO2, Nb/
TiO2, and untreated TiO2 at different ratios. The insert Figure shows
the band gap estimation.

the conduction band of titanium dioxide [35]. Oxygen
vacancies are active electron traps. Since the oxygen defect
states lie close to the conduction band of titania, the electrons
captured by oxygen defects can be promoted to the surface by
visible light absorption.

Figure 4 shows the UV-Vis absorbance spectra of the
untreated TiO2 (pure TiO2), Ta/TiO2-mixed oxides (TTa1
and TTa3), and Nb/Ti-mixed oxides (TNb1 and TNb3). Not-
iceable shifts of the optical absorption shoulders toward the
visible light regions of the solar spectrum were observed for
all modified photocatalysts. Notably, this shift towards the
longer wavelength originates from the band gap narrowing of
TiO2 by Ta and Nb ions; this feature was more evident for
(TNb1). The results clearly indicate that visible light absorp-
tion of the TiO2 (P25 Degussa) is enhanced by introducing
the Ta and Nb ions.

Estimations of the bandgap energies were obtained from
the diffuse reflectance spectra of the prepared powders. The
relationship between the absorption coefficient (α) and inci-
dent photon energy (hv) can be written as α = Bd(hv −
Eg)0.5/λ, where Bd is the absorption constant for direct trans-
ition [36]. A plot of (Ahv)0.5 versus hv from the spectral data

is shown in the insert to Figure 4. Extrapolating the linear
part of the curve for the photocatalysts gives the band gap
values. The linear part of the curve for the untreated TiO2

gives a band gap value of 3.10 eV, which is very close to the
commercial Degussa TiO2 (3–3.2 eV) [37, 38]. The estimated
band gap energies of the samples from Figure 4 are sum-
marized in Table 2. The maximum band gap reduction was
0.30 eV for TNb1. It has been acknowledged that solar wave-
length shows maximum irradiance at the wavelength region
of 450–480 nm [39]. Since TNb1 band gap corresponds to
this region, it can absorb relatively higher photon flux com-
pared to untreated TiO2. Probably the distortion of the local
lattice of TiO2 by Nb5+ and Ta+5 is responsible for the absorp-
tion in the visible region and to the shift of the onset of their
absorption edge near 400 nm. Previous results (Figure 3)
clearly showed that the crystal lattices of the TiO2 powders
are locally distorted by incorporating Nb5+ and Ta+5 species
into TiO2. These would imply that the Nb and Ta ions can
form a new band above the valence band and relatively nar-
row the band-gap of the photocatalyst, giving rise to the
absorption edge in the visible light region (Figure 4). It was
found that the solar photocatalytic activity for TNb1 is better
than TNb3 (Table 2). Too much of new-generated band-gap
structures due to higher Nb or Ta ions concentration could
act as recombination centers for electron-hole pairs and con-
sequently reduce the photoactivity of the catalyst.

3.2. Solar Photocatalyst Activity. To evaluate the photocatal-
ytic activity of the prepared photocatalysts (TTa1, TTa3,
TNb1, and TNb3), under natural solar light irradiation, tests
were carried out to decolorize and mineralize Orange II dye
in an aqueous suspension at an initial Orange II concentra-
tion of 20 mg/L. Figure 5 demonstrates the solar photodecol-
orization and mineralization observed for Orange II in the
presence of treated and untreated TiO2 powders. It worth
mentioned here that in the dark experiments there is not a
definite correlation between the adsorption properties and
the activity of the samples, that is, the sponge-like structure
sample (TNb1) does not mean the higher the decomposition
rate of Orange II dye in the dark. Xie et al. [29] got the same
conclusion when comparing the photocatalytic and adsorp-
tion properties of their prepared samples.

During the course of the solar experiments, the total ac-
cumulated UV light (350–400 nm) and the total accumulated
visible light (400–750 nm) were 0.457 KJ/L and 51.94 KJ/L,
respectively.

A plot of ln (C/C0) versus t represents approximate linear
straight lines, showing the case of the first-order reaction.
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Figure 5: Solar photocatalytic decolorization of Orange II applying
treated and untreated TiO2. (Orange II conc. = 10 mg/L, catalyst
conc. = 1.8 g/L).

The slope of the line equals the apparent first-order rate
constant (Kap), the estimated Kap values are summarized in
Table 2.

The activity of the samples was found to be dependent on
the metal ions (Nb or Ta) and its amount (1 : 0.1 or 1 : 1 mass
ratios). Compared with the untreated TiO2, both Ta/Ti- and
Nb/TiO2-mixed oxides photocatalysts exhibit better photo-
catalytic activity, and obviously Nb/TiO2 sample can more
readily photodegrade and mineralized Orange II dye than Ta/
TiO2 sample (Table 2). The untreated-TiO2 photocatalytic
activity under solar light increased about 140% by treating
with Nb at mass ratio of 1 : 0.1 (TNb1); however, it was only
about 40% by treating with Ta at mass ratio of 1 : 0.1 (TTa1).
Mineralization of the Orange II dye also has been tested
under natural solar light (Figure 5). The TNb1 sample signi-
ficantly enhanced the mineralization rate of Orange II dye
(by about 237%). The stability of the catalysts has been tested
by using the photocatalysts repeatedly three times (results are
not shown). No visible change of the photoactivity has been
observed throughout these three runs. One may raise the
doubt of whether it is the photocatalyst that plays the key role
in decomposing Orange II dye because the dye can absorb
visible light itself. If the decomposition of Orange II dye
is due to the light absorbance itself, then the efficiency of
the decomposition using a different photocatalysts may not
vary so much as shown in Figure 5. Orange II dye was not
a subject of photolysis, and any change in Orange II dye
concentration can be attributed only to the heterogeneous
photocatalysis [40].

It seems that Nb ions introduce some shallow donor
levels below the conduction band edge, which can act as
electron traps to retard electron-hole recombination as indi-
cated by band gap reduction in Figure 4. Therefore, the life-

time of photogenerated electrons and holes can be increased,
which is beneficial to enhancing the photocatalytic efficiency
[14]. It was found that the solar photocatalytic activity for
TNb1 is better than TNb3 (Table 2). Higher Nb or Ta ions
concentration could act as recombination centers for elec-
tron-hole pairs and consequently reduce the photoactivity of
the catalyst. The excess loading of metal particles may cover
active sites on the TiO2 surface thereby reducing photodegra-
dation efficiency [40]. Yu et al. [41] and Zhou et al. [42]
pointed out that the photocatalytic activity of the metal do-
pants (Fe3+ ions) is strongly dependent on the dopant con-
centration since the metal ion (Fe3+) can serve not only as a
mediator of interfacial charge transfer but also as a recom-
bination center. Also the morphology and surface structure
(Figure 2) as well as the electronic structure of TiO2 product
modified by Nb and Ta ions should play important roles in
enhancing photoactivity [43]. An efficient way to enhance
the performance of the photocatalyst is to create the hierar-
chically porous structures in photocatalytic materials [44].
The solar photoactivities of Nb/TiO2 mixed oxide powder
(TNb1) are predominantly attributed to an improvement in
anatase crystallinity, sponge-like surface structure, low band
gap, and low particle size.

4. Conclusions

The commercially available TiO2 photocatalyst (Degussa
P25) has been treated with niobium (Nb) and tantalum (Ta)
ions, employing simple impregnation method at room tem-
perature. The prepared Nb/TiO2- and Ta/TiO2-mixed oxide
powders showed higher activity than the untreated TiO2

under natural solar light. The maximum activity was obser-
ved for Nb/TiO2 sample at mass ratio of 1 : 0.1 (TNb1). Com-
paring with the untreated TiO2, the solar decolorization and
mineralization rates improved by 140% and 237%, respec-
tively, and the band gap reduced to 2.80 eV and with a stabili-
zed anatase phase (86% anatsa content). XPS results showed
that the oxidation state of Ta and Nb ions in titania is +5 and
leads to the substitution of Ti4+ by Nb5+ and Ta5+ in Nb/TiO2

and Ta/TiO2 samples, respectively. The results suggest that
the crystal lattices of Nb/TiO2 powder are locally distorted by
incorporating Nb5+ species into TiO2, forming a new band
energy structure, which is responsible for the absorption in
the visible region. The Nb/TiO2 sample (TNb1) that is chara-
cterized by the smallest crystalline size (17.79 nm), not only
stabilizes the anatase phase but also prevents the grain
growth to some extent, which is important to achieve high
solar photoactivity, while Ta/TiO2 sample did not. Therefore,
Nb/TiO2-mixed oxide is more suitable than Ta/TiO2 one.
The metal ions (Nb or Ta) segregation become significant in
the treated samples of higher than 1.8% Ta and 2.9% Nb. The
solar photoactivities of Nb/TiO2 powder are predominantly
attributed to an improvement in anatase crystallinity, low
band gap, and low particle size.
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Photocatalysis is an effective method of air purification at the condition of a higher pollutant concentration. However, its wide
application in indoor air cleaning is limited due to the low level of indoor air contaminants. Immobilizing the nanosized TiO2

particles on the surface of activated carbon filter (TiO2/AC film) could increase the photocatalytic reaction rate as a local high
pollutant concentration can be formed on the surface of TiO2 by the adsorption of AC. However, the pollutant removal still
decreased quickly with the increase in flow velocity, which results in a decrease in air treatment capacity. In order to improve the
air treatment capacity by the photocatalytic oxidation (PCO) method, this paper used formaldehyde (HCHO) as a contaminant to
study the effect of combination of PCO with nonthermal plasma technology (NTP) on the removal of HCHO. The experimental
results show that HCHO removal is more effective with line-to-plate electrode discharge reactor; the HCHO removal and the
reaction rate can be enhanced and the amount of air that needs to be cleaned can be improved. Meanwhile, the results show that
there is the synergistic effect on the indoor air purification by the combination of PCO with NTP.

1. Introduction

Indoor air quality has become an important issue in recent
years. Research shows that the level of indoor contaminants
is 2–10 times higher than that in outdoor. In general, in-
door volatile organic compounds (VOCs) coming from
office products, insulting materials, synthetic furniture, press
wood, and so forth have the relations to adverse health effects
such as allergic reactions, headache, eye, nose, and throat ir-
ritation, and even cancer. The traditional method of cleaning
indoor contaminants is physical adsorption, but the adsor-
bent has the properties of adsorption saturation and needs
to be alternated periodically.

Photocatalysis is a promising technology for indoor air
purification, which has been used in many fields since the re-
search of photocatalytic water split on TiO2 electrodes was
reported in 1972 [1–10]. This photocatalytic method is
effective in the case of a higher pollutant concentration, but
its wide application is limited due to the low level of in-

door air contaminants. In order to improve the removal of
pollutant in indoor air, many researches have investigated the
photodegradation of indoor air pollutants by loading TiO2

catalysts on activated carbon filter (TiO2/AC film) to in-
crease the local concentration of pollutants on the surface
of catalyst [11–20]. However, the contaminants removal still
decreased sharply with the rise in flow velocity, especially at
the low level of indoor pollutant concentration. Therefore, it
is needed to improve the reaction rate at higher flow velocity
for the flow velocity will directly affect the amount of air to
be cleaned, which is important to the practical application of
this method.

Nonthermal plasma (NTP) technology has been widely
studied for VOCs oxidation. It has been reported as a most
hopeful air cleaning technology to remove toxic volatile
contaminants in air. The NTP approach is energy-efficient
and is capable of removing various indoor pollutants simul-
taneously. Atmospheric plasma discharges generate high-
energy electrons, while the background gas remains close to
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room temperature [21, 22]. The energetic electrons excite,
dissociated, and ionize gas molecules producing chemically
active species (atomic oxygen, hydroxyl radicals, ozone, etc.).
These species are capable of oxidizing volatile organic com-
pounds. Recently, activated carbon, catalyst, and nonthermal
plasma are combined together as a new treatment method to
solve the problem of environmental pollution [23]. Studies
[24] have proved that the atmospheric electric discharges
emit radiation with wavelength between 290 and 400 nm.
This UV emission range lies within the absorption spectrum
range of TiO2. Therefore, placing photocatalytic material,
such as semiconductor TiO2, into the plasma zone can im-
prove the photocatalytic efficiency of air purification because
the photocatalytic reaction can be triggered by both the high-
energy plasma species and the UV emission during the plas-
ma discharge. At the same time, the directional migration of
electrons in the high voltage electric field can decrease the re-
combination of the electron-hole pairs in the process of pho-
tocatalysis. However, the effects of the plasma discharge con-
figuration, flow velocity and humidity on the removal of con-
taminants by the combination of NTP with PCO are still
scarce.

The objective of this study is to investigate the effect of
combination of PCO with NTP on the removal of indoor
HCHO. The effects of plasma discharge configuration, the
applied voltage, the flow velocity and the humidity on the
HCHO removal were studied. The reaction rate and HCHO
removal were used as two parameters to evaluate HCHO
removal efficiency.

2. Experiment

2.1. Reagents and Catalyst Preparation. The reactant gas
HCHO was acquired from an HCHO penetration equip-
ment. The detailed experimental setup has been described
elsewhere [12].

TiO2 (Degussa p-25) was used as the photocatalyst.
Water suspension with 5 wt% of TiO2 was coated on a piece
of honeycomb activated carbon (AC) filter by the dipping
method and then was calcined at 180◦C for 1 h with a ramp
of 3◦C/min to form the TiO2-coated film (i.e., TiO2/AC
film). The area of the netlike AC film was 75 mm × 25 mm.
The amount of TiO2 loaded was determined by the weight
difference before and after the coating procedure. The weight
of TiO2 loaded was about 0.12 g. Figure 1 shows the TiO2

films coated on the honeycomb AC filter.

2.2. Electrode Configuration of Plasma Discharge System.
Because the indoor HCHO concentration is low relative to
that coming from industry, the indoor contaminants remo-
val method should have properties such as low energy con-
sumption, no undesired intermediate products, safe use,
simple configuration and being used at room temperature
and atmospheric pressure. Comparing the characteristics of
different plasma methods, the direct current (DC) stream-
er discharge mode can satisfy the above properties. Pine-to-
plate and wire-to-plate electrode configuration were design-
ed for producing plasma, as shown in Figures 2 and 3. The

Figure 1: TiO2/AC film.

Figure 2: Pine-to-plate electrode configuration.

two-electrode configuration adopted anode discharge to pro-
duce plasmas. The anode pine (or wire) was connected with
the positive side of the high-voltage DC power and the cath-
ode plate was connected with negative (ground) electrode.
When the DC high-voltage power was turned on, the NTP
will be produced between anode needle (or wire) and cath-
ode plate.

2.3. Plasma and TiO2/AC Hybrid Configuration. Figure 4
shows the hybrid configuration of plasma and catalyst film.
The TiO2/AC film was placed between the wire and the
plate electrode. Using such a combination of PCO with
NTP, HCHO can be fully degraded for the HCHO and its
secondary products can be absorbed on the surface of TiO2

by the adsorption of active carbon until it was completely
oxidized into carbon dioxide and water. Also, the local higher
HCHO concentration generated by the adsorption of active
carbon on the TiO2 surface can improve the removal of
HCHO.

2.4. Experimental Section. The schematic experimental sys-
tem is detailed [12], and the configuration of the experimen-
tal section is illustrated in Figure 5. The reactant gas with a
constant concentration, humidity, and reaction flow velocity
can be formed in the experimental system [12]. The reactant
gas flowed through the reactor and was decomposed in it.
The reactor in the experimental section was made of stain-
less steel with a volume of 195 mL (3H × 13L × 5W cm).
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Figure 3: Wire-to-plate electrode configuration.

Figure 4: The hybrid configuration and catalyst film.
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Figure 5: Experimental section. (1) Reactant stream inlet. (2) Zero
air inlet (3) Humidified air inlet. (4) Mixer. (5) Electrode wire (6)
Quartz glass window. (7) UV lamp (8) Electrode plate. (9) TiO2
film. (10) Lead thread. (11) Sampling port. (12) Humidity and
temperature sampling port.

The upper wall of the reactor is made of quartz for light
entrance. Illumination was provided by an 8 W UV lamp,
which emits light at a primary wavelength of 365 nm and
was horizontally placed on the upper of the quartz window
of the reactor. The UV light intensity of 1180 μW/cm2 was
determined by a UV meter (UV-A) in all of the experiments.
The TiO2 film was inserted between the plasma electrodes
to take advantage of the UV emission coming from the
plasma discharge. The one-pass removal efficiency of HCHO
in plasma discharge system with and without TiO2 film
was studied. There is a fully developed region before the
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Figure 6: The removal of HCHO varies with flow velocity by
different corona discharge.

reactor to form a stable air stream, and a mixer was placed
inside it to mix the reactant gas well. The sampling port
was set at the end of reactor. After the inlet concentration
equaled to the outlet concentration, that is to say, the experi-
mental system reached equilibrium (about 1 to 2 h), the
HCHO concentration, temperature, and humidity in exper-
imental system were recorded as an initial data. Then the
UV lamp and the DC high-voltage power were turned
on and the HCHO removal reaction was initiated. After
HCHO concentration at the reactor outlet did not change
with time, the concentration, temperature, and humidity
were recorded again. Then the degradation of HCHO was
ended and the reaction product mixture was collected. The
experiments were carried out at room temperature, and
under atmospheric pressure. The HCHO concentration was
measured with the HCHO analyzer 4160 type (measure
accuracy of ±2.0% of reading), which was produced by
the American Interscan Corporation. The temperature and
humidity were measured by a Vaisala HUMICAP indicator
HMI41 and probe type sensor HMP46 (at 20◦C, measure
accuracy of ±1.0% RH at the humidity range of 0∼90% RH
and of ±1.0% RH at the humidity range of 90∼100% RH).

3. Results and Discussions

3.1. Optimal Electrode Configuration of NTP Discharge.
Figure 6 shows the HCHO removal by pine-to-plate and
wire-to-plate corona discharge with or without TiO2 photo-
catalyst at different flow velocity with initial HCHO concen-
tration 1.19 mg/m3. The HCHO removal is defined as

HCHO removal (%) = 100(Cin − Cout)
Cin

, (1)
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(a)

(b)

Figure 7: Corona discharge variation with the increase of applied voltage for the different electrode system. (a) Corona discharge variation
with the increase in applied voltage for the line-to-plate electrode system. (b) Corona discharge variation with the increase in applied voltage
for the pine-to-plate electrode system.

where Cin and Cout are the initial concentration and the
steady outlet concentration (mg/m3), respectively. It can be
seen that the HCHO removal with wire-to-plate electrode
discharge configuration was higher than that with pine-to-
plate configuration. For example, the removal of HCHO was
only 18.2% by the pine-to-plate plasma discharge config-
uration but nearly 41% by the wire-to-plate discharge at
flow velocity of 3 cm/s. However, when the plasma discharge
coupled with TiO2 film the HCHO removal can be enhanced
significantly. As shown in Figure 6, the HCHO removal
reached nearly 60% when wire-to-plate plasma discharge
coupled with photocatalysis and about 35% by combination
of pine-to-plate plasma discharge with photocatalysis at the
same flow velocity. Apparently, the wire-to-plate discharge
configuration has a higher HCHO removal. The reason can
be explained obviously by the streamer discharge photos of
different electrode configuration, as shown in Figure 7. The
photos from left to right in Figure 7 show the electrode
discharge intensity varying with the increase in applied
voltage. It can be seen that the streamer discharge propagated
from the wire (or the tip of pine) electrode to plate electrode
and its length and luminescence intensity increased with
the increase in applied voltage. These streamers bridge
the gap with flamelike discharge pattern and cover the
surface of the catalyst. The wire-to-plate corona discharge
has higher luminescence intensity than that of the pine-
to-plate discharge when the discharge voltage increased
from the lower to the breakdown voltage. So the wire-to-
plate discharge system has higher removal of HCHO than
that in the pine-to-plate discharge system. Also the in situ
oxidative species (·HO) can be produced during the NTP
production, which can decompose the low-concentration
organic compounds. At same time, some physical effects,
such as strong fields and streamer (including ultraviolet
(UV) light), can also enhance the photocatalytic removal
of HCHO during corona discharge process. Therefore, the
removal of HCHO can be improved by the combination of
plasma with TiO2 photocatalysis.

Wire-to-plate corona discharge
Pine-to-plate corona discharge

Flow velocity: 3 cm/s
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Figure 8: Corona current as a function of applied voltage.

The higher performance of the wire-to-plate electrode
structure can also be explained by the time-average current-
applied voltage characteristics, as shown in Figure 8. It
can be seen that corona current was very small when
applied voltage is less than 8 KV. At first, corona current
generated by pine-to-plate discharge was greater than that
generated by the wire-to-plate discharge with the increase in
applied voltage. With the further increase in applied voltage,
the corona current from wire-to-plate discharge increased
sharply, and exceeded the corona current from the pine-to-
plate discharge. The corona current was 0.1 mA in wire-to-
plate discharge system at the applied voltage of 12.5 KV and
only 0.06 mA in the needle-to-plate discharge system. From
the above analysis, one can conclude that the wire-to-plate
electrode system is effective for the removal of HCHO.
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Figure 9: The removal of HCHO varies with the applied voltage.

Based on the above optimization results, the following
study used the wire-to-pine discharge system to investigate
the effect of applied voltage, flow velocity, and humidity on
the removal of HCHO.

3.2. Effect of Applied Voltage on the HCHO Removal.
Figure 9 shows that the HCHO concentration and reaction
rate vary with the applied voltage in the wire-to-plate
electrode discharge system. In this paper, the reaction rate
(mg/(m3 ·min)) is defined as [10]

r = (Cin − Cout)Q
V

, (2)

where Q is the flow rate of air stream (mL/min) and V is the
volume of photoreactor (mL).

One can see that the HCHO concentration remained
constant and the reaction rate of HCHO was zero when the
applied voltage was small, which shows that there was not any
NTP produced at small applied voltage. With the increase
in applied voltage, the reaction rate of HCHO increased
and the concentration of HCHO began to decrease. When
the applied voltage reached breakdown voltage, the con-
centration of HCHO and reaction rate changed irregularly.
Figure 9 only shows the result at the applied voltage that was
less than breakdown voltage. It can be seen that the corona
discharge was excited between wire and plate electrode when
the applied voltage was larger than the exciting voltage, and
corona discharge intensity enlarged when the applied voltage
increased. As a result, a large amount of higher-energy
plasmas produced, which collided with HCHO molecule
and decomposed it. So the HCHO concentration decreased
and the reaction rate increased with the increase in applied
voltage. However, the applied voltage should not exceed the
breakdown voltage to maintain high HCHO removal.

3.3. Effect of Flow Velocity on the HCHO Removal. Figure 10
shows the effect of flow velocity on the HCHO removal
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Figure 10: The effect of flow velocity on the HCHO removal and
reaction rate by different method.

and reaction rate by the different method with HCHO
initial concentration of 1.18–1.24 mg/m3 at humidity level
of 2.1 g/kg (relative humidity, 18.8%) and applied voltage
of 11.5 kV. From Figure 10, we can see that HCHO removal
decreased (but the reaction rate increased) with the increase
in flow velocity. The HCHO removal and reaction rate were
higher by the NTP method than those by the PCO. The
reason is that the high-energy active species (atomic oxy-
gen, hydroxyl radicals, ozone, etc.) generated in the NTP dis-
charge process have stronger reactivity than the ·HO radical
generated during the PCO process. So the HCHO was
strongly oxidized by the NTP method. As a result, the combi-
nation of NTP with PCO enhanced the HCHO removal and
reaction rate significantly.

In fact, for the photocatalytic removal of HCHO, our
study has found that the photocatalytic reaction rate first
increased and then changed little with the increase in flow
velocity, while the removal of HCHO decreased with it. The
reason is that photocatalytic reaction took place from the
diffusion control process to the photocatalytic reaction con-
trol process with the rise in flow velocity [12]. The same
results marked by hollow and solid circles in Figure 10 were
found again. However, for the removal of HCHO by the NTP
method, the increase in flow velocity improved the reaction
rate continuously with the applied voltage of 11.5 kV. It
means that the number of NTPs is far greater than the HCHO
molecules that collided with it. Therefore, the increase of
flow velocity enhanced the diffusion of HCHO and resulted
in the increase in reaction rate, which was consistent with
reaction kinetics. So the reaction rate of HCHO by the
NTP method was controlled by diffusion transfer. However,
the removal of HCHO decreased with the increase in flow
velocity for the predominant influence of residence time
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Table 1: The synergistic effect of NTP and PCO.

Velocity/(cm/s) 0.56 1.11 1.67 3.0 6 10

Removal (%)
PCO 58.4 44.4 27.0 15.8 6.3 5.2

NTP 70.2 59.2 45.6 40.5 33.6 31.4

Both 98.4 91.3 83.6 58.3 46.8 37.9

Reaction rate (mg/m3 · s)
PCO 1.87 2.87 2.54 2.77 2.21 2.77

NTP 2.23 3.64 4.69 7.06 11.1 17.1

Both 3.15 5.89 7.84 10.2 16.3 20.3

reduced. The less residence time means that the collision
probability of active species with HCHO gas from inlet to the
outlet of the reactor decreased, while the amount of HCHO
gas per unit time that collided with the plasma increased
with the rise in flow velocity, which was coincident with the
effect of flow velocity on the reaction rate. Comparing with
the rise in reaction rate, the amount of pollutant needed
to be cleaned increased quickly with the increase in flow
velocity, so the removal of HCHO was higher at the lower
flow velocity than that at the higher flow velocity due to the
predominant influence of residence time.

Because the high energy plasma and the UV light emis-
sion from the association of the NTP can excite the TiO2

photocatalyst to produce the ·HO radical, which not only can
enhance the oxidative ability of NTP but also can improve
the photocatalytic ability of PCO, the combination of PCO
with NTP shows the synergistic effect of both. As shows in
Table 1, which is the same data as that in Figure 10, the
HCHO removal (or reaction rate) by the combination of
NTP with PCO was larger than its sum by PCO and by NTP
with the rise in flow velocity. For example, HCHO removal
was 37.4% at the flow velocity of 10 cm/s, which was larger
than the sum of 5.2% by PCO and 31.4% by NTP. Also,
the reaction rate of 20.3 mg/(m3 ·min) by combination of
NTP and PCO was larger than the sum of 2.77 mg/(m3 ·min)
by PCO and 17.1 mg/(m3 ·min) by NTP. Therefore, the
synergistic effects of PCO and NTP can obviously enhance
the degradation of indoor pollutant. It can be seen that the
synergistic effect mainly exists in the process that is con-
trolled by photocatalytic reaction (as flow velocity is larger
than 1.1 cm/s). It implies that the TiO2 photocatalyst activity
was not fully excited by the UV light lamp in this paper
during the process predominated by photocatalytic reaction
when the flow velocity was larger than 1.1 cm/s. The combi-
nation of PCO with NTP excited the photocatalyst activity
and resulted in the synergistic effect. When flow velocity was
less than 1.1 cm/s, the photocatalytic reaction was controlled
by diffusion process, during which the number of ·HO
radical generated by PCO far outweighed the HCHO mole-
cule that touched it, so the synergistic effect was not be
manifested.

The above results proved again that the HCHO removal
is controlled by the resident time of HCHO in the reactor,
while the reaction rate is controlled by the diffusion of
HCHO. At the lower flow velocity, the resident time of
HCHO in the reactor is higher, so the collision probability
of HCHO with the active species is higher when the unit

volume HCHO gas flows from the inlet to the outlet of
the reactor. While the collision probability per unit time
reduced at the lower flow velocity as the diffusion of HCHO
was weak, this resulted in the decrease in reaction rate. At
the higher flow velocity, the resident time was lower, while
the collision probability per unit time was enhanced, so the
HCHO removal decreased, but the reaction rate increased.
For the practical indoor air purification, higher flow velocity
and higher reaction rate can increase air treatment capacity
and decrease air treatment time, which is very important for
the practical application of air purification technology. It can
be seen that the combination of PCO with NTP can improve
the HCHO removal in higher flow velocity, which may be a
route to purify the indoor pollutants.

3.4. Effect of Humidity on the HCHO Removal. For the pho-
tocatalytic oxidation of HCHO, the bound molecular water
on the surface of TiO2 will directly affect the production of
the hydroxyl radical (·HO). The ·HO is one of the most im-
portant oxidative species in the decomposing of HCHO for
its higher oxidation potential (2.8 eV). The primary reactions
are given as follows:

TiO2 + hv −→ e− + h+,

H2O + h+ −→ ·HO +H+,

OH− + h+ −→ ·HO .

(3)

So, a certain amount of water vapor benefits the removal
of HCHO. However, the heavy or light water vapor on the
catalyst surface will lead to the decrease in reaction rate. In
the absence of water vapor, the production of the ·HO is
limited, while excessive water vapor on the surface of TiO2

will occupy the active sites of reactants on the surface, which
results in the competitive adsorption of water vapor and
reactant on the TiO2 surface.

For the nonthermal plasma discharge, it has been ob-
served that air humidity affects to a great extent the behaviors
of coronas [24]. When a high voltage is applied to the anode
(thin wire), electrons presented in the air move towards
the anode and are ionized by collision, forming avalanches
within the ionization zone around the anode. The ionization
process in the gap is dependent on the field strength as well
as the water vapor content in air. So the water vapor content
controls the ionization process, which in turn controls the
growth of the second generation of avalanches. The lower
content of water vapor in air accelerates the collision of
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Figure 11: The effect of humidity on the removal and reaction rate
of HCHO by different methods.

electron with water. As a result, the hydroxyl radical pro-
duces, which can oxidize the HCHO molecule touched with
it. As the relative humidity increased, the thin water film
formed on the surface of wire anode, which baffled the emis-
sion of photons from the primary avalanche. Therefore, the
number of activated plasma decreased and the removal of
HCHO reduced. Therefore, there exists the optimal humidity
for the removal of HCHO by NTP discharge.

From the above analysis, it can be concluded that the ef-
fect of humidity on HCHO removal by combination of PCO
with NTP should have the similar results. Figure 11 shows the
effect of humidity on the HCHO removal and reaction rate
by different methods with flow velocity of 3 cm/s at the ap-
plied voltage of 11.5 kV. The similar results were obtained.
The effect of humidity on HCHO removal and reaction
rate had optimal value. The optimal humidity was about
4.1 g/kg (relative humidity, 37.2%) by NTP discharge, but
4.3 g/kg (relative humidity 39.1%) by PCO method, and
about 4.8 g/kg (relative humidity 43.4%) by the combination
of PCO with NTP. Because water vapor is the main substance
for generating the active species during the degradation of
HCHO by PCO (or by NTP), more water vapor is needed for
HCHO removal by the combination of PCO with NTP. To
the photocatalytic degradation of HCHO, the effect of humi-
dity on the reaction rate was not obvious after humidity
was greater than the optimal value, which has been proved
by our research group years ago [25], but it is clear by
NTP discharge method. Therefore, for the HCHO removal
by the combination of PCO with NTP, the reaction rate
increased quickly with the rise in humidity and reached the
maximum at optimal humidity and decreased hereinafter.
When the humidity was far above the optimal value, the
effect of humidity on the HCHO removal was unobvious.
The reason is that the excessive water can form competitive
adsorption with HCHO on the TiO2 surface, but its influence

is relatively small, so the photocatalytic reaction became the
control process for HCHO removal when humidity was larg-
er than the optimal value. From Figure 11, one can see that
the HCHO removal was nearly 87% and the reaction rate
was 14.7 mg/(m3 ·min) at optimal humidity of 4.8 g/kg by
the combination of PCO with NTP. However, the optimal
humidity is still lower than that that in common ambient
conditions. Therefore, as a future method of indoor air puri-
fication application, it is needed to improve the HCHO
removal at higher humidity conditions.

4. Conclusions

(1) The wire-to-plate configuration electrode system for
producing NTP can be used in pollutant degradation
for indoor air purification.

(2) The combination of PCO with NTP shows the syn-
ergistic effect for HCHO removal. When the photo-
catalytic reaction changed from the diffusion control
process to the photocatalytic reaction control process
with the increase in flow velocity, the synergistic effect
became more and more obvious. So the combination
of PCO and NTP might be a valid pathway to purify
indoor air.

(3) The effects of humidity on the removal of HCHO
by PCO, NTP discharge, or the combination of the
both had an optimal humidity range. But the opti-
mal humidity was lower than that in the common
ambient conditions. Therefore, it is needed to try to
redesign the reactor so as the combination of NTP
with PCO can work effectively in a higher humidity
range.
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The TiO2 thin films were prepared using Ti(dpm)2(OPri)2 and Ti(OPri)4 (dpm = 2,2,6,6-tetramethylheptane-3,5-dione, Pri =
isopropyl) as the precursors. The volatile compounds Fe[(C2H5)2NCS2]3 and [(CH3)C]2S2 were used to prepare doped TiO2

films. The synthesis was done in vacuum or in the presence of Ar and O2. The pressure in the CVD chamber was varied between
1.2 × 10−4 mbar and 0.1 mbar, with the system working either in the molecular beam or gas flow regime. Physical, chemical, and
photocatalytic properties of the (Fe, S)-doped TiO2 films were studied. Those TiO2:(Fe, S) films prepared from the Ti(OPri)4

precursor show increased photocatalytic activities, very close to those of Degussa P25 powder in UV region.

1. Introduction

Drinking water pollution due to agrochemical compounds is
the problem for which urgent remedial measures need to be
found. As it was shown, among the various semiconductors
used in photocatalysis, TiO2 is essentially the best material
for environmental purification. The only drawback of TiO2

is that its band gap is at 3.2 eV for the anatase and at 3.0 eV
for the rutile structure lying in the near-UV region of the
electromagnetic spectrum: 385 nm and 410 nm, respectively.
As UV light constitutes only 5% of the solar spectrum [1],
95% of the solar photons are unusable for TiO2 photo-
catalysis. Therefore, extensive efforts have been made in the
development of TiO2-doped photocatalysts that can utilize
solar light more efficiently.

It is generally accepted that the theoretical model of
photocatalysis consists of different consecutive steps where
each one is essential for the activity and efficiency of the
photocatalyst. The initial step of the photocatalytic process
consists in the generation of electron-hole pairs upon
irradiation of the material with photons whose energies are

at least equal to that of the band gap. In this step, parameters
like the relation between adsorption/reflection coefficients
and the quantum efficiency of electron-hole generation are
very important. In the second step, the formed electron-hole
pairs can either recombine in the bulk or travel up to the
surface, where they can participate in chemical reactions.
In this step, the lifetime and the velocity of the electron-
hole recombination are of extreme importance. The next
step is the creation of H∗ and OH∗ radicals as a result
of the electron-hole interaction with water, and finally a
probable multiple-step reaction of organic compounds
with active radicals. In this step, hydrophilic properties of
the photocatalytic surfaces are crucial. However so far, the
influence of the different stages of this model on the final
efficiency of the photocatalysts was not well determined.

Therefore, it is evident that any modification of the
TiO2-based photocatalysts resulting in an improving of the
efficiency of the above-described steps will represent a break-
through in the field. For this purpose, many scientific works
have appeared during recent years. A thorough analysis of
the different approaches is beyond the scope of this paper,
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and only some selected reports will be summarized below.
(i) One class of the reports is on the doping of TiO2 with
various transition metals (V, Cr, Mn, Fe, Co, Ni, Au, Ag, Pt,
Nb, Cu, W, etc.) to lower the band-gap energy. It was shown
by ab initio band calculations based on the density functional
theory that an electron-occupied level occurs and electrons
are localized around each dopant [2]. As the atomic num-
ber of the dopant increases, the localized level shifts to lower
energy; thus, for Co the energy level is sufficiently low to be
at the top of the valence band, while other metals produce
midgap states [2]. In some experimental studies, it was
shown that doping with metal ions such as V5+, Cu2+, Fe3+,
and W6+ leads to an enhanced photoactivity [3, 4] whereas in
other studies it was shown to lead to a reduction of the pho-
toactivity [5, 6]. (ii) Another class of reports is on the TiO2

doping with nonmetals such as N [1, 7–9], S [10–16], F
[17], C [8, 18, 19], Br, or Cl [20]. The main idea of non-
metals doping is to create electron-hole trapping centres or
charge separating surfaces [21] as well as to shift the optical
absorption into the visible region. (iii) A third class of reports
is dealing with the increase of the adsorption of pollutants
by increasing the hydrophilicity under UV-light illumination
[22, 23]. One can suppose that for TiO2:Fe thin films both of
these mechanisms can be activated.

So far, the main obstacle in application of TiO2 thin films
prepared by different techniques is that its photocatalytic
activity is much lower than that of the Degussa P25 TiO2

reference powder. Recently, some new techniques have been
developed to prepare pure [24–27] and doped TiO2 thin
films [28–30] to enhance the photocatalytic activities.

Different techniques have been used to prepare doped
TiO2 thin films where Ti or O atoms were partly substituted,
namely, pulsed laser deposition (TiO2−xNx [23]), ion im-
plantation (TiO2:Fe [28, 31], TiO2:Sn [29]), cosputtering
(TiO2:Co [30]), deep coating (Fe modified nanotube arrays
[32]), or sol-gel methods (TiO2:Fe [23], TiO2:Cr [33]).

By the studies of charge separation efficiency, it was
recently shown that in the anatase form of TiO2-oriented
thin films, the photo-generated holes can be transported
towards the surface once the photon energy irradiation
reaches its optical bandgap [34]. By this fact, one can partly
explain the enhanced photocatalytic activity of the anatase
form in comparison with the rutile form. Recently, a photo-
catalytic activity of a set of TiO2 samples with different
anatase/rutile ratios, prepared by calcinations at different
temperatures from commercial photocatalyst Degussa P25,
was studied [35]. Results indicate that samples with higher
anatase/rutile ratios presented higher intrinsic activity (in-
trinsic activity is activity calculated per unit area). Photo-
catalytic activity was studied for the photodegradation of
propane/isobutene/butane (40/35/25%) gas mixture [35].
Photocatalytic activity for aqueous solutions of polluting
organic matters of immobilized TiO2 photocatalysts, such as
thin films, can be compared with the activity of Degussa P25
powder (anatase/rutile = 80/20), immobilized on the surface
of the substrate.

There are some other important factors that can have
strong influence on the photocatalytic activity, namely, the
roughness of the photocatalyst surface that determines the

active surface, the adhesion of the pollutant molecules to the
surface of the photocatalyst, the surface contamination of
the photocatalyst, and so on. Therefore, a common standard
is needed to compare the photocatalytic activity of TiO2

photocatalysts prepared by different methods [36].

In this paper, the TiO2 thin films were prepared using
Ti(dpm)2(OPri)2 (dpm = 2,2,6,6-tetramethylheptane-3,5-
dione, Pri = isopropyl) and Ti(OPri)4 (TTIP) as precursors.
The volatile compounds Fe[(C2H5)2NCS2]3 (FeDtc) and
[(CH3)C]2S2 (di-tert-butyldisulphide—TBDS) were used to
prepare TiO2:(Fe, S)-doped films. The P25 Degussa powder
was used as standard to compare the photocatalytic activities
of the thin films.

2. Methods

2.1. TiO2 Thin Films Preparation. The TiO2 films were ob-
tained in a standard vacuum apparatus with a turbomolec-
ular pump (ALCATEL TMP 5400 CP) producing vacuum
down to 5 × 10−7 mbar. During the deposition, the pressure
of the volatile precursor decomposition products determined
the available lower pressure limit. The vaporisation was con-
ducted from an open surface evaporator. The temperature
of the vapour source varied in the range of 90◦C to 210◦C,
and the substrate temperature was stabilised around 400◦C
to 600◦C.

Different types of rectangular or round glass and fused
silica plates up to 78.5 cm2 were used as substrates. All sub-
strates were cleaned carefully right before loading using
the following procedure. The substrates were cleaned in
water using a detergent and then rinsed in distilled water.
Afterwards, the substrates were immersed in sulphuric acid
(∼95%) for about 24 hours, then rinsed by distilled water,
washed with acetone, and finally dried by a flux of filtered
air.

The film thicknesses, ranging from 30 nm to 2000 nm,
were measured by weight. The growth rate was varied from
several nanometers to several tens of nanometers per minute.

For the preparation of the doped TiO2 films, the CVD
apparatus was modified by additional gas supply lines
allowing to let inert gases (Ar, He) and O2 into the chamber.
The pressure in the CVD chamber was varied between 1.2×
10−4 mbar and 0.1 mbar, with the system working either
in the molecular vapour stream or gas flow regime. The
[(CH3)C]2S2 (TBDS) was used to dope TiO2 thin films with
sulphur, presumably by substituting some oxygen sites of
the TiO2 crystal structure with sulphur. The TBDS is liquid
with a vapour pressure of about 1 mbar at 25◦C. The TBDS
was placed in an ampoule, heated by a furnace, outside the
vacuum chamber, and then connected with the Ar/O2 gas
supply line.

For the preparation of the iron-doped TiO2 thin
films, the Fe[(C2H5)2NCS2]3 complex compound was used.
The temperatures of the evaporating points of TTIP and
Fe[(C2H5)2NCS2]3 are different. Thus, to dope only the sur-
face layers of TiO2 thin film, a small amount of
Fe[(C2H5)2NCS2]3 was placed into the same evaporator
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Table 1: Typical conditions of TiO2 thin film synthesis.

Sample Precursor Substrate Thickness, nm Tsub, ◦C Pmax, mbar R, MOhm Flux, % Ar/O∗
2

1

Ti(dpm)2(Opri)2

Glass 250 540 1.2 · 10−4 Vacuum

2 Quartz 250 450 1.4 · 10−4 Vacuum

3 Quartz 150 500 2.4 · 10−5 Vacuum

4 Quartz 295 550 1.6 · 10−4 Vacuum

5 Quartz 300 600 4.0 · 10−4 Vacuum

9 Glass 150 450 1.4 · 10−1 >200 50/100

10 Glass 215 450 1.4 · 10−1 >200 50/100

18 Ceramic 165 465 1.1 · 10−4 Vacuum

23

TTIP

Quartz 55 450 2.1 · 10−1 >200 100/0

24 Quartz 485 450 6.4 · 10−5 >200 Vacuum

26 Glass 250 400 1.2 · 10−4 Vacuum

30 Glass 1745 400 2.1 · 10−1 >200 50/100

31 Glass 970 450 3.7 · 10−1 >200 50/100

65 TTIP + FeDtc (0.008 g) Glass 970 450 1.5 · 10−1 >200 50/100

66 TTIP + TBDS Glass 970 400 1.5 · 10−1 50/100

72 TTIP + FeDtc (0.008 g) Glass 890 400 1.1 · 10−1 50/100

73 TTIP + FeDtc (0.008 g) Quartz 800 400 1.1 · 10−1 50/100

74 TTIP + FeDtc (0.016 g) Glass 803 400 1.0 · 10−1 50/100

75 TTIP + FeDtc (0.016 g) Quartz 918 400 1.0 · 10−1 50/100

76 TTIP + FeDtc (0.032 g) Glass 516 400 1.1 · 10−1 50/100

77 TTIP + FeDtc (0.032 g) Quartz 593 400 1.1 · 10−1 50/100

79 TTIP + FeDtc (0.008 g) Quartz 1045 400 1.0 · 10−1 50/100

80 TTIP + FeDtc (0.016 g) Glass 560 400 1.0 · 10−1 50/100

81 TTIP + FeDtc (0.016 g) Quartz 580 400 1.0 · 10−1 50/100

83 TTIP + FeDtc (0.032 g) Quartz 760 400 1.0 · 10−1 50/100

85 TTIP + FeDtc (0.064 g) Quartz 480 400 1.1 · 10−1 50/100

86 TTIP + FeDtc (0.3 g) Glass 147 400 1.1 · 10−1 50/100

87 TTIP + FeDtc (0.3 g) Quartz 145 400 1.1 · 10−1 50/100
∗

100% Flux of Ar and oxygen correspond to 20 mL/min at normal pressure.

used for the TTIP evaporation. These two complex com-
pounds were separated in order to avoid a chemical inter-
action. To prepare uniformly doped TiO2 thin films, the
Fe[(C2H5)2NCS2]3 was placed into the evaporator inside the
vacuum chamber and the TTIP into the evaporator outside
the vacuum chamber. The vapours of TTIP were admitted
into the vacuum chamber by an Ar/O2 flux. By the use of
Fe[(C2H5)2NCS2]3, some Ti sites in the TiO2 crystal struc-
ture are presumably substituted by Fe. However, since each
molecule of Fe[(C2H5)2NCS2]3 contains Fe–S bonds, this
substitution may be complex which could mean, that not
only Ti sites will be substituted by Fe atoms, but also
that oxygen sites are being substituted by sulphur. As
shown, the FeSx films resulting from the decomposition of
Fe[(C2H5)2NCS2]3 in vacuum can be easily transformed into
FeOx films depending on the oxygen pressure [37]. So, the
concentration of sulphur can be tuned by the changes in the
Ar/O2 ratio independently of Fe concentration. Some of the
film preparation conditions are summarised in Table 1.

2.2. Characterization Methods. Structural information on as-
prepared TiO2 thin films was obtained from synchrotron
radiation experiments. High-resolution grazing-incidence

X-ray diffraction (GIXRD) as well as θ-2θ experiments were
performed at the high-resolution powder diffractometer
at the DESY/HASYLAB synchrotron radiation laboratory,
using synchrotron radiation wavelength equal to λ =
0.0709494 nm. Thin films deposited on either glass or fused
silica substrates were analysed.

The trace analysis of the TiO2 films was performed by
laser ionization mass spectrometry (LIMS). A double-focus-
ing mass spectrometer with Mattauch-Herzog geometry
and laser plasma ion source (EMAL-2) was used. The en-
ergy output of Nd-YAG laser (wavelength of 1064 nm); pulse
duration; repetition rate; diameter of laser spot on sample
surface were adjusted to evaporate and ionize of the deposit-
ed films only. The glass substrates are transparent for Nd-
YAG laser radiation and were not destroyed. At the cho-
sen radiation power density (∼1 × 109 W/cm2), the mea-
sured concentration of Si (main component of the sub-
strate) was not exceeding 10−2% wt. Step motors pro-
vided the scanning of the samples in two directions (X-Y).
The area of the analyzed surface was about 0.5 cm2. The con-
centrations of the impurities were evaluated with respect to
the Ti (matrix element of deposited layer) as the internal
standard.
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Scanning electron microscopy (SEM) was used to per-
form surface imaging and bulk compositional analysis of
doped TiO2:(Fe, S) samples. The Zeiss Supra 25 field emis-
sion SEM (FESEM) microscope with currently highest res-
olution (∼2 nm), equipped with a liquid nitrogen-free, Pel-
tier cooled (cooling time < 30 s) EDX detector X-Flash 3001
with Quantax (Bruker AXS, Berlin, Germany) was used.

The TiO2 films were analysed by X-ray photoelectron
spectroscopy (XPS) using XSAM800 (KRATOS) X-ray spec-
trometer operated in the fixed analyser transmission (FAT)
mode. A Mg Kα (1253.7 eV) X-ray source was used. The
analyser was operated at 20 eV pass energy both for detail
and survey spectra. All the binding energies were referenced
to the C 1s peak at 285.0 eV or O 1s peak at 529.9 eV.

Atomic force microscopy measurements were performed
on a Solver PRO Scanning Probe Microscope at room temp-
erature and atmospheric pressure in a contact mode with
feedback control switched on.

The transmission coefficient of the TiO2 films prepared
on the quartz substrates was measured using a “Cintra-40”
UV-Vis spectrophotometer. The absorbance onset at 390 nm
corresponds to the TiO2 semiconductor gap width.

Conversion electron Mössbauer spectroscopy (CEMS)
was performed at roomtemperature on a Wissel constant ac-
celeration spectrometer, using a Rikon-5 detector and a
57Co/Rh source. The resulting spectra were calibrated with
alpha-Fe foil and fitted using an integrated least-squares
computer program to determine the hyperfine parameters.

The layout of the photoreactor apparatus is described
in detail in [38]. Briefly, the volume of irradiated solution
was of 7.9 mL at 1 mm optical thickness. A 200 W Xenon
lamp was used as a UV light source, and a water filter with
fused silica windows was used in order to avoid an exces-
sive heating of the solution. The photocatalytic process in
water requires the presence of O2 as electron acceptor; thus,
a continuous flow of air was injected by means of an air
pump. Fenarimol (Riedel, 99.7%) 5 mg/L solutions were
prepared in bidistilled water. The Fenarimol solution was left
in contact with the reactor cell about 12 h in the dark before
irradiation in order to achieve the adsorption equilibrium
of the pesticide between the solution and the cell surfaces.
During irradiation, 100 μL samples were taken every 0.5 h or
1 h and immediately analysed on an HPLC system (Merck-
Hitachi 655A-11 system with 655A-22 UV detector) under
the following experimental conditions: LichroCART 125-4
column: Lichrospher 100 RP-18, 5 μm; eluent: acetonitrile
(Merck Lichrosolv) 65%, bidistilled water 35%; 1,1 mL/min
flow; UV detection at 220 nm. The total irradiation time
was between 3 and 5 hours for each sample. To compare
the reaction rates obtained for the thin films, commercial
TiO2 P25 powder (Degussa) with identical amount by
weight (7 mg) was deposited on fused silica substrates by
evaporation from a TiO2 aqueous suspension and tested
under identical experimental conditions as the CVD films.

3. Results and Discussion

XRD studies of crystal structure for samples prepared
with the precursor Ti(dpm)2(OPri)2 as well as thermal de-
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Figure 1: X-ray diffraction patterns for anatase TiO2:(Fe, S) thin
films obtained from the internal evaporator in a controlled Ar/O2

atmosphere.

composition mass spectrometry studies for the precursor
Ti(dpm)2(OPri)2 in vacuum and in the presence of oxygen
were reported in detail earlier [38, 39]. In the present work,
thin films prepared from precursors Ti(dpm)2(OPri)2, TTIP,
and doped TiO2:(Fe, S) were studied using θ-2θ config-
uration of XRD. The most significant difference between
films deposited from precursors Ti(dpm)2(OPrc)2 and TTIP
is that for precursor Ti(dpm)2(OPri)2, polycrystalline rutile
films were obtained, while for TTIP the films consist of
polycrystalline anatase. It is important to emphasize that the
synthesis conditions for films derived from both precursors
were very similar (see Table 1), and the resulting crystal
structure was independent of the substrate (glass, fused
silica or Si-wafer). Thus, the choice of the precursor can be
used to control the form of the titanium dioxide produced.
It was noted that there is a difference in the thin film
crystal orientation, when TiO2 films have been prepared
with TTIP precursor placed into the evaporator inside or
outside the vacuum chamber. We suppose that the difference
in the microcrystal orientation is due to differences in the
vapour content of the TTIP precursor evaporated at different
conditions. According to the XRD results, the presence of
Fe and S in the crystal structure of TiO2 thin films does
not change the type of crystal modification, and it remains
the anatase structure. Typical XRD patterns are shown in
Figures 1 and 2. No additional peaks belonging to separate
iron oxides are observed.

Average concentration of impurities in the TiO2 films was
obtained by laser ionization mass spectrometry. The results
of the LIMS analysis are shown at Table 2.

All the analyzed samples were synthesized on fused silica
substrates, so that the presence of Na and Ca is relatively
small and the presence of these elements should be related
to the heated parts used in the construction of the substrate
heater. Large sample to sample contamination variability
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Table 2: The results of mass-spectrometry analysis; the values are shown in %. n/d: not detected; the detectability threshold is given in
brackets.

Impurity Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

C ≈5 · 10−1 ≈5 · 10−1 ≈5 · 10−1 ≈5 · 10−1 ≈5 · 10−1

N ≤2 · 10−2 ≤2 · 10−2 ≤2 · 10−2 ≤4 · 10−2 ≤4 · 10−2

Na <2 · 10−1 <2 · 10−1 <2 · 10−1 <2 · 10−1 <2 · 10−1

Mg <1 · 10−2 <1 · 10−2 <1 · 10−2 <1 · 10−2 <1 · 10−2

Al 5 · 10−3 3 · 10−2 7 · 10−3 4 · 10−3 1 · 10−2

P 3 · 10−3 3 · 10−3 3 · 10−3 1 · 10−3 2 · 10−3

Cl 1 · 10−2 5 · 10−2 1 · 10−2 7 · 10−3 4 · 10−2

K 2 · 10−1 4 · 10−2 2 · 10−2 1 · 10−2 2 · 10−2

Ca 7 · 10−2 1 · 10−1 3 · 10−2 8 · 10−2 8 · 10−2

Cr 1 · 10−3 7 · 10−4 5 · 10−4 1 · 10−3 5 · 10−3

Mn 6 · 10−4 1 · 10−3 9 · 10−4 3 · 10−4 1 · 10−3

Fe 1 · 10−2 3 · 10−1 2 · 10−1 1 · 10−1 1 · 10−1

Co n/d (6 · 10−4) n/d (6 · 10−4) n/d (6 · 10−4) n/d (6 · 10−4) n/d (6 · 10−4)

Ni 2 · 10−3 8 · 10−4 n/d (6 · 10−4) n/d (6 · 10−4) 5 · 10−3

Cu 3 · 10−3 4 · 10−1 2 · 10−1 1 · 10−1 1 · 10−1

Zn 3 · 10−2 4 · 10−2 1 · 10−1 2 · 10−2 5 · 10−2
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Figure 2: X-ray diffraction patterns for anatase TiO2:(Fe, S) thin
films obtained from the external evaporator in a controlled Ar/O2

atmosphere.

is observed for Fe, Cu, K, and Zn. The origin of the Zn
contamination for sample 3 and the K contamination for
sample 1 is not yet clear. The Fe and Cu impurities pro-
bably originate from the interaction of the precursor vapors
with the metallic parts of the CVD apparatus. The presence
of C at 5 · 10−1% wt can be attributed to the residual carbon
deposited during the process of the precursor decomposi-
tion.

Some typical images of the surfaces of TiO2:(Fe, S)
samples obtained by SEM are shown in Figures 3(a) and
3(b). Elemental analysis obtained by EDX (e.g., sample 72)
is shown in Figure 4 and Table 3. EDX spectra were taken

at the sample angles of 30◦ and 60◦ to examine influence of
the substrate. Analysis shows that there are not significant
differences in the spectra between these both positions of the
sample.

XPS spectra were taken at the angle of 0◦ and 60◦ relative
to the normal to the surface of the sample in order to
document the changes in composition of the film in depend-
ence of the depth near the surface. The relative contents of
the elements are given in Table 4. The XPS results demon-
strated that samples 30 and 31 are slightly contaminated with
sodium and zinc, respectively. The origin of this contamina-
tion is unclear. These samples were analysed by XPS after
their photocatalytic activity studies were performed. There-
fore, these contaminations may originate from the aqueous
solutions that have been in contact with the sample surface.
Comparing the mass spectrometry data with those of the
XPS analysis, we note that a larger concentration of carbon
is found on the surface compared to the bulk, indicating
the redistribution of carbon during thin-film growth. Several
process parameters affect the surface contamination by car-
bon, including the synthesis temperature, the oxygen con-
centration in the vapour phase during film growth, and the
type of precursor.

The total carbon content decreases with increasing
process temperature for samples synthesized from
Ti(dpm)2(OPri)2 in vacuum. The carbon content is also
lower for samples prepared in the presence of oxygen under
otherwise identical conditions, which may be explained in
at least two different ways. Firstly, as it was shown by mass
spectrometric analysis of the Ti(dpm)2(OPri)2 decomposi-
tion products that the thermolysis mechanism is different in
vacuum and in presence of oxygen [39].

Secondly, the decomposition products will form gaseous
CO and CO2 much more easily in the presence of oxygen
than in vacuum. The total carbon content of the samples
prepared from TTIP in the presence of oxygen is even lower
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Figure 3: (a) SEM image of the TiO2:(Fe, S) sample 72. (b) SEM image of the TiO2:(Fe, S) sample 74.

Table 3: Quantitative results of the EDX analysis of TiO2:(Fe, S), sample 72.

Element OZ Series Netto C, wt% normalized C, at%

C 6 K-series 3957 0.96 1.60

Na 11 K-series 79956 9.62 8.43

Mg 12 K-series 23091 2.42 2.01

Al 13 K-series 7444 0.73 0.55

Si 14 K-series 285189 28.55 20.47

S 16 K-series 922 0.11 0.07

K 19 K-series 3966 0.66 0.34

Ca 20 K-series 20759 4.29 2.15

Ti 22 K-series 6252 1.94 0.82

Fe 26 K-series 457 0.29 0.10

O 8 K-series 201328 50.43 63.46
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Figure 4: EDX spectrum of the TiO2:(Fe, S), Sample 72.

and increases with increasing processing temperature, which
is probably related to a different kinetic mechanism of thin-
film growth. The latter hypothesis is supported by the fact
that the crystal structures of the films prepared from the two
precursors are different.

Comparing the results of LIMS, EDX, and XPS tests,
Tables 2, 3, and 4, it can be concluded that the initial presence
of Fe, without doping, is at a concentration of about 0.1%,
and S is not found by LIMS. When a small amount of the
precursor FeDtc (of 0.008 g and 0.016 g) had evaporated, a
small concentration of Fe and S was detected by EDX in the
volume of the films. However, as the analysis of XPS Fe and
S does not register them in the surface layers, this means that
the concentration of Fe and S in these layers is less than the
detection limit by the XPS (around 0.1%).

The surface morphology of the TiO2:Fe thin films was
investigated as a function of various parameters, such as
thickness, the type of substrate, percentage of doping ele-
ment, and the mode of deposition, meaning deposition from
the interior or exterior sources of the precursor vapours. The
AFM results demonstrated that the TiO2 film samples have a
porous polycrystalline structure with a typical crystallite size
of about 100 nm. The results of the AFM studies are shown
in Figures 5(a)–5(d) and 6(a)–6(d) and in Table 5. As it can
be seen, the surface roughness does not depend on the type
of substrate (Figures 5(a) and 5(b)). However, the surface
roughness depends on the thin film thickness, the mode of
the film preparation, and on the doping element concentra-
tion. Average crystallite size data was determined from AFM
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Table 4: Composition (atom percentage, %) of TiO2 films according to XPS analyses (The composition is shown for XPS spectra taken at
0◦).

Attribution Sample 1 Sample 30 Sample 31 Sample 65 Sample 66 Sample 75 Sample 77 Sample 85

Ti, 2p Ti 12.9 20.9 20.7 21.7 22.0 18.34 16.93 11.2

Oxygen, 1s O 40.7 63.2 59.0 61.24 59.4 52.72 51.84 43.65

Carbon total C 39.0 14.8 20.3 17.1 22.0 23.21 27.1 33.0

Fluorine, 1s F — — — — — 5.2 2.34 8.04

Sodium, 1s Na — — — — — — — 3.0

Iron, 2p Fe — — — — — — 1.02 0.47

Sulphur, 2p S — — — — — 0.53 0.77 0.57

Stoichiometry TiO2.4 TiO2.48 TiO2.47 TiO2.25 TiO2.25 TiO2.22 TiO2.3 TiO2.2
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Figure 5: The AFM image of the samples with the thin film thickness 600–1000 nm (the field size is 1.2 μm by 1.2 μm; the shades of grey
correspond to the vertical scale of the recording of 0 to 250 nm). Samples 73–77 (internal evaporator), sample 79, (external evaporator).

analysis. This analysis was found to give data whose values
are coincident with those obtained by X-ray line broadening
using Warren-Averbach analysis [40]. The average crystallite
sizes in dependence on the thin films thicknesses are shown
in Figure 7. It is important to note that when the concentra-
tion of Fe was increased, the average crystallite size was found
to be decreased. It can be noted that the usage of the internal
evaporator also leads to much bigger crystallite sizes.

Figure 8 shows the UV-Vis transmittance spectra of
the prepared samples. The absorption threshold of all the

samples TiO2:Fe (1–5%) is about 370 nm to−385 nm, which
corresponds to the band-gap energy of anatase (3.2 eV). The
film thickness of the samples 73 and 75 is about 1 μm; there-
fore, the transmittance in the visible range of the light spec-
trum is not high (about 50%), and it is not connected with
the photon adsorption due to the presence of the Fe impuri-
ties. The transmittance spectra of the heavy doped Sample 87
is different because of the mixing of TiO2 and Fe3O4 phases.
With the increasing content of Fe, the prepared samples
acquired a reddish tinge, while sample 87 turned pale red.
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(b) TiO2:Fe, sample 81 (on quartz)
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(c) TiO2:Fe, sample 83 (on quartz)
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(d) TiO2:Fe, sample 85 (on quartz)

Figure 6: The AFM image of the sample with the thin film thickness ∼500 nm (the field size is 1.2 μm by 1.2 μm; the shades of grey corres-
pond to the vertical scale of the recording of 0 to 250 nm). External evaporator.

Table 5: Surface morphology data of the samples TiO2:Fe obtained by AFM.

Sample Film thickness
(nm)

Quantity of FeDtc
in the evaporator

(g)
Evaporation mode

Maximum size,
h (nm)

Medium size 〈h〉
(nm)

Medium irregularity
SΔh (nm)

73 800 0.008 Internal 381 203 51.8

75 918 0.016 Internal 370 208 51.2

77 593 0.032 Internal 338 228 36.1

79 1045 0.008 External 215 104 22.8

80 560 0.016 External 142 72 13.3

81 580 0.016 External 134 84 15.1

83 760 0.032 External 183 114 18.2

85 480 0.064 External 120 67 11.8

87 145 0.300 External 79 39 10.1

The conversion electron Mössbauer spectra (CEMS)
recorded from sample 87 are shown in Figure 9. It consists of
a single sextet, which suggests magnetic ordering of the Fe3+

ions. As shown recently [41], at 57Fe concentrations of about
0.1% to −1%, CEMS spectra exhibit the doublet lines of the
hyperfine splitting. The effects of magnetic correlations were
explained by the existence of the bound magnetic polaron
(BMP) mechanism [41]. CEMS spectra obtained in this
study were obtained for the samples with the concentration

of Fe that is much higher, because of a small concentration
of isotope 57Fe in FeDtc precursor. The ordering type of
magnetite (Fe3O4) was observed.

The kinetics of the Fenarimol decay and the kinetics of its
intermediate photoproduct (m/z 328) formation for different
thin films are shown in Figures 10(a) and 10(b), respectively.
Abundances of Fenarimol and the intermediate photoprod-
uct are expressed here by the respective chromatographic
peak areas, which for the same experimental conditions are
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Figure 8: Transmittance UV-Vis spectra of iron doped TiO2 thin
films. Samples 73–77 were prepared from the internal, and Samples
79–87 from the external precursors vapor source.

proportional to the chemical concentration for each instant
of analysis time.

Of all the films tested, the TiO2 films prepared from TTIP
were the only samples to exhibit photocatalytic activity. As
one can see, only for these samples the concentration of
intermediate photoproducts starts to decrease after about 1.5
hours of irradiation. The photocatalytic performance of the
same weight of the Degussa P25 powder deposited on glass is
still better than that of the CVD films (Figure 10). However,
one should take the difference in the specific area of the CVD
thin films and that of the Degussa powder film into account.
The CVD films grown for this study had a good transparency
to the eye. AFM images revealed the film crystallites of
about 100 nm in diameter. Therefore, following [24], we
may presume the electrode-specific surface area was not very
different from the geometric area (∼0.00785 m2). In the case
where 7 mg, the typical mass of a CVD film, of the Degussa
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Figure 9: Mössbauer spectra of the TiO2:Fe, Sample 87 at room
temperature (RT).

P25 powder was dissolved in water, the specific area would
be about 0.35 m2 supposing well-separated microcrystals
(about 50 m2/g [22]). However, it is clear that powder depos-
ited on the glass substrate does not have such a big specific
surface area. As follows from Figure 10(a), samples 65 and
66 were the most active photocatalytic thin films. Samples
65 and 66 were prepared from TTIP + FeDtc (0.008 g) and
66 from TTIP + TBDS (Vapours), respectively (see Table 1),
so that the first sample is supposed to be doped with Fe
and with S, and the second sample only with S. Howev-
er, the XPS analysis did not show the presence of Fe or S on
the surface layer of these samples. The relative concentration
of other elements (Ti, O, and C) revealed by XPS is typical
for the samples prepared from TTIP (see Table 4). Further
increase of the amount of FeDtc precursor during the
synthesis (samples 75, 77 and 85) resulted in the preparation
of the TiO2:(Fe, S)-doped thin films as it was shown by XPS.
However, the photocatalytic activity of these samples is lower
than that of 65 and 66 samples. It was also found that samples
75, 77, and 85 are contaminated with fluorine, the source of
such contamination and its influence on photocatalytic acti-
vity is not established yet.

After analysis of the obtained results, the following can
be stated: (1) the TiO2:(Fe, S) thin films, prepared from TTIP
by CVD, are in the anatase form, which is most effective for
photocatalysis. (2) The most effective surface was observed
for the films with the thickness of about 1 μm. Just this kind
of films was used in the studies of photocatalytic efficiency.
(3) There is no presence of crystalline iron oxide phases in
TiO2:(Fe, S) thin films revealed by XRD. (4) When the con-
centration of Fe is low, the transmittance spectra are similar
to those of nondoped thin films. For this reason, the UV part
of the radiation spectrum was used to compare the photo-
catalytic activity of TiO2:(Fe, S) thin films with that of
Degussa P25 powder. (5) According to theoretical results, the
doping of TiO2 with transitional metals, such as Fe, leads
to the appearance of electronic states inside the band-gap of
TiO2 and, thus, to an increase of the photocatalytic efficiency.
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Figure 10: Contents of Fenarimol solution (a) and intermediate
photoproduct (b) in dependence on time, under UV illumination,
when in contact with several different TiO2 thin films.

Therefore, the increased photocatalytic activity of opti-
mally prepared TiO2:(Fe, S) thin films in the UV region can
be expected in comparison with non-doped Degussa P25
powder. It can be seen, that in the experiments on Fenari-
mol photocatalytic decay, the photocatalytic activity (PhAc)
of TiO2:(Fe, S) (PhAc(TiO:Fe)) is comparable with that of
Degussa P25 (PhAc(P25)), but PhAc(TiO:Fe) is still lower
than PhAc(P25).

There is a contradiction with the theoretical model. It can
be pointed out that the hydrophilicity of TiO2:Fe is anoma-
lously high under UV light irradiation [24, 25]. This means

the presence of anchoring water splitting centres and, as a
result, the more effective creation of H+ and OH− radicals.
This effect is supposed to be favourable for PhAc(TiO:Fe). In
practice, this does not lead to greater PhAc(TiO:Fe) in the
UV region as compared to PhAc(P25). It can be assumed
that the generation of electron-hole pairs at the Fe impurity
gives a small contribution to the PhAc(TiO:Fe). It was shown
earlier (see, e.g., [42]) that PhAc(doped TiO2) is higher than
PhAc(non-doped TiO2 and P25) in the visible light region. In
the UV region the PhAc(doped TiO2) is still lower than the
PhAc(P25). This only means that the excitation mechanisms
of electron-hole pair through the TiO2 bandgap by incident
photons with energy lower than band-gap energy is switched
off in the main mechanism of photocatalysis. Powder P25
also has some PhAc(P25) in visible light region, possibly due
to lattice defects and impurities.

4. Conclusions

The physical and photocatalytic properties of thin films
TiO2:Fe and TiO2:S prepared by CVD using complex
compound precursors, Ti(dpm)2(OPri)2, Ti(OPri)4, and
Fe[(C2H5)2NCS2]3, [(CH3)C]2S2(TBDS) were discussed.
Two different crystalline forms, rutile and anatase, could be
prepared using these precursors, as demonstrated by XRD.
LIMS and XPS analysis revealed that the surface composition
is different from that of the film, basically because of carbon
presence. From the results of LIMS, EDX, and XPS tests for
low-doped samples, it can be concluded that small concen-
trations of Fe and S of both elements are present in the
films. As it is shown from the Mössbauer spectra, Fe ions
are magnetically ordered in the heavy-doped TiO2 thin films.
By this fact, the lowering of the photocatalytic activity due
to existence of the additional channel of the photon energy
relaxation can be explained. The structure of TiO2 thin film
photocatalyst has a dominating effect on the photodegra-
dation rate of the Fenarimol test compound, namely only
the anatase form of pure and doped TiO2 thin films shows
photocatalytic activity. It was shown that an increased photo-
catalytic activity of (Fe, S)-doped TiO2 thin-films is, actual-
ly, very close to Degussa P25 powder activity. However, to
answer the question of what exactly happened with this kind
of substitution of Ti or O sites by Fe and S in TiO2, fur-
ther studies by XPS and nuclear resonant methods using syn-
chrotron radiation are needed.
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The photocatalytically active TiO2 thin film was deposited on the titanium substrate plate by chemical vapor deposition (CVD)
method, and the photoelectrocatalytic degradation of sodium oxalate was investigated by TiO2 thin film reactor prepared in this
study with additional electric potential at 365 nm irradiation. The batch system was chosen in this experiment, and the controlled
parameters were pH, different supporting electrolytes, applied additional potential, and different electrolyte solutions that were
examined and discussed. The experimental results revealed that the additional applied potential in photocatalytic reaction could
prohibit recombination of electron/hole pairs, but the photoelectrocatalytic effect was decreased when the applied electric potential
was over 0.25 V. Among the electrolyte solutions added, sodium sulfate improved the photoelectrocatalytic effect most significantly.
At last, the better photoelectrocatalytic degradation of sodium oxalate occurred at pH 3 when comparing the pH influence.

1. Introduction

Oxalic acid is frequently used in leather bleaching, chemical
synthesis, printing and dye industries, rust removal, metal
decontamination, and household bathroom cleaning. There-
fore, cases of accidental oxalic acid poisoning are common.
In addition, oxalic acid and its soluble salts can cause poi-
soning through the stomach and intestines, respiratory
tract, skin, and eye contact with LD50 between 375 and
475 mg Kg−1. Oxalate itself is also toxic to the kidney. In
recent years, advanced oxidation processes have been exten-
sively used in decomposing harmful or decomposition-
resistant pollutants in the environment. Among them, the
photocatalysis reaction using UV together with semicon-
ductor is thought to be a treatment technology with high
potential. Compared to other semiconductor metal oxides,
titanium dioxide (TiO2) is the most frequently used photo-
catalyst for photochemical reaction due to the cheap cost,
stable properties, and high photocatalytic effect. However,
the recombination of electron-hole pairs occurs during the
photocatalytic reaction process, resulting in the reduction
of decomposition efficiency. In order to resolve such a
problem for the increase of quantum efficiency, the following

approaches are frequently adopted: (1) application of a posi-
tive electric potential on the TiO2 electrode to use the electric
field force to drive away electrons in order to prevent further
recombination; (2) combination of 2 semiconductors (such
as TiO2/SnO2) at comparable energy levels to allow one (like
SnO2) to absorb electrons during photoexcitation in order to
improve decomposition efficiency; (3) addition of precious
metal ions such as Ag or Pt in the reaction solution for the
absorption for electrons [1–5]. This study used UV light
of high energy to excite the photocatalyst to form hydroxyl
radicals with high oxidizing ability to efficiently decompose
organic pollutants in water in order to attain the goals of
removal and mineralization [6–19].

2. Experimental Details

2.1. Preparation of TiO2 Photoreactor. The modified chem-
ical vapor deposition (CVD) [20] was used for the catalyst
preparation used in the present study. The procedure
is described as follows: The tetraisopropyl orthotitanate
(Ti(OC3H7)4) (TTIP >98%, Merck Co.) solution and deion-
ized water were placed in two aeration bottles separately. In
the 60◦C water bath, the aeration bottles were flushed with
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Figure 1: Photoelectrocatalytic apparatus.

high-purity nitrogen gas to take out the airflow containing
TiO2 and water vapor. Teflon tubing was used on the other
end into the reactor. The tubing was wrapped with heating
tapes to approximately 95 ± 5◦C to avoid condensation.
The substrate to be coated with the catalyst was placed in
the tubular high-temperature oven to maintain the reaction
temperature at 400◦C. During the preparation, the formation
of white smoke inside the reactor was observed with the
naked eye, indicating that the TiO2 crystal nucleus has started
to grow on the wall of the tubing. The reactor was rotated
to alter the position of the TiO2 coating to allow it to coat
evenly on the entire titanium substrate. Finally, the reactor
was calcined at 500◦C for 24 hours to eliminate impurities
and purify TiO2 to achieve the anatase as the major crystal
form.

2.2. Photoelectrocatalytic Procedure. The liquid-phase photo-
electrocatalytic system consisted of a UV lamp of 13 W and
365 nm, an annular reactor, a completely mixing chamber,
a magnetic stirrer, a voltage supplier, and a circulating
water bath. The apparatus is illustrated in Figure 1. In
this study, the experiments were conducted in batches at
constant temperature and sample volume. Other parameters
including pH values, additional applied electric potentials,
and the type of electrolytes were under control in the
experiments (Table 1). 1 N HClO4 and 4 N NaOH were
used to adjust the pH value of aqueous samples. Besides, a
peristaltic pump was used to draw sample into the reactor
for the continuous refluxing batch experiments for 4 hours.

Table 1: Reaction conditions.

Conditions Range

Water bath temperature 20 ± 1◦C

The initial concentration of sodium
oxalate

2 mM

Sample volume 350 mL

Flow rate 300 mL min−1

Refluxing time 4 hours

UV wavelength 365 nm

Irradiation intensity 3 mW cm−2

pH 3∼7

Additional applied electric potentials 0, 0.25, 0.5, 1 V

Electrolyte solution (2 mM)
NaCl, NaNO3, Na2SO4,

Na2CO3

2.3. Quantitation of Species. The relationships between the
residual rates of sodium oxalate and the various controlled
parameters were investigated in order to obtain the effect of
TiO2/Ti thin film electrode. Ion chromatograph (IC; JASCO,
Japan, Model PU-1580i) equipped with the Shodex IC SI-
90-4E column and total organic carbon instruments (TOC;
Shimadzu, Japan, Model TOC-VCSN) were employed for the
analysis of the experiment to investigate the variations of the
residual rates and the mineralization rates under parameters
described above.
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Figure 2: XRD spectrum of TiO2 prepared by CVD method.

Figure 3: SEM image of TiO2 prepared by CVD method.

3. Results and Discussion

3.1. Photocatalyst Properties. The photocatalyst prepared by
the modified CVD method under the optimal conditions
described above was analyzed by the X-ray diffractometer
(XRD) to examine the crystals form. As illustrated in
Figure 2, the three major diffraction peaks of the anatase
crystal structure appear at the 2θ values of 25.4 and 48.2;
Compared with the JCPDS database (nos. 21-1276 and 21-
1272), the crystal structure of the photocatalyst prepared
in the experiment was mostly in the anatase form. The
SEM image of the catalyst at magnification of 100,000 times
illustrated in Figure 3, the structures of TiO2 particles were
not rather uniform, with the appearance of clustered ball
shape and the crystal surface of porous structure.

3.2. Photoelectrocatalytic Tests. Figure 4 shows the residuals
of sodium oxalate in the TiO2 photocatalytic reaction alone,
direct electrolysis alone, and photoelectrocatalytic process.
It was clearly observed in the experimental data that at 20◦C,
pH 4, a volume flow rate of 300 mL min−1, and sodium
oxalate of 2 mM in the batch completely mixing reactor with
the additional applied electric potential of 1 V and the UV

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4

Time (hr)

Photocatalysis
Electrolysis
Photoelectrolysis

R
es

id
u

al
 r

at
e 

(C
/C

0
)

Figure 4: Residual rates of sodium oxalate under the different reac-
tions at pH 4.

irradiation of 365 nm for 4 hours for the photoelectrocat-
alytic degradation reaction experiment was able to increase
the removal and mineralization rates of sodium oxalate from
6% to approximately 57%. According to Waldner’s study,
it was proposed that when TiO2 generated electron-hole
pairs under UV irradiation, the additional applied electric
potential inhibited the recombination of electron-hole pairs.
The holes interacted with the water molecules or hydroxide
ion (OH−) absorbed on the surface of TiO2 to form hydroxyl
radical (•OH), thus enhancing the oxidation reaction effect
of holes [18, 19]. Moreover, according to the experimental
results in Figure 5, it was observed that the mineralization
rates of sodium oxalate had mostly comparable trends as the
removal rate. It was suggested that the structure of sodium
oxalate was rather simple, thus it was less likely to form
intermediates. As a result, the degraded ones could be almost
mineralized.

3.3. pH Effect. In general, as the pH of aqueous solution
increases, the yield of hydroxyl radical in the photocatalytic
reaction also increases. However, different pH values will
directly affect the species distribution ratio of reactants in
the solution. Moreover, pH values could also alter the surface
electricity of photocatalyst, thus affecting the adsorption
and desorption properties and abilities of reactants by the
photocatalyst. Therefore, for different pollutants, the pH
value controlled in the reaction could show a dramatic effect
on the overall removal rate.

Figure 6 illustrated the residual rates of sodium oxalate at
pH 3∼7. The result indicated that sodium oxalate at 2 mM,
applied voltage of 1 V, light intensity of 3 mW cm−2, volume
flow rate of 300 mL min−1, temperature at 20 ± 1◦C, and
UV light irradiation at 365 nm on the titanium substrate
plate coated with TiO2 in the reactor for 4 hours to undergo
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Figure 5: Mineralization rates of sodium oxalate under the different
reactions at pH 4.
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Figure 6: Residual rates of sodium oxalate under the photoelectro-
catalytic reaction at different pH.

the photoelectrocatalytic reaction gave the most favorable
treatment effect at pH 3. After a reaction for 150 minutes,
the removal rate reached almost 100%. However, as pH
values increased, the removal rate of sodium oxalate in the
aqueous solution decreased. The cause of this phenomenon
was probably that oxalate at the first ionization state (pKa1 =
1.2, pKa2 = 4.2) showed a more favorable reaction rate with
•OH. Furthermore, in the solid-liquid interface reaction, a
low pH value was favorable for the adsorption of oxalate on
the TiO2 surface, allowing the holes excited by UV/TiO2 to
undergo the direct or indirect oxidation reaction in order
to achieve of goal of sodium oxalate degradation [19]. The
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Figure 7: Residual rates of sodium oxalate under photoelectrocat-
alytic reactions with different additional applied electric potentials.

reason for the higher adsorption at lower pH was that the
pHzpc of TiO2 between 6.3∼7.6 and the pKa values of oxalic
acid were approximately 1.2 and 4.2. As a result, when the
pH value of the solution was higher than the pKa of sodium
oxalate but lower than the pHzpc of TiO2, sodium oxalate
ionized a Na+ cation and formed NaC2O4

− with a negative
charge. Meanwhile, the TiO2 surface carried a positive charge
and a more favorable adsorption quantity was afforded due
to the electrostatic attraction interaction between TiO2 and
oxalic acid.

3.4. Additional Applied Electric Potential Effect. Figure 7
illustrates the results of the different additional applied
electric potentials of 0.25 V, 0.5 V, and 1 V to the photoelec-
trocatalytic experiment of sodium oxalate. From the result
shown, it was evident that the sodium oxalate removal effect
was quite limited in the absence of the additional applied
electric potential for the photocatalytic reactions. It was
proposed that the electron-hole pairs excited by UV/TiO2

underwent the recombination reaction easily, leading to the
consequence that the holes could not directly or indirectly
oxidize organic substances. Consequently, the overall pho-
tocatalytic effect was reduced. However, the results of this
experiment demonstrate that the additional applied electric
potentials (0.25 V, 0.5 V, and 1 V) on the working electrode
significantly improved the overall photoelectrocatalytic reac-
tions. As the additional applied electric potentials varied,
the degradation of sodium oxalate also varied to different
degrees. Among them, the voltage of 0.25 V afforded a
more favorable photoelectrocatalytic reaction. After 4 hours
of the photoelectrocatalytic reaction, approximately 95%
of sodium oxalate in the aqueous solution was removed.
Nevertheless, when the additional applied electric potential
was increased to 0.5 V, the sodium oxalate removal effect
was lowered. Moreover, when it was increased to 1 V, the
sodium oxalate removal rate was merely 57%. Therefore,
the experimental results revealed that the applied voltage
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Figure 8: Residual rates of sodium oxalate under photoelectrocat-
alytic reactions with different electrolytes.

could reduce the recombination of electron-hole pairs, thus
improving the overall removal effect. But, when an excess
voltage was applied, the photoelectrocatalytic effect was wor-
sened owing to the recombination reaction of the electrons
of the additional applied electric potential itself and the holes
carried on TiO2.

3.5. Electrolyte Solution Effect. This experiment used sodium
oxalate solution at an initial concentration of 2 mM followed
by adding 0.2 mM of NaCl, NaNO3, Na2SO4, and Na2CO3

electrolyte solution individually. The UV light at 365 nm was
used to irradiate on the titanium substrate coated with TiO2

and the extra applied potential of 1 V was applied. The pH
of the aqueous solution was controlled at 4 ± 0.1 and the
temperature at 20 ± 1◦C for the photoelectrocatalytic reac-
tion in the complete mixing chamber for 4 hours to examine
the effect of each electrolyte solution on the degradation of
sodium oxalate. The results of this experiment are shown in
Figure 8. The sodium oxalate degradation reaction the added
electrolyte solution (NaCl, NaNO3, Na2SO4, and Na2CO3)
was better than the one without the added electrolyte
solution, indicating each electrolyte solution added was able
to improve the photoelectrocatalytic reaction. Among them,
adding Na2SO4 showed the most favorable effect, with the
sodium oxalate degradation rate reaching over 99% after 3
hours of operation time. The effects in the improvement of
photoelectrocatalysis by different electrolyte solutions were
found to vary in the order of Na2SO4 > Na2CO3 > NaNO3 >
NaCl. According to the study by Jorge, it was pointed
out after adding different electrolyte solutions (Na2SO4,
KNO3, and NaCl) that Na2SO4 was able to enhance the
photoelectrocatalytic reaction to a greater extent, followed
by KNO3 > NaCl. This was because more photoelectric
current was generated after adding Na2SO4 to the system.
The difference in the enhanced photoelectrocatalytic effects

from adding Na2SO4 versus NaCl was found to be about over
10% [17]. This result was consistent with the conclusion of
the present study.

4. Conclusions

The CVD method was used to prepare the TiO2/Ti photo-
catalysis thin film reactor with the oxidation temperature
controlled at 400◦C and the calcination temperature at 550◦C
in this study. Not only the TiO2 purity was improved, but
also the crystal structure was maintained at the anatase
crystal form. Under the controlled parameters, the optimal
experimental conditions were pH 3, 0.25 additional applied
electric potential, and adding Na2SO4 electrolyte in this
study. The experimental results also showed that the effect
of the photoelectrocatalytic process on the sodium oxalate
removal efficiency was superior to that of the photocatalytic
reaction alone. Moreover, it should be mentioned that the
additional applied electric potential, in most cases, could
enhance the overall degradation efficiency. However, the
excessively high bias voltage could reduce the photocatalytic
effect owing to the recombination of the electrons of the
voltage itself and the holes carried on TiO2. The search for
the so-called “threshould dose” in the future study should be
an attractive research subject.
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[19] G. Waldner, R. Gómez, and M. Neumann-Spallart, “Using
photoelectrochemical measurements for distinguishing be-
tween direct and indirect hole transfer processes on anatase:
case of oxalic acid,” Electrochimica Acta, vol. 52, no. 7, pp.
2634–2639, 2007.

[20] T. C. Cheng, K. S. Yao, Y. H. Hsieh, L. L. Hsieh, and C. Y.
Chang, “Optimizing preparation of the TiO2 thin film reactor
using the Taguchi method,” Materials and Design, vol. 31, no.
4, pp. 1749–1751, 2010.



Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2012, Article ID 405642, 7 pages
doi:10.1155/2012/405642

Research Article

Effects of Homogenization Scheme of TiO2 Screen-Printing
Paste for Dye-Sensitized Solar Cells

Seigo Ito,1 Kaoru Takahashi,1 Shin-ich Yusa,2 Takahiro Imamura,2 and Kenji Tanimoto3

1 Department of Electric Engineering and Computer Sciences, Graduate School of Engineering, University of Hyogo,
2167 Shosha, Himeji, Hyogo 671-2280, Japan

2 Department of Materials Science and Chemistry, Graduate School of Engineering, University of Hyogo, 2167 Shosha, Himeji,
Hyogo 671-2280, Japan

3 Specialty Materials Research Laboratory, Nissan Chemical Industries, Ltd., 11-1 Kitasode, Sodegaurashi, Chiba 299-0266, Japan

Correspondence should be addressed to Seigo Ito, itou@eng.u-hyogo.ac.jp

Received 15 October 2011; Revised 2 December 2011; Accepted 2 December 2011

Academic Editor: Jiaguo Yu

Copyright © 2012 Seigo Ito et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

TiO2 porous electrodes have been fabricated for photoelectrodes in dye-sensitized solar cells (DSCs) using TiO2 screen-printing
paste from nanocrystalline TiO2 powder dried from the synthesized sol. We prepared the TiO2 screen-printing paste by two
different methods to disperse the nanocrystalline TiO2 powder: a “ball-milling route” and a “mortal-grinding route.” The TiO2

ball-milling (TiO2-BM) route gave monodisperse TiO2 nanoparticles, resulting in high photocurrent density (14.2 mA cm−2) and
high photoconversion efficiency (8.27%). On the other hand, the TiO2 mortal-grinding (TiO2-MG) route gave large aggregate
of TiO2 nanoparticles, resulting in low photocurrent density (11.5 mA cm−2) and low photoconversion efficiency (6.43%). To
analyze the photovoltaic characteristics, we measured the incident photon-to-current efficiency, light absorption spectroscopy,
and electrical impedance spectroscopy of DSCs.

1. Introduction

Dye-sensitized solar cells (DSCs) have been researched in
the pursuit of a cost-effective solar generation system [1–
3]. DSCs are composed of nanocrystalline-TiO2 electrodes,
sensitizing dyes, and electrolytes sandwiched between con-
ducting substrates. The purpose of this work is to optimize
the industrial fabrication methods of TiO2-coating paste
for nanocrystalline-TiO2 electrodes. TiO2 colloidal sol has
produced DSCs with over 10% conversion efficiency [4].
DSCs fabricated using nanocrystalline-TiO2 powders (P25,
Degussa, by TiCl4 fumed method) have over 9% conversion
efficiency [5]. Thus, the TiO2 sol methods have been inves-
tigated to produce DSCs with higher conversion efficiency
[6, 7]. However, TiO2 sol can aggregate and easily form
precipitates, resulting in difficulties with long-term preser-
vation. Alternatively, DSCs fabricated by using the TiO2

powder method have lower conversion efficiency, but the
powder without liquid improves long-term preservation and
is suitable for transportation due to its light weight. Hence,

it is important to find an industrial fabrication method to
disperse nanocrystalline TiO2 powder homogeneously. The
purpose of this paper is to compare the characteristics and
photovoltaic effects of DSCs using two TiO2 homogenizing
methods (ball milling and mortal grinding, named as TiO2-
BM and TiO2-MG, resp.). The nanocrystalline TiO2 powder
was synthesized by sol gel method. As a result, an appropriate
method for the industrial manufacture of nanocrystalline-
TiO2 electrodes has been identified.

2. Experimental

The methods used to fabricate TiO2 paste from a TiO2 par-
ticle source are shown in Figure 1. At first, TiO2 nanoparticle
was synthesized by peptization of titanium alkoxide, adjust-
ment of pH, and hydrothermal reaction. The resulting TiO2

nanoparticle was deionized, dried at 110◦C, and heated at
380◦C, resulting in anatase (d = 21 nm, by BET).

For the TiO2 ball-milling paste (Figure 1, left side, named
as “TiO2-BM”), acetic acid and water were added to the
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Figure 1: Fabrication methods of TiO2 pastes.

nanocrystalline TiO2 powder and mixed using ball milling
with 0.5 mm ceramics balls. And then, nitric acid (0.57 mol
for 6 g TiO2) was added to the TiO2 dispersion, and the
pH value was adjusted to 5.7 using ammonium water.
The resulting precipitation was centrifuged and washed
with ethanol three times to remove nitric acid and water.
After centrifugation, 20 g of α-terpineol (Tokyo Chemical
Industries, Co. Ltd.) and 30 g of a mixture of two ethyl
celluloses in ethanol (5 wt% of ethyl cellulose no. 46080
and 5 wt% of ethyl cellulose no. 86480, Tokyo Chemical
Industries, Co. Ltd.) were added. The mixture was stirred
by a magnet tip and sonicated using an ultrasonic horn
(VC505, 500 W, Sonics & Materials Inc.). The contents in the
dispersion were concentrated by using an evaporator at 35◦C
to remove ethanol and water.

For the TiO2 mortal-grinding paste (Figure 1, right side,
named as TiO2-MG), the heated TiO2 powder (6 g), acetic
acid (1 mL), water (5 mL), and ethanol (15 mL) were mixed

drop by drop in a mortar and grinded. The resulting mixture
was transferred to a beaker and rinsed with 100 mL ethanol.
The subsequent procedures were the same as those for TiO2-
BM paste.

To prepare the DSC working electrodes, F-doped tin
oxide (FTO, Nippon Sheet Glass Co. Ltd., Japan) glass
plates were first cleaned in a detergent solution using an
ultrasonic bath for 15 min and then rinsed with tap water,
pure water, and ethanol. After treatment in a UV-O3 system
for 18 min, the FTO glass plates were immersed into a
40 mM aqueous TiCl4 aq. solution at 70◦C for 30 min and
washed with pure water and ethanol before drying. The
plates were then repeatedly coated with the TiO2 pastes
(TiO2-BM or TiO2-MG) by screen printing and drying at
125◦C, to a thickness of 17 μm. After drying at 125◦C,
a TiO2 paste for a light-scattering TiO2 film containing
400 nm anatase particles (PST-400C, CCIC-JGC, Japan) was
deposited by screen printing to a thickness of 4-5 μm. The
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Figure 2: DLS measurements of TiO2-MG (a) and TiO2-BM (b) dispersions.

electrodes coated with the TiO2 pastes were gradually heated
under an air flow at 325◦C for 5 min, 375◦C for 5 min,
450◦C for 15 min, and 500◦C for 15 min. The sintered
TiO2 film was treated again with 40 mM TiCl4 solution, as
described above, rinsed with pure water and ethanol, and
sintered again at 500◦C for 30 min. After cooling to 80◦C,
the TiO2 electrode was immersed into a 0.5 mM N-719
dye (Solaronix SA, Switzerland) solution in a mixture of
acetonitrile and tert-butyl alcohol (volume ratio: 1 : 1) and
kept at room temperature for 20–24 h to ensure complete
sensitizer uptake.

To prepare the counter electrode, a hole was drilled in
a FTO glass plate. The perforated sheet was washed with
H2O and a solution of 0.1 M HCl in ethanol and cleaned
by ultrasound in an acetone bath for 10 min. After removing
residual organic contaminants by heating in air for 15 min
at 400◦C, the Pt catalyst was deposited on the FTO glass by
coating with a drop of H2PtCl6 solution (2 mg Pt in 1 mL
ethanol), and heat treatment was carried out again at 400◦C
for 15 min. The additional Pt electrode content on FTO did
not influence conversion efficiency. The Pt fabricated from
H2PtCl4 was better than sputtered Pt films and metal Pt
plates.

The dye-covered TiO2 electrode and Pt-counter electrode
were assembled into a sandwich-type cell and sealed with
a hot-melt gasket of 25 μm thickness made of the ionomer
Surlyn 1702 (DuPont) on a heating stage. The hole in the
back of the counter electrode was covered with a hot-melt
ionomer film (Bynel 4164, 35 μm thickness, DuPont) by
using a hot soldering iron covered with fluorine-polymer
film. A needle was used to make a hole in the hot-melt
ionomer film. A drop of the electrolyte, a solution of 0.60 M
1-methyl-3-propylimidazolium iodide, 0.03 M I2, 0.10 M
guanidinium thiocyanate, and 0.50 M 4-tert-butylpyridine

in a mixture of acetonitrile and valeronitrile (volume ratio:
85 : 15) was placed into the hole. The cell was put into a small
vacuum chamber for a few seconds to remove internal air.
Exposing the electrolyte to ambient pressure again caused
the electrolyte to be driven into the cell, a method known
as vacuum-back filling. Finally, the hole was covered with
additional hot-melt ionomer film and a cover glass (0.1 mm
thickness) and sealed using a hot soldering iron. The edge
of the FTO plate outside of the cell was scraped slightly
with sandpaper or a file for good electrical contact with the
photovoltaic measurement setup. A solder (Cerasolza, Asahi
Glass) was applied on each side of the FTO electrodes by an
ultrasonic-soldering system.

Photovoltaic measurements were conducted with an AM
1.5 solar simulator (100 mW cm−2, Yamashita Denso Co.
Ltd., Japan). The power of the simulated light was calibrated
by using a reference Si photodiode equipped with an IR-
cutoff filter (BS520, Bunko Keiki Co. Ltd., Japan) in order to
reduce the mismatch in the region of 350–750 nm between
the simulated light and AM 1.5 to less than 2% [8, 9].
I-V curves were obtained by applying an external bias to
the cell and measuring the generated photocurrent with a
digital source meter. Reflecting absorbance, incident photon-
to-current efficiency (IPCE), and electrical impedance were
measured on Lamda 750 (Perkin Elmer), CEP-2000 (Bunkou
Keiki Co. Ltd., Japan), and SP-150 (Bio-Logic) apparatuses,
respectively.

3. Results and Discussion

Dynamic light scattering (DLS) measurements of each paste
diluted in ethanol are shown in Figure 2. It was clear that
the TiO2-MG paste contained large TiO2 aggregates, but
the TiO2-BM paste contained monodispersed TiO2 particles.
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Figure 3: Surface structures of nanocrystalline-TiO2 layer made using the TiO2-MG paste (a) and the TiO2-BM paste (b). Magnification
is ×35,000. Each scale bar is 500 nm.
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Figure 4: Absorbance spectra of nanocrystalline-TiO2 electrodes
with a sensitizing dye (N719): TiO2-BM paste (solid line) and TiO2-
MG paste (dotted line).

Although the resulting size of a TiO2 particle (Figure 2(b))
was smaller than that obtained by BET measurement
(21 nm), the results were reliable enough to investigate the
manner of dispersion.

The surface morphology of each screen-printed TiO2

paste (Figure 3) showed that the TiO2-MG paste contained
large TiO2 aggregates and cracks, but the TiO2-BM paste gave
a smooth surface. Hence, the morphology was projected the
evaluation by using DLS measurements (Figure 2).

Figure 4 shows the reflectance-absorption spectra of dye-
adsorbed nanocrystalline-TiO2 electrodes from TiO2-BM
and TiO2-MG pastes. The electrodes prepared from TiO2-
BM paste absorbed the incident light more effectively than

those obtained from TiO2-MG paste. Since the surface mor-
phology was smooth and flat (Figure 3(b)), the electrodes
from TiO2-BM paste were transparent and the incident
light was introduced deeply into the nanocrystalline-TiO2

electrodes and largely absorbed. On the other hand, the large
aggregates and cracks in nanocrystalline-TiO2 electrodes
from TiO2-MG paste (Figure 3(a)) scattered the incident
light and reflected it without absorption. Aggregates that
formed during the drying process from the dispersion of
TiO2 could not be redispersed using the mortal grinding and
ultrasonic homogenization.

The amount of adsorbed dye was confirmed by des-
orption from the nanocrystalline-TiO2 electrodes using
a 0.01 M NaOH aq. solution. The nanocrystalline-TiO2

electrodes (17 μm thickness) from TiO2-BM and TiO2-
MG pastes adsorbed 1.5 × 10−7 mol cm−2 and 6.5 ×
10−8 mol cm−2, respectively. Hence, it was confirmed that
the nanocrystalline-TiO2 electrodes from TiO2-BM paste
adsorbed double the amount of dye compared with those
from TiO2-MG paste, due to the high dispersion of TiO2

nanoparticles in the TiO2-BM paste.
In order to confirm the effect by human eyes, the

photographs of DSCs were shown in Figure 5. It was very
clear that TiO2-BM was very dark purple color, on the other
hand, TiO2-MG was very light pink color, which means that
DSC with TiO2-BM absorbs light effectively, but TiO2-MG
cannot absorb light so much.

The IPCE spectra and photo I-V curves of DSCs using
nanocrystalline-TiO2 electrodes are shown in Figures 6 and
7, respectively. Projecting the results of Figures 4 and 5,
the IPCE and photocurrent density of DSCs from TiO2-
BM paste were greater than those from TiO2-MG paste.
The photovoltaic results are summarized in Table 1. The
photoconversion efficiency using the TiO2-BM paste was
higher by 29% compared with the TiO2-MG paste. However,
considering the large difference of light-absorbing effect
(Figures 4 and 5), it was surprising that the difference of
IPCE value and photocurrent was not so much. Hence, it
was considered that the light diffusion and trapping effect in
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Figure 5: Photographs of DSCs using TiO2-BM (a) and TiO2-MG (b).
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Figure 6: Incident photon-to-current conversion efficiency (IPCE)
spectra of DSCs: TiO2-BM paste (solid line), TiO2-MG paste
(dotted line).

TiO2-MG electrode would be significant to improve the pho-
tovoltaic effects. These phenomena might be projected the
variation of mesoporous structures in the nanocrystalline-
TiO2 electrodes, which can be confirmed using the mea-
surements results of the specific surface area and pore-size
distributions [10, 11].

Figure 8 shows the electrical impedance spectra of DSCs.
The center semicircles indicating the impedance of the
interface between dyed TiO2 and the electrolyte [12] were
analyzed using an equivalent circuit (Figure 9) [3]. The
results are summarized in Table 2. Although the series
resistances (Rs) were the same, the constant phase element
(CPE, showing the capacitance) of TiO2-BM paste was
greater by 20% than that of TiO2-MG paste, and the parallel
resistance (Rp) of TiO2-MG paste was twice that of TiO2-
BM paste. The large CPE of the TiO2 electrodes prepared
from TiO2-BM paste suggested a larger surface area than
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Figure 7: Photo I-V curve of DSCs under 100 mA cm−2 (AM 1.5):
TiO2-BM paste (solid line), TiO2-MG paste (dotted line). The active
areas of DSCs were 5 × 5 mm2.

Table 1: Photoelectric characteristics of DSCs fabricated using
TiO2-MG paste and TiO2-BM paste. Each data was the average of
three DSCs.

TiO2-MG TiO2-BM

Jsc [mA cm−2] 11.5± 0.1 14.2± 0.01

Voc [V] 0.821± 0.006 0.798± 0.001

FF 0.682± 0.03 0.731± 0.04

η [%] 6.43± 0.1 8.27± 0.08

that obtained from TiO2-MG paste, which resulted in greater
dye adsorption and larger photocurrent density. Due to the
large Rp of TiO2-MG paste, the charge lifetime in DSCs
(τ = Rp × CPE) from TiO2-MG paste was greater than that
from TiO2-BM paste, thus suggesting a higher open-circuit
photovoltage (20 mV).
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Table 2: Electrochemical impedance components from Figure 8.

Rs [Ω] CPE [F] Rp [Ω]

TiO2-MG paste 12.60 1.205 × 10−3 26.12

TiO2-BM paste 12.79 1.435 × 10−3 12.77

4. Conclusion

This work demonstrated a comparison of different disper-
sion methods of fabricating coating paste for nanocrys-
talline-TiO2 electrodes in DSCs. By using the same source
of nanocrystalline TiO2 powder, it was confirmed that the
paste using mortal grinding (TiO2-MG) produced a lower
photocurrent and lower photoconversion efficiency com-
pared using ball milling (TiO2-BM). Large TiO2 aggregates
were produced during the drying process which caused a
deterioration of dye adsorption and light penetration and
resulted in a significant reduction in photocurrent density.
Aggregates resulting from mortal grinding could not be

redispersed by using an ultrasonic homogenizer with acid
and polymer. Since powder materials can give the benefit for
the manufacture of DSCs about transportation and preser-
vation of nanocrystalline TiO2, this ball milling method
of dispersing TiO2 nanoparticles from the dried powder
is significant progress toward a cost-effective photovoltaic
system. We hope that the results of this paper contribute to
the industrial application of DSCs.
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This work reports on a simple two-step approach to rutile TiO2-assembled microspheres loaded by Pt with an aim to tune
semiconductor-metal interfacial processes for enhancing the photocatalytic performance. Systematic sample characterizations and
structural analysis indicate that Pt loading did not produce any significant influences on the lattice structure of TiO2-assembled
microspheres. Instead, upon Pt loading, Schottky barrier was formed in the interfaces between microspheres and Pt nanoparticles,
which inhabited efficiently the recombination of photo-generated electron-hole pairs essential for the photocatalytic activities.
In addition, TiO2 microspheres also showed a capacity of electrons storage and releasing as represented by a high dielectric
constant, which increased the utility rate of photogenerated electrons. All these structural advantages contribute to the excellent
photocatalytic activity under ultraviolet light irradiation. The interfacial process between microspheres and Pt nanoparticles was
further tuned through adjusting the loading Pt content of metal Pt. As a consequence, the best photocatalytic activity on TiO2 was
obtained at 0.85 wt% Pt loading, above or below which photocatalytic activity was apparently decreased.

1. Introduction

Degradation of organic pollutants by photocatalytic tech-
nology has attracted increasing attention [1, 2]. In all
kinds of photocatalysts, simple oxide semiconductors (e.g.,
TiO2, ZnO, and SnO2) have been extensively studied [3–6],
among which TiO2 nanomaterials characterized by the
advantages of nontoxicity, stability, cheapness, and high
activity have become the basis of promising photocatalysts
[7, 8]. However, due to the wide bandgap and low quantum
efficiency, the practical applications are always restricted
[9–11]. Therefore, some endeavors (like doping foreign
elements [12, 13] and coupled semiconductors or composites
[5]) have been implemented, and some gains are obtained.
Even so, efficient methods in enhancing photocatalytic
activity are still challenging, since the elements introduced
into the semiconductors often act as the recombination of

photogenerated electrons and holes that would decrease the
quantum efficiency.

One has to execute some other routes such as imputing
external fields or depositing some noble metals. For example,
when H2 [14] and magnetic field [15] are involved into
the systems, the photocatalytic activities can be significantly
improved, while the reaction systems became complicated,
seemly not favorable for comprehension of photocatalytic
process. In addition, loading noble metal (e.g., Au, Ag,
Pt, Pd) onto semiconductors has been observed to greatly
improve the photocatalytic activity [9, 16–18], in which the
efficient utility of photogenerated electrons in the photo-
degradation process is critical but often ignored.

In this work, we synthesized TiO2-assembled micro-
spheres with different Pt loading content through micro-
sphere formation with a subsequent photoreduction deposi-
tion of Pt nanoparticles. With tuning the loading quantity of
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Figure 1: SEM images of the samples: (a, b) PureTiO2 and (c, d) 1.0-Pt-TiO2.

metal Pt, an optimum photocatalytic activity was achieved at
a loading of 0.85 wt% Pt. Further, the impacts of Pt loading
content were investigated as a measure for the interfacial pro-
cess between microspheres and Pt nanoparticles responsible
for the enhanced photocatalytic activities.

2. Experimental Section

2.1. Sample Preparation. All reagents employed in the exper-
iments were analytical grade and used without further purifi-
cation. TiO2 microspheres were of fabricated according to
the solution chemistry described in our previous work [19].
Briefly, 20.5 mL TiCl4 (Alpha, 99%) was added dropwise
into 60 mL distilled water at 0◦C in an ice-water bath under
vigorously magnetic stirring to form a given concentration
aqueous solution. After stirring for about 1 h, the solution
was transferred to a Teflon-lined stainless steel autoclave
(100 mL). After reaction at 160◦C for 2 h, the autoclave was
allowed to cool to room temperature naturally, and the final
product was washed carefully with distilled water to remove
Cl− in the residue solution. The resulting product was dried
at 80◦C for 4 h in air.

Pt-deposited TiO2 microspheres were prepared via a
photoreduction process. Generally, 0.5 g of the as-prepared

TiO2 microspheres was immersed into 100 mL solution of
H2PtCl4 (Sino-Platinum Co., Ltd.) in distilled water. 0.1 M
acetic acid (Sinopharm Chemical Reagent Co., Ltd.) was
used to adjust the pH of suspension to about 3. Then, high-
purity nitrogen passes through the suspension for 15 min to
remove the oxygen in suspension. After stirring for 3 h, the
mixture solution was irradiated for 3.5 h by a 300 W high-
pressure xenon lamp while stirring. Finally, the specimen
was centrifuged and washed with distilled water until no Cl−

was detected in the rinsing water. The quantity of H2PtCl4
needed was set according to the mass ratio of metal Pt
to TiO2 as 0.1 wt%, 0.5 wt%, 1.0 wt%, and 3 wt%, and the
corresponding samples were named as 0.1-Pt-TiO2, 0.5-Pt-
TiO2, 1.0-Pt-TiO2, and 3.0-Pt-TiO2. After being dried in
vacuum at 80◦C, the resulting products were obtained.

2.2. Sample Characterization. Powder X-ray diffraction
(XRD) patterns of the samples were collected on Rigaku
MinFlex benchtop X-ray diffractometer with Cu Kα irradi-
ation. The crystallite sizes for the samples were calculated
according to Scherrer formula, D = 0.89λ/β cos θ, where λ
is the X-ray wavelength employed, θ is the diffraction angle
matches along with diffraction peak (110), and β is defined as
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Figure 2: XRD patterns of the samples: (a) PureTiO2, (b) 0.1-Pt-
TiO2, (c) 0.5-Pt-TiO2, (d) 1.0-Pt-TiO2, and (e) 3.0-Pt-TiO2. Vertical
bars represent the standard diffraction data for bulk rutile TiO2.
∗represents the diffraction lines of internal standard nickel.

the peak width at half height after the instrumental broaden-
ing is subtracted. The lattice parameters of the samples were
calculated by a least-squares method using Rietica Rietveld
software. Ni powder serves as an internal standard for peak
position determination. Morphologies of the samples were
observed by field emission scanning electron microscopy
(FE-SEM) (JEOL JSM-6700). The specific loading contents
of Pt for all samples were measured by Inductively Coupled
Plasma OES spectrometer (ICP) (Ultima2). UV-vis diffuse
reflectance spectra of the samples were obtained using a
Varian Cary 500 UV-vis-NIR spectrometer. Infrared spectra
of the samples were measured on a Perkin-Elmer IR spec-
trophotometer at a resolution of 4 cm−1 using the KBr pellet
technique.

2.3. Photocatalytic Activity Evaluation. Photocatalytic activ-
ities test of samples was implemented on a UV light pho-
toreactor, which was constructed by a quartz tube (4.6 cm
in inner diameter and 17 cm in length) surrounded by
four UV lamps (λ = 254 nm, 4 W). Methyl orange (MO)
was taken as a probe molecule for evaluating the photo-
catalytic activity. All experiments were performed at room
temperature. Namely, 100 mg of the sample was dispersed
in 100 mL MO (10 mg/L) solution and magnetically stirred
for 5 h to establish adsorption/desorption equilibrium of
MO solution on the sample surfaces before illumination.
Then, the suspension solution was irradiated by light and

collected at a regular time interval. Finally, the collected
solution was centrifuged at a rate of 8500 rpm to remove
the solid power and UV-vis absorption spectra of the
supernatant were measured with a Perkin-Elmer UV lambda
35 spectrophotometer.

3. Results and Discussion

Figure 1 shows the SEM images of pure TiO2 and 1.0-Pt-
TiO2 samples. It is explicit to found that pure TiO2 sample
exhibits a microsize spherical morphology as constructed
by bundles of nanowires, in which nanowires grew from
the center of microsphere to the outward surface along
with the direction [001], exposing the outer surface (110)
of nanowire and tip (001) of nanowire while keeping a
roughly parallel configuration [19]. Upon photoreduction
deposition, very small Pt particles are dispersed uniformly
onto the microspheres, since there are no obvious changes
in the microsphere morphology. Further, Pt deposited onto
the microspheres is in metallic state as indicated by XPS and
TEM [20].

The exact loading contents of metal Pt for all samples
were determined by ICP. For sample 0.1-Pt-TiO2, the Pt
content measured was 0.1 wt%, which is close to the initial
one. With increasing the initial Pt content, the corresponding
measured Pt increased, such as from 0.43 wt% for 0.5-Pt-
TiO2 to 0.85 wt% for 1.0-Pt-TiO2 and further to 1.46 wt%
for 3.0-Pt-TiO2.

XRD patterns for TiO2 microspheres with and without Pt
deposition were shown in Figure 2. Without Pt deposition,
TiO2 microspheres were highly crystallized, as indicated by
strong diffraction peaks. All diffraction peaks matched well
with the standard diffraction data for rutile phase (JCPDS,
No. 21-1276), which demonstrated the formation of a pure
rutile phase for TiO2 microspheres. After Pt deposition,
no significant changes were seen in XRD patterns. Based
on the Scherrer formula’ calculation, the primary particle
sizes for TiO2 samples with and without Pt modification
were all about 6.2 nm. Therefore, Pt modification has no
apparent influence on the particle size of TiO2 microspheres.
Besides this, no traces of metal Pt were detected from the
XRD patterns in the Pt-TiO2 series samples, regardless of Pt
content. One of the primary reasons for this phenomenon is
that Pt content in Pt-TiO2 samples is too low to be detected.

Further, Pt deposition has no apparent effects on the
lattice structure of rutile TiO2. As indicated by structural
refinements, the lattice parameters of all samples almost
kept the same within the experimental errors. For instance,
the lattice parameters for 3.0-Pt-TiO2 were a = 0.46143
(±0.00009) nm and c = 0.29582 (±0.00006), respectively,
which are closer to that of a = 0.46160 (±0.0005), c =
0.29622 (±0.0004) of pure TiO2. Combining the analytic
results of SEM and XRD, it can be concluded that the
structure of rutile TiO2 microspheres remained unchanged
after Pt loading.

It is well known that the premise of photocatalytic reac-
tion is the adsorption of incidence light by catalysts. There-
fore, UV-visible diffuse spectrum measurements appear to
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Figure 3: UV-visible diffusion reflectance spectra of TiO2 microspheres with Pt loaded.

be particularly important. Figure 3 shows the UV-visible
diffuse reflectance spectrum (UV-Vis DRS) of all samples
prepared. PureTiO2 microspheres reflect above 90% visible
light and all samples showed intense absorbance in the UV
region (200 < λ < 400 nm). Differently, as the content of
Pt loading increases, strong plasma response was observed
in the visible region. Pt deposition is thus playing a critical
role in the visible light adsorption because highly dispersed
Pt nanoparticles can absorb nearly all the incident light
[21]. It is worth emphasizing that this absorbance of visible
light does not contribute a lot to the UV-light activity likely
because visible light with a low energy does not allow an
efficient light excitation.

Degradation of MO molecules is employed for the pho-
tocatalytic property evaluation of the samples. Specific
degradation rate of MO molecule in the solution is moni-
tored by examining the intensity variation of characteristic
absorption peak of MO at 464 nm. As shown in Figure 4,
all Pt-loaded microspheres exhibited a fast degradation of
MO molecules. Particulary in the starting 30 min, all Pt-
loaded microspheres showed a high removal of MO molecule
beyond 67%, while less than 27% MO molecules were
degraded by the pure TiO2 microspheres in this period
of irradiation (Figure 4(c)). Moreover, the photocatalytic
performance of 1.0-Pt-TiO2 sample is comparable with that
of P25. Further, with increasing the Pt loading content,
the photocatalytic activities became better, as indicated by
the observation that the complete degradation time of MO
became shortened from 80 min to 40 min as the loading
quantity increased from 0.1 wt% to 0.85 wt%. Loading con-
tent to 0.85 wt% led to an optimum photocatalytic activity
as indicated by a fast degradation of MO molecule in 40 min.
However, higher Pt loading does not always mean high

photocatalytic efficiency. For instance, the photocatalytic
efficiency of 3.0-Pt-TiO2 was only half of that for 1.0-Pt-TiO2

in the whole photocatalytic process.
The optimized photocatalytic activities with Pt loading

described above might be interpreted as follows. Firstly,
loading metal Pt onto surfaces of TiO2 microspheres is
beneficial for electronic transfer that decreases the recombi-
nation of photoinduced electrons and holes and thereby can
greatly enhance the photoquantum efficiency. Nevertheless,
too much metal Pt loadings may hinder the direct interaction
between the incident light and microspheres, which leads
to an incomplete excitement of photocatalysts. On the
other hand, Pt nanoparticles loaded may attract holes to
serve as recombination centers through recombining with
electrons, which leads to a decrease in quantum efficiency
[22]. As proposed in Scheme 1, metal Pt loaded was
mainly deposited onto the face (110) and photogenerated
electrons migrated predominantly along the direction [110]
to metal Pt [20]. However, too much Pt loading led to the
covering of the external surface of TiO2 microsphere with
Pt nanoparticles (Scheme 1(b)), which contribute negatively
to the photocatalytic activity because of the not enough
direct interaction between incident light and semiconductor.
Consequently, overfull Pt loading does not help to increase
the photocatalytic activity. Also, the above phenomenon
indicates that metal Pt loading only favored to the transfer
of electrons and does not possess photocatalytic activity
inherently or the activity is far less than TiO2 sample
prepared in this work.

FT-IR spectra of PureTiO2 and 1.0-Pt-TiO2 samples after
MO degradation were given in Figure 5. For comparison, the
FT-IR spectrum for PureTiO2 microspheres was also shown.
The surface chemistry of the microspheres is characterized
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Figure 4: (a) Typical time-dependent absorption spectra of MO solution in the presence of 3.0-Pt-TiO2 under ultraviolet light irradiation;
(b) C/C0 as a function of irradiating time of MO solution for different samples in 90 min under UV light irradiation; (c) degradation rate for
different Pt loading content of TiO2 after irradiation for 30 min under UV light with a wavelength of 254 nm irradiation. The photocatalytic
performances of PureTiO2 and commercial P25-TiO2 were measured in the same conditions for comparison.

by a band observed around 1625 cm−1 for the H–O flexural
vibration [23] and the bands centered at 1250 and 1155 cm−1

for the vibrations of –C–O– bonds. The lattice nature for the
microspheres is represented by the bands observed between
700 and 500 cm−1 for the stretching bending vibrations of
TiO2, the band around 500 cm−1 for the stretching vibration
of Ti–O–Ti, and that around 600 cm−1 for bending vibration
band of Ti–O and O–Ti–O. It is striking that some new weak
bands appeared at 1250 and 1155 cm−1 for both PureTiO2

and 1.0-Pt-TiO2 after photocatalytic reaction, which are not
observed before the photocatalytic reaction as for PureTiO2.
These new bands are probably due to the residual segments

of the organic molecules degraded. Moreover, the vibration
signals of these new bands for PureTiO2 sample are stronger
than those for 1.0-Pt-TiO2 sample, which indicates that the
adsorbed residual organic pieces after MO degradation by
PureTiO2 are much more. Therefore, Pt loading is in favor
of the complete degradation of organic molecules.

Based on the previous experimental results, one can
see that loading metal Pt onto TiO2 microspheres greatly
improved the photocatalytic efficiency. This finding can be
explained in terms of the special assembly structure of TiO2

microspheres and the interfacial interactions between metal
Pt and microspheres. As shown in Scheme 2, excitement of
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tocatalytic reaction; (c) PureTiO2 sample before photocatalytic
reaction.

microspheres by ultraviolet light leads to the separation of
photogenerated electron-hole pairs. Since the work function
of metal Pt is ϕm = 5.36 eV, larger than that of 4.2 eV
for the face (110) of TiO2 [24], the Femi energy level
for microspheres locates above that of metal Pt. Therefore,
electrons can easily transfer from the conduction band of
TiO2 to metal Pt. Continuous transfer of electrons leads to
the formation of Schottky barriers at the interfaces between
Pt and TiO2 microspheres. Due to the existence of Schottky
barriers [7], reverse process for electrons migration from
metal Pt to TiO2 is hard to occur. Therefore, recombination
of photogenerated electrons and holes can be efficiently
inhibited and photoquantum efficiency increased sponta-
neously.
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Scheme 2: Reaction mechanism proposed for the photocatalytic
removal of MO molecules.

It is well known that the separation of light-induced
electron-hole pairs is critical in the photocatalytic reac-
tion. However, some photochemical processes except for
the enhancement of photoquantum efficiency are hardly
discussed. For example, the highly efficient utility of photo-
generated electrons and holes in photo-degradation process
plays an important role in enhancing the photocatalytic
efficiency. In our recent work, self-assembled TiO2 micro-
spheres sample has been found to exhibit a giant dielectric
property [25], which is closely related to the cavities structure
in between the parallel adjacent nanowires within the
microspheres that can be taken as microcapacitors. These
microcapacitors possess a giant dielectric constant and there-
fore might provide a superior electronic storage capacity.
Because the production of light-induced electrons is faster
than the degradation of MO molecule in photocatalytic reac-
tion, compensating the time difference of photogenerated
electrons and degradation reaction participated by electrons
is pretty necessary. Due to the existences of microcapacitors,
the accumulation and releasing of electrons can enhance
the utility of electrons, while avoiding the recombination of
electrons and holes. Therefore, dual roles from Pt deposition
and special structure of TiO2 microspheres contribute to
the efficient separation of light-induced electrons and holes
that greatly enhances the utility of electrons in favor of the
optimum photocatalytic activities.
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4. Conclusions

We have fabricated the Pt-TiO2 microspheres by a solu-
tion chemistry with a subsequent Pt loading through a
photoreduction. Pt loading led to an efficient separation
of photogenerated electron-hole pairs. Meanwhile, electrons
stored in the “microcapacitor” of TiO2 microspheres con-
tributed to the enhancement of photocatalytic activity under
UV light irradiation. Varying the Pt loading content gives
rise to an optimum catalytic efficiency. By monitoring the
surface chemistry of Pt-TiO2 microspheres before and after
photocatalytic reactions, we found that the degradation of
MO molecules was more complete in the presence of Pt
loading.

Acknowledgments

This work was financially supported by NSFC (no. 20773132,
20771101), National Basic Research Program of China
(2007CB613306), and Directional program CAS (KJCXZ–
YWM05). The authors declare no conflict of interest.

References

[1] M. L. Chen and W. C. Oh, “The improved photocatalytic
properties of methylene blue for V2O3/CNT/TiO2 composite
under visible light,” International Journal of Photoenergy, vol.
2010, Article ID 264831, pp. 1–5, 2010.

[2] L. Zhao, J. Ran, Z. Shu, S. Wang, G. Dai, and P. Zhai, “Effects of
calcination temperatures on photocatalytic activity of ordered
titanate nanoribbon/SnO2 films fabricated during an EPD
process,” International Journal of Photoenergy, vol. 2012, 2012.

[3] N. A. Jamalluddin and A. Z. Abdullah, “Reactive dye degrada-
tion by combined Fe(III)/TiO2 catalyst and ultrasonic irradi-
ation: effect of Fe(III) loading and calcination temperature,”
Ultrasonics Sonochemistry, vol. 18, no. 2, pp. 669–678, 2011.

[4] Y. Zhang, J. Xu, P. Xu, Y. Zhu, X. Chen, and W. Yu, “Decoration
of ZnO nanowires with Pt nanoparticles and their improved
gas sensing and photocatalytic performance,” Nanotechnology,
vol. 21, no. 28, Article ID 285501, pp. 1–7, 2010.

[5] J. Pan, S.-M. Hühne, H. Shen et al., “SnO2-TiO2 Core-shell
nanowire structures: investigations on solid state reactivity
and photocatalytic behavior,” Journal of Physical Chemistry C,
vol. 115, no. 35, pp. 17265–17269, 2011.

[6] S. J. Kim, N. H. Lee, H. J. Oh, S. C. Jung, W. J. Lee, and D. H.
Kim, “Photocatalytic properties of nanotubular-shaped TiO2

powders with anatase phase obtained from titanate nanotube
powder through various thermal treatments,” International
Journal of Photoenergy, vol. 2011, pp. 1–7, 2011.

[7] A. L. Linsebigler, G. Lu, and J. T. Yates, “Photocatalysis on
TiO2 surfaces: principles, mechanisms, and selected results,”
Chemical Reviews, vol. 95, no. 3, pp. 735–758, 1995.

[8] C. Chen, W. Ma, and J. Zhao, “Semiconductor-mediated pho-
todegradation of pollutants under visible-light irradiation,”
Chemical Society Reviews, vol. 39, no. 11, pp. 4206–4219, 2010.

[9] C. Wang, L. Yin, L. Zhang, N. Liu, N. Lun, and Y. Qi,
“Platinum-nanoparticle-modified TiO2 nanowires with en-
hanced photocatalytic property,” ACS Applied Materials and
Interfaces, vol. 2, no. 11, pp. 3373–3377, 2010.

[10] J. A. Byrne, P. A. Fernandez-Ibañez, P. S. M. Dunlop, D. M. A.
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TiO2 nanotube film is a promising photocatalyst associated with its unique physical and chemical properties such as optic,
electronic, high specific surface area. Liquid-phase decomposition provides a feasible way for the preparation of functional thin
film. This paper reviews and analyzes the formation mechanism of TiO2 nanotube film by liquid phase deposition. The effect of
preparation parameters, such as the kinds of electrolyte solution for the preparation of anodic alumina template, volume fraction
of Al2O3 on the template, the concentration of the deposition solution, and heat treatment, on the formation of TiO2 nanotube
film has been analyzed. The effects of doping of metallic and nonmetallic elements on the photocatalytic activity of TiO2 nanotube
have been discussed.

1. Introduction

Nowadays, humans are more and more concerned about
environmental issues. Large amounts of organic pollutants
are being released into the ecosystem over the past few de-
cades and they cause a serious threat to the environment [1].
Researchers all over the world have been working on various
approaches to address the issue. In the past decades, the
traditional physical techniques, such as adsorption, biolog-
ical treatment, coagulation, ultrafiltration, and ion exchange
on synthetic resins, have been adopted for the removal of
organic pollutants from wastewaters [2]. However, these
methods might cause secondary pollution, and degradation
of organic pollutants is usually incomplete and selective.

Since the discovery of photocatalytic splitting of water
on TiO2 electrodes by Fujishima and Honda in 1972 [3],
heterogeneous photocatalysis has attracted much attention
as a new purification technique for air and water [4–6].
Titania nanostructures have been widely investigated for
applications in optical devices [7], gas sensors [8], and dye-
sensitized solar cells [9]. Titania semiconductor photocat-
alysts have demonstrated advantages such as transparency
[10], wide bandgap [11], biological and chemical inertness
[12, 13], strong oxidizing capability, and nontoxicity [14].
So titania exhibits good performance on the degradation of
organic pollutants under ultraviolet radiation. Many other

photocatalysts such as CdS, WO3, and SrTiO3 also exhibit a
certain photocatalytic activity [15–17].

Crystalline titania has many morphologies such as nano-
fibers, nanoparticles, nanorods, nanospheres, nanotubes,
and nanowires [18–20]. Titania nanotubes are highly effi-
cient in photocatalysis since titania nanotubes have a rel-
atively higher interfacial charge transfer rate and surface
area compared with the spherical TiO2 particles [21]. Many
approaches have been developed for the preparation of TiO2

nanotubes, that is, chemical vapor deposition (CVD), anodic
oxidation, seeded growth, the wet chemical (hydrothermal
method and the sol-gel method) [22–24], and liquid-phase
deposition of templates. Among these methods, liquid-phase
deposition (LPD) of template method is one of the simplest
and most practical one to fabricate TiO2 nanotubes, since
it has so many advantages such as low cost, mild reaction
condition, simple equipment requirement and allows TiO2

films to be deposited over large areas.

2. Liquid-Phase Deposition of Template
Method: Formation of Titania Nanotubes

A variety of oxide nanohole sheets have been prepared by
a liquid-phase deposition method. The liquid-phase depo-
sition can be applied readily to the preparation of thin films
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on various types of substrates with large surface areas and a
variety of morphologies, since the LPD is performed in an
aqueous solution. In the LPD process, using anodic alumina
template as a scavenger and starting materials, the metal
oxide films can be fabricated by only one-step reaction.
The liquid-phase deposition of template method consists of
two major steps: (a) preparation of anodic aluminum oxide
templates; (b) liquid-phase deposition.

Anodic alumina oxide (AAO) has been used as template
for the fabrication of several kinds of functional devices
with nanometer dimensions due to its unique structure,
such as controllable pore diameter, extremely narrow pore
size distribution, and ideally cylindrical pore shape [25–30].
Since the diameter of the cylindrical pores of the templates
can be varied between 10 and 200 nm by altering the prepa-
ration conditions, the templating method has a number
of interesting and useful features for the production of
microscopically tailored materials [31]. The AAO films with
an ordered array of holes [32–36] can be used as templates for
the preparation of nanotubes, nanowires [37–42], nanodots,
and nanopillars [43–45] as well as micro-electromechanical
systems (MEMSs) devices [46]. The AAO films with pore
diameter ranging from 4 to 250 nm, density as high as
1011 pores/cm−1, and film thickness varying from 0.1 to
300 μm, have been realized [37, 38]. The anodic aluminum
oxide template has been widely applied in the preparation
of various nanomaterials. Highly ordered polycrystalline
Si nanowire arrays were synthesized with porous anodic
aluminum oxide templates by chemical vapor deposition
[47].

We made the highlighted changes according to the list to
references. Please check.

Yamanaka et al. have prepared titania nanotubes suc-
cessfully with anodic aluminum oxide (AAO) templates as
precursor by liquid-phase deposition method [48] and the
morphology of the AAO templates and titania nanotubes
formed is shown in Figure 1. The AAO templates have
many pores and their mean sizes are approximately 200 nm
(Figure 1(a)), and titania nanotubes formed keep the mor-
phology of AAO with nearly the same size (Figure 1(b)). The
titania nanotubes array which consist of many grains with
approximately 20 nm in diameter have the thickness as high
as about 50 μm, as shown in Figures 1(c) and 1(d). In the
past, AAO templates had to be stripped from the aluminum
substrates and removed the barrier layers. However, the AAO
templates made in this way are brittle, so it is limited to
fabricate large area nanotube array. Jiang et al. prepared
titania nanotubes in a large scale by LPD method using
AAO templates without stripping from the Al substrates [49],
which provided a simple and feasible way for the preparation
of the TiO2 films in a large scale.

3. Liquid-Phase Deposition of
Template Method: Formation Mechanism of
Titania Nanotubes

3.1. Formation Mechanism of AAO Template. The titania
nanotubes are synthesized in situ on the anodic aluminum

oxide templates. So the morphology of the titania nanotubes
is correlated with the morphology of AAO templates. There
are two types of aluminum oxide films prepared by anodizing
the aluminum: barrier type and porous type [50]. The
barrier-type AAO template is formed by anodizing Al foil
in the electrolyte solution such as citric acid, boric acid, and
glycolic acid in which Al has very low solubility. However,
the porous-type AAO template can be formed by anodizing
in the electrolyte solution such as sulfuric acid, oxalic acid,
and phosphoric acid in which Al has better solubility. Taking
oxalic acid as an example, the reaction equations can be
written as below [51].

Cathode Reaction:

2H+ + 2e −→ H2 ↑ (1)

C2O4
2− + 6H+ + 4e −→ CH2OH · COOH + H2O (2)

Anode Reaction:

6OH− − 6e −→ 3H2O + 3[O] (3)

2Al + 3[O] −→ Al2O3 (4)

Al− 3e −→ Al3+ (5)

H2C2O4 − 2e −→ 2H+ + 2CO2 (6)

At the beginning of the anodizing process, the amor-
phous oxide is formed. Oxide is dissolved with the electric
field enhancement, leading to the formation of porous oxide.

3.2. Formation Mechanism of Titania Nanotubes. Imai et al.
first reported that crystalline titania films could be deposited
from aqueous solutions of TiF4 at PH1-3 and the hydrolysis
of TiF4 in solution occurred in a stepwise manner to produce
titania [31]:

TiF4 −→ Ti(OH)4−xFx −→ TiO2 (7)

Titania forms on the inner walls of the nanochannels of
the alumina template through heterogeneous nucleation and
then grows into nanotubes which keep the porous morphol-
ogy of alumina.

Using anodic alumina films as the templates, the follow-
ing chemical reactions might take place:

[TiF6]2− + (n + 2)H2O ⇐⇒ TiO2 · nH2O + 4H+ + 6F− (8)

Al2O3 + 12H+ + 12F− ⇐⇒ 2H3AlF6 + 3H2O (9)

Therefore, TiO2 can be formed by the hydrous reaction of
TiF6

2− accompanied by an F− consuming reaction, where
Al2O3 is taken as scavenger for F−. The equilibrium reaction
(8) is shifted to the right side by the reaction of Al2O3,
H+ and F−, since Al2O3 reacts readily with F− ions to
give the more stable AlF6

3−. The product TiO2 · nH2O
deposits in situ on anodic alumina template. We present
an illustration for the formation of titanium hydrous oxide
nanotubes array films [52], as shown in Figure 2. When
the AAO templates are immersed into (NH4)2TiF6 solution,
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Figure 1: FE-SEM photographs of the titania nanohole arrays: (a) surface morphology of anodic alumina as starting material, (b) surface
morphology of titania nanohole array, (c) cross-section of titania nanohole array, and (d) cross-section detailing (c) [48].

(a) (b) (c)

Al substrateAl substrateAl substrate

Al2O3

Hydrous titanium oxide
Al2O3 Hydrous titanium oxide

Figure 2: Schematic diagram of the formation of the titania nanohole array: (a) before deposition, (b) during deposition, and (c) after
deposition [52].

the hydrolysis of reaction of [TiF6]2− takes place at the
surface. Hydrous titanium oxide deposits in situ on the
AAO templates, accompanied with the consumption of AAO
templates, as shown in Figure 2(b). Hydrous titanium oxide
is formed from the surface to the inner part of AAO template
with the prolonging of the reaction time (Figure 2(c)). After
calcinations, TiO2 nanotubes can be formed.

Kanawori et al. described the formation mechanism by
the addition of boric acid [43] which is used as scavenger for
F− ion. The reactions are shown below.

[TiF6]2− + nH2O ⇐⇒ [Ti6-n(OH)n]2− + nHF (10)

BO3
3− + 4F− + 6 h+ ⇐⇒ BF− + 3H2O (11)
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Boric acid promotes reaction (10) to the right side by
consuming F−, leading to the formation of hydrous titanium
oxide.

4. Factors Influencing the Formation and
Photocatalytic Activity of
Titania Nanotube Film

There are several factors which affect the formation of titania
nanotubes: (a) the electrolyte solution used to prepare AAO
templates (such as phosphoric acid, oxalic acid, and sulfuric
acid), (b) oxidation temperature, (c) anodizing voltage, (d)
oxidation time, (e) the concentration of the deposition
solution, (f) deposition temperature, (g) deposition time,
and (h) the temperature of heat treatment. These factors can
be summarized as (1) the preparation parameters of AAO
template, (2) liquid-phase deposition parameters, (3) Heat
treatment. The characteristics and morphology of titania
nanotubes such as specific surface area, film thickness, crystal
structure and others are dependent on the selected above-
mentioned conditions.

4.1. Effect of Preparation Parameters of AAO Template on
the Morphology of TiO2 Nanoarrays. The AAO templates are
prepared with a modified two-step anodization process.
The pore size, pore density, and the thickness of the AAO
template are approximately proportional to the anodization
voltage, but the quality of the ordering in the AAO structure
also highly depends on the first anodization time [34].
Zhang et al. anodized aluminum in a 0.3 M oxalic acid
solution with outer voltage of 40 V at 0◦C for different time.
After removing the preliminary oxidization layer, the second
anodization was carried out at 0◦C for about 1 h under the
same conditions as the first anodization step. Afterward, the
AAO template was immersed into a 5 wt% phosphoric acid
solution to widen the nanochannels. The outer diameter
of the AAO pore is 180 nm, and the wall thickness of the
AAO pore is 55 nm [53]. Jiang et al. used 10% phosphoric
acid instead of oxalic acid to oxidize aluminum with outer
voltage of 120 V at room temperature for 1 h. Then the
aluminum was immersed in the 1.8% H2CrO4 : 6% H3PO4 =
1 : 1(volume ratio) mixed solution to remove preliminary
oxidization layer. The second anodization step was the same
as the first anodization step but for 4 h [49]. After widening
the nanochannels, the AAO templates were obtained with
larger aperture than the AAO templates made in oxalic acid.
We also find in our work that the anodic alumina templates
prepared in oxalic acid have relatively small pore diameter, as
shown in Figure 3(a). The mean outside diameter and inside
diameter of that prepared in oxalic acid are about 100 nm
and 25 nm, respectively. On the other hand, the templates
prepared in phosphoric acid have large pore diameter, as
shown in Figure 3(b), that is, the mean outside diameter of
the tubule and inside diameter are about 250 nm and 150 nm,
respectively. The pores in all the templates are uniform and
arranged regularly. The pore size formed in the membrane
is related to the anodizing voltage applied in the electrolyte.
It is reported that the maximum anodizing voltage applied
in the electrolyte is in the order phosphoric acid > oxalic

acid. The anodizing process will be blocked when a voltage
higher than Vmax is employed. To obtain the template with
large pores, high anodizing voltage should be applied in
the electrolyte; therefore, anodic alumina template prepared
with phosphoric acid has the larger pore size.

We have studied the relationship between volume frac-
tion of Al2O3 in the template and the morphology of TiO2

nanoarray [54]. When the volume fraction of Al2O3 in the
template is more than 0.71, such as the template prepared
in oxalic acid, the ordered aligned titania nanorods can be
obtained (Figure 3(c)) whereas the ordered aligned titania
nanotubes can be synthesized when the volume fraction
of Al2O3 in the template (e.g., the template prepared in
phosphoric acid) is less than 0.71, as shown in Figure 3(d).
Therefore, the morphology of TiO2 nanoarray depends
on the volume fraction of Al2O3 in the template which
can be controlled by the preparation parameters of AAO
templates.

4.2. Effect of Concentration of the Deposition Solution. The
concentration of the deposition solution should be con-
trolled in an appropriate value. In our study, it is found that
0.1 mol/L (NH4)2TiF6 is suitable for the deposition, and the
morphology of TiO2 nanotube is shown in Figure 4(b). If
the concentration of the deposition solution is too low, only
a small number of TiO2 nanotubes can be produced with a
large amount of alumina remained, as shown in Figure 4(a).
If the concentration of the deposition solution is too high,
the reaction is so severe that parts of TiO2 nanotubes will be
destroyed (Figure 4(c)).

4.3. Effect of Heat Treatment. TiO2 prepared by LPD method
exhibits as amorphous phase [57]. It is well known that it
shows poor photocatalytic activity since amorphous TiO2

has defects in its crystal structure. To prepare anatase TiO2

with a high surface area and good crystallization is essential
to improve the photocatalytic activity. Calcination is a simple
way for the crystallization of TiO2. When annealing at
400◦C for 2 h, the amorphous TiO2 films change to anatase
phase [52, 58]. With increasing calcination temperature, the
photocatalytic activity increases due to the formation of
anatase TiO2 and the improvement of crystallization [59].
With further increase in the calcination temperature from
600 to 800◦C, the photocatalytic activity rapidly decreased
due to the vanishing of anatase phase, collapse of nanotube
structures, and decrease of surface areas [60]. TiO2 has
three types of crystal structures: anatase, rutile, and brookite.
Among them, the anatase films show best photocatalytic
property. It is also found that a mixed phase of anatase and
rutile or brookite shows excellent photocatalytic ability [61]
due to the reduction of the combination probability of the
hole-electron pairs.

Recently, vapor-thermal treatment can be applied to the
crystallization of TiO2. In vapor-thermal treatment, the as-
prepared TiO2 nanotube array film was placed on the sup-
port to avoid direct contact with the water, which was then
placed into a 100-mL stainless steel autoclave with a 100 mL
Teflon linear. Two mL distilled water was added into the
linear. This method is different from hydrothermal method,
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Figure 3: FE-SEM of titanium oxide nanotubes array films: (a) AAO membrane (oxalic acid), (b) AAO membrane (phosphoric acid), (c)
surface morphology of titanium oxide nanotubes array films (oxalic acid), and (d) surface morphology of titanium oxide nanotubes array
films (phosphoric acid) [54].

in which the TiO2 nanotube array film was put into Teflon-
lined autoclave, which was then filled with water up to 80%
of the total volume. The vapor-thermal-treated films have
better crystallization than the calcined films and remained
tubular structures compared with the hydrothermal-treated
samples. So the vapor-thermal treatment exhibits better
photocatalytic activity than the calcined and hydrothermal
treated films (Figure 5) [55].

5. Modification of Titania
Nanotube Photocatalysts

In order to improve the photocatalytic activity, various ap-
proaches, such as nonmetal anions doping, surface improve-
ment with noble metal, transition metal cation doping, and
semiconductor composite, have been attempted to hamper
the recombination of the photogenerated hole-electron pairs
in the photocatalysis [62].

Nonmetal dopants, such as N, S, C, and P have been
applied in the photocatalysis to broaden the utilization of
solar energy in visible region [63–65]. Asahi et al. [66] found
that the substitutional doping of N was the most effective
for its contribution to the bandgap narrowing by mixing its

p states with O 2p states. Although doping with S shows a
similar band-gap narrowing, it is difficult to incorporate it
into the TiO2 lattice. The states introduced by C and P are too
deep in the gap to overlap sufficiently with the band states
of TiO2 to transfer photoexcited carriers to reactive sites at
the catalyst surface within their lifetime. However, sulfur
doping has been reported to have better photoabsorption
as compared to nitrogen doping [63]. Compared with the
single-element doping, the codoped TiO2 can provide better
photocatalytic performance. Synergistic effect of doped S and
N forms a new band above the valence band and narrows the
band-gap of the photocatalyst, leading to photo-absorption
and catalytic activity in the visible light region [67].

Some researchers fabricated metal-doped TiO2 films.
Zhao et al. successfully prepared Zn-doped titania nan-
otubes, which was about 20 nm red shift in the spectrum of
UV-vis absorption compared with TiO2 nanotubes [68]. Fe-
doped titania nanotubes improve the photocatalytic ability
of titania by hindering the recombination of photogenerated
hole electron and a stronger absorption in the 410–650 nm
range [69, 70]. The photocatalytic performance of a series
of Pt/RE/TiO2 photocatalysts has been investigated. The
activities of all rare-earth-doped TiO2 samples have been
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Figure 4: SEM micrographs of TiO2 nano tubes prepared with different concentration of deposition solution ((NH4)2TiF6): (a) 0.05 mol/L,
(b) 0.1 mol/L, (c) 0.3 mol/L.
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Figure 5: Comparison of photocatalytic activity of the TNs samples before and after treatment for the photocatalytic decomposition of MO
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Figure 6: SEM (a, b) and TEM (c, d) images of self-organized TiO2 NTs (a, c) and BiOI/TiO2 NTs (b, d). (a) Top and side (inset) view SEM
images of the unmodified TiO2 NTs. (b) Top SEM image of BiOI/TiO2 NTs. (c) TEM images of the unmodified TiO2 NTs. (d) TEM images
of BiOI/TiO2 NTs [56].

increased compared to those of pure TiO2 in the order:
La/TiO2 > Sm/TiO2 > Eu/TiO2 > Dy/TiO2 > Er/TiO2. It
is shown that the transformation from anatase to rutile
has been prevented, which can enhance the activities of the
photocatalysts. The data of lattice distortion implies that
Ti4+ can enter (antidope) into rare earth oxide that exists
on the surface of titanium dioxide. The flat-band potential
of conduction of RE/TiO2 has been shifted negatively since
the lattice distortion raises the Fermi level, which causes
flat-band potential of the conduction of TiO2. As a result,
the photoinduced electrons of the conduction band have
stronger reduction capability and thus the photocatalytic
activity is improved [71].

Chen et al. studied the doping effect of eight transition
metal ion dopants on the crystal phase and the photore-
activity of TiO2 nanoparticles [72]. Among all the eight
doping metal ions of Zn2+, Fe3+, Cu2+, Co2+, Ni2+, Cr3+,
V5+, and Mn2+, Fe3+ and Ni2+ ions doping can improve
the photocatalytic activity of TiO2 effectively. In general, red
shift occurs to Ni-doped TiO2 nanoparticles. Among the
ions investigated, Ni-doped TiO2 nanoparticles have shown
highest photoreactivity at the concentration of 0.002 at.%,
about 1.9 times that of the pure TiO2. Ion doping is shown
to reduce the diameter and influence the fraction of anatase.

Data also indicates that the combination of anatase diameter
and ion radius might play an important role in the pho-
toreactivity of TiO2 nanoparticles. Apart from the transition
metal ions shown above, the noble metal nanoparticles such
as silver can also improve the photocatalytic activity of TiO2

[73].
Coupling TiO2 films with other semiconductors is con-

sidered as a good way because coupling two semiconductors
with different redox energy levels can increase the charge
separation for their corresponding conduction and valence
bands [74, 75]. WO3 is an appropriate material to couple
with TiO2 because WO3 has a suitable conduction band
potential to allow the transfer of photogenerated electrons
from TiO2 facilitating effective charge separation [76]. How-
ever, coupled WO3 did not shift the optical absorption to the
visible region. The improvement of photocatalytic activity
is attributed to the increased surface acidity, better separa-
tion between photoinduced carriers, and higher content of
anatase [77]. BiOI is an attractive p-type semiconductor with
a narrow bandgap of 1.94 eV, which is introduced to prepare
p-n junction BiOI/TiO2 nanotube arrays. After being coated
with BiOI, the space between individual nanotube of TiO2

has been filled and the wall thickness of TiO2 nanotubes
increases by ca. 8 nm (Figure 6). Meanwhile, the Fermi level
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Figure 7: Schematic diagrams for (a) energy bands of p-BiOI and n-TiO2 before contact and (b) the formation of a p-n junction and its
energy band diagram at equilibrium and transfer of photoinduced electrons from p-BiOI to n-TiO2 under visible-light irradiation [56].

of BiOI is moved up, while the Fermi level of TiO2 is moved
down until an equilibrium state is formed (Figure 7). Thus,
the photogenerated electron-hole pairs will be separated
effectively by the p-n junction formed in the p-BiOI/n-
TiO2 interface, and the recombination of electron-hole pairs
can be reduced. So the p-n junction BiOI/TiO2 nanotube
arrays can display much greater photoelectrocatalytic activity
under visible-light irradiation [56]. We prepared TiO2/SiO2

composite nanotube photocatalysts by the anodic aluminum
oxide (AAO) liquid-phase deposition method [78]. The Ti-
O-Si bonds are formed on the surface and the surface
hydroxyl concentration is increased, resulting in enhanced
photocatalytic activity, being about 20% higher than pure
TiO2 films. Moreover, the TiO2/SiO2 composite exhibits a
wider conduction band which would effectively prohibit
recombination of photogenerated electrons and holes.

6. Conclusions

This paper reviews a serial study of TiO2 nanotube films
prepared by liquid-phase deposition based on the template-
based growth. The formation mechanisms of anodic alumina
template and TiO2 nanotube film have been discussed.
The morphology of TiO2 is affected by the morphology
of anodic alumina. High anodizing voltage and phosphoric
acid are favorable for the formation of large pore alumina
template. The volume of alumina in the template affects the
morphology of TiO2 nanoarray films. Using the template
with a certain volume fraction of Al2O3 (less than 0.71),
the ordered aligned titania nanotubes can be obtained.
Proper concentration of deposition solution (0.1 mol/L
(NH4)2TiF6) and proper calcinations temperature (400◦C)
are favorable for the production of TiO2 nanotube films.

Doping of metal and nonmetal elements can improve the
photocatalytic activity.
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“Template-confined growth and structural characterization of
amorphous carbon nanotubes,” Chemical Physics Letters, vol.
373, no. 5-6, pp. 580–585, 2003.

[30] S. Z. Chu, K. Wada, S. Inoue, and S. Todoroki, “Fabrication of
oxide nanostructures on glass by aluminum anodization and
sol-gel process,” Surface and Coatings Technology, vol. 169-170,
no. 2, pp. 190–194, 2003.

[31] H. Imai, Y. Takei, K. Shimizu, M. Matsuda, and H. Hirashima,
“Direct preparation of anatase TiO2 nanotubes in porous
alumina membranes,” Journal of Materials Chemistry, vol. 9,
no. 12, pp. 2971–2972, 1999.

[32] H. Masuda and K. Fukuda, “Ordered metal nanohole arrays
made by a two-step replication of honeycomb structures of
anodic alumina,” Science, vol. 268, no. 5216, pp. 1466–1468,
1995.

[33] H. Masuda and M. Satoh, “Fabrication of gold nanodot
array using anodic porous alumina as an evaporation mask,”
Japanese Journal of Applied Physics, vol. 35, no. 1, pp. L126–
L129, 1996.

[34] A. P. Li, F. Muller, A. Birner, K. Nielsch, and U. Gösele,
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TiO2 nanotubes (TNTs) were fabricated by electrochemical oxidation of Ti foil in a standard two-electrode cell-containing NH4F.
The effects of bath temperature, voltage ramp prior to constant voltage held during anodization and present of complexing agent
on the crystalline phase, nanotube growth, and dimensional change of TNT were investigated using XRD and FESEM. The results
show that tube length decreases with bath temperature attributed to faster chemical dissolution rate at high temperature. However,
nanotubes growth rate was enhanced by ∼260% with the addition of EDTA as the complexing agent. Meanwhile, the nanotubes
diameter was found to be proportionally dependent on bath temperature but independent of the voltage ramp and addition of
EDTA. Photoelectrochemical response under illumination was enhanced by using the calcined TNT and is strongly affected by its
dimensional changes. Thus, desired properties of TNT can be obtained by tuning the electrochemical condition for a wide-range
application.

1. Introduction

Over the past decades, titania has gained much attention
compared to other oxide semiconductor due to its re-
markable properties including strong oxidizing power, non-
toxicity, chemical and biological inertness, and long-term
photostability. Thus, it has found enormous application in
photocatalysis [1–9], photoelectrochemical water splitting
[10, 11], self-cleaning application [12], sensing [13, 14],
and photovoltaic cells [15, 16]. In addition, high level
biocompatibility nature of titania facilitates its application
in biomedical field where TiO2 layers on Ti or Ti alloys are
in direct contact with biological tissue in dental implants
and orthopedic applications [17, 18]. Compared with con-
ventional TiO2 nanoparticles, TiO2 nanotubes (TNTs) offer
some peculiar advantages such as high specific surface area
resulting from the hollow channel structure, high mechanical
stability, and unique nanoarchitecture with fewer interfacial
grain boundaries, which promote charge transport and
enhanced electron-hole separation [16].

Thus, considerable studies have been focused on fabri-
cating TNT including sol-gel [19], hydrothermal processes
[20, 21], template-assisted synthesis [22], seeded growth
[23], and electrochemical anodization [24]. Among the syn-
thetic methodology, electrochemical anodization of Ti in
electrolytes containing fluoride provides a relatively simple
and effective way of synthesizing nanotubular or porous
structures. The synthesized nanotubes are highly ordered,
well-defined with high aspect ratios, and are vertically
oriented to the substrate. Most importantly, the dimensions
of nanotubes could be controlled precisely and modified
easily by choosing the suitable electrochemical conditions.
Zwilling et al. [25] in 1999 were the first to report on
successful anodization of Ti and its alloy (Ti-6Al-4V) which
was carried out in chromic acid with and without the
addition of hydrofluoric acid. In 2001, Grimes and coworkers
[26] have successfully synthesized well-aligned and highly
ordered TNT through potentiostatic anodization of Ti in
aqueous electrolyte containing hydrofluoric acid. Following
this work, TNT with various diameters (22–600 nm), tube
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lengths (0.2–1000 μm), and wall thicknesses (7–34 nm) has
been obtained by controlling the electrochemical conditions.
Nanoarchitecturing processes of this material and its unique
properties could be obtained from a variety of reports in the
literature [27–33], thus making it of considerable interest in
scientific community and practical importance.

To date, the mechanistic model for nanotubes formation
is believed to be the formation of pits by F− which later devel-
ops into pores and transform into cylindrical nanotubular
structures. Also, the nanotubes growth inward the Ti occurs
at the bottom of nanotubes (tube tip) followed by oxidation
at that region. Both the oxidation and dissolution rate of
the tube tip are affected by several anodization conditions
including bath temperature, electric field across the oxide
layer, and the amount of F− present. However, few studies
have been carried out to study the effect of this important
anodization conditions (e.g., bath temperature) on the
morphology, nanotube growth, and photoelectrochemical
properties of TNT [34, 35].

In this work, we accomplished the systematic study of
the anodization conditions by expanding our investigation
on the effect of bath temperature, voltage sweeping rate
and addition of complexing agent on the formation and
growth of TNT using previously optimized conditions [36].
Even though Banerjee et al. [37] has investigated the use of
complexing agent on the growth of TNT, however, organic
electrolyte with pH≈ 6.4 was being used in their work. To the
best of our knowledge, this is the first report on the effect of
complexing agent in aqueous electrolyte on the dimensional
change of the TNT. As the photo-induced processes are
strongly dependent on the morphology, microstructures,
and anodization conditions, study on the photoelectro-
chemical properties of TNT synthesized under different
experimental conditions was investigated and discussed.

2. Experimental

2.1. Preparation of TiO2 Nanotubes. Sheets of Ti foil
(0.127 mm, 99.7%, Sigma Aldrich) were first cut into small
rectangular size of 10 mm × 25 mm. Prior to anodization,
they were degreased by sonicating in acetone, isopropanol,
and deionized (DI) water, followed by chemically etched in
6 M HNO3 for 10 minutes. Then, they were rinsed with
excess DI water and dried in air. Electrochemical anodization
of Ti was carried out in a homemade designed two-electrode
cell with clean Ti foil as the working electrode and a
high density graphite electrode as the counter electrode.
All anodization experiments were conducted at room tem-
perature (∼27◦C except when studying the effect of bath
temperature) in 0.15 M NH4F adjusted to pH 4 using H2SO4.
Anodization was carried out by applying a constant voltage
with no ramp (except when studying the effect of voltage
ramp) using a DC power supply (Consort Mini, Cleaver
Scientific Ltd). To investigate the effect of EDTA in the
formation of TNT, 0.2 M (Na2[H2EDTA]) and NH4F were
mixed together at pH 4.5. The resultant TNT is hereinafter
designated as TNT/EDTA. To facilitate comparison, another
TNT sample was also synthesized without the addition of

EDTA under similar experimental condition (pH 4.5). From
our previous work [34], it is known that anodization of
less than 10 V resulted in ring-like structure while highly-
ordered and well-defined nanotubes were obtained at a
voltage of 10 V and above. Employing higher voltage yielded
a nanoporous at 30 V and nodule-like structure at 40 V.
Hence, in this study, applied voltage was limited to 20 V to
synthesize all the TNT films. The anodized samples were
immediately rinsed with deionized water and subsequently
dried in air. Calcination of films was carried out in a
Thermolyne 21100 furnace at 500◦C in open air atmosphere
with a heating rate of 2◦C/min for 2 h.

2.2. Characterization of As-Anodized and Calcined TiO2

Nanotubes. The crystallinity of the as-anodized and cal-
cined TNT films was determined by X-ray diffraction
(XRD@Shimadzu D6000) using a diffractometer with Cu
Kα radiation (λ = 1.5406 Å). The surface morphology
of the films was acquired by a field-emission scanning
electron microscope, FESEM (Zeiss SUPRA 40 VP, Germany)
operating at electron beam voltage of 5 kV. Quantitative
measurements of the geometrical features of TNT were
done using image analysis software; Image J. About 100
measurements of tube diameter and wall thickness were
taken per sample from three different locations to ensure
the measurements were representative. In order to obtain
the thickness of the nanotube layer, direct cross-sectional
micrographs were taken from mechanically bent samples. At
least five measurements of the cross section were taken from
different areas on each sample to ensure the measurements
reflected the actual tube length. Photoelectrochemical cur-
rent response measurements were performed in a conven-
tional three-electrode cell equipped with a flat quartz win-
dow. It consisted of a synthesized TNT working electrode, a
platinum wire counter electrode, and an Ag/AgCl reference
electrode. The photocurrent was measured with a scanning
potentiostat (μ-III AUTOLAB) under chopped irradiation
from 120 V 300 W halogen lamp during a potential sweep
from +2.0 to −0.2 V with a sweep rate of 20 mV/s. The TNT
films were irradiated from the front side through the quartz
window in a 10 ppm methyl orange solution with 0.1 M KCl
as the supporting electrolyte.

3. Results and Discussion

3.1. Effect of Bath Temperature. Figure 1 depicts the XRD
patterns of as-anodized (at 35◦C) and calcined TNT. It
is obvious that TNT synthesized at 35◦C (Figure 1(a))
exhibits amorphous structure as only diffraction peaks of
Ti substrate (JCPDS no. 44-1294) are visible, which is
similar to TNT fabricated at room temperature (∼27◦C)
[36]. Although Xiao et al. observed formation of crystalline
TNT in dimethyl sulfoxide at electrolyte temperature of 50–
60◦C [38], however, bath temperature higher than 35◦C is
not being used in our study as this lead to the formation of
different surface morphology other than nanotubes as will
be discussed later. Nevertheless, TNT crystallizes to form
a mixture of anatase (101) at 25.4◦ (JCPDS no. 21-1272)
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Figure 1: XRD patterns of (a) as-anodized TNT synthesized at 35◦C
and (b) calcined TNT. A, R, and Ti represent anatase, rutile, and
titanium, respectively.

and rutile (110) (JCPDS no. 21-1276) phase at 27.6◦ after
calcination at 500◦C as shown in Figure 1(b).

TNT was synthesized at 20 V in five different electrolyte
bath temperatures: 10, 18, 27, 35, and 40◦C. Figure 2 shows
the FESEM micrographs of the top morphology of TNT
fabricated in different bath temperatures. It can be clearly
seen that TNT fabricated at low bath temperature was
covered with lots of surface debris whereas clean TNT could
be obtained when much higher anodization temperature
was used (18◦C and above) as shown in Figures 2(a)–
2(c). In addition, tube length changes by a factor of
two, corresponding to a decrease in length with increasing
anodization temperature from 430± 16 nm at 10◦C to 240±
13 nm at 35◦C. For tube wall thickness, only slight decrease
from 21 ± 3 nm to 15 ± 3 nm could be observed.

For electrochemical oxidation of Ti in fluorinated elec-
trolyte, it is well known that there are three processes, namely,
field-assisted oxidation of Ti, field-assisted dissolution of Ti
metal ions, and chemical etching of Ti and TiO2 by fluoride
ions that control the formation of TNT. As both chemical
etching process and solubility of product ions are greatly
affected by temperature change, with etching rates typically
being exponential functions of the temperature. Therefore, at
lower anodization temperature, thicker wall and longer tube
obtained could be ascribed to weaker chemical dissolution
at the pore bottom as well as slower oxide etching rate by
fluoride ions at the tube top [39]. On the contrary, chemical
dissolution by F− and dissolution of oxide layer occurs at
a faster rate at higher temperature. Chemical dissolution
at the tube bottom will reduce the thickness of the oxide
layer, and hence field-assisted dissolution will reoccur at
the tube bottom. By this process, pores will penetrate the
Ti substrate resulting in longer nanotube. However, shorter
tube observed at high temperature in this study might be
due to that chemical dissolution rate at the tube top occurs
faster than that at the tube bottom. Nevertheless, it is worth
mentioning that tube diameter increases with increasing

anodization temperature being 58 ± 7 nm at 10◦C and 81
± 11 nm at 35◦C. This observation, however, is in contrast
with the finding reported by Mor et al. [39] who found no
discernible change in tube diameter fabricated at different
electrolyte temperatures. As reported elsewhere, change in
tube diameter is generally influenced by applied voltage with
larger tube diameter associated with the use of higher applied
voltage [40, 41].

Larger tube diameter observed at high anodization tem-
perature may be ascribed to increase in horizontal dissolu-
tion as the earlier formed parts of the tube wall (tube mouth)
at the top are subjected to longer exposure in fluoride etching
environment and thus decelerating dissolution in vertical
direction [42]. As a result, tube growth at the tube bottom
will be relatively slower. In contrast, the tube mouth will
experience relatively faster dissolution leading to larger tube
diameter.

Nanotubular structure completely disappeared (Figure
2(d)) when anodization of Ti is carried out at 40◦C,
suggesting a temperature limit above which nanotubular
structure will diminish. It is known that soon after oxide
layer is formed, dissolution occurs from many directions and,
with increasing anodization temperature, velocity of F− drift
also increases. This led to faster chemical dissolution of oxide
layer at multiple directions before formation of nanotubular
structure. Moreover, it is believed that magnetic agitation
during anodization enhanced the severity of chemical disso-
lution which in return results in the formation of nodule-like
structure observed at 40◦C.

3.2. Effect of Voltage Ramp prior to Constant Potential. It was
also noticed that the length of TNT could be controlled
by voltage ramp prior to constant voltage at 20 V during
anodization. By employing a voltage ramp, a desired pH
gradient could be established between the tube bottom
and the tube mouth. Thus this will create a preference
environment conducive for the growth of longer tube [43].

Figures 3(a) and 3(b) show the polarization curves
for voltage ramp rate between 10 mV/s and 350 mV/s and
current transients at 20 V once the voltage ramp has ended,
respectively. It is apparent from Figure 3(a) that the current
density increases at the beginning of anodization, followed
by a sudden drop indicating the formation of thin barrier
oxide layer.

However, it is observed that the exact position for the
current density rise strongly depends on the voltage ramp
rate (see corresponding solid arrow in Figure 3(a)), consis-
tent with different electric fields driving ion transport during
voltage ramping [35]. Current fluctuations during voltage
ramping could be observed after the initial sudden drop is
ascribed to the field-assisted oxidation which increased the
resistance of the oxide layer and field-assisted dissolution
promoted by F− (pore formation).

Once the voltage ramp was terminated, the current
becomes relatively constant as shown in Figure 3(b), indicat-
ing an equilibrium between pore growth rate at the bottom
of the pores and chemical etching rate of the oxide film
at the oxide/electrolyte interface is achieved leading to tube
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Figure 2: FESEM images of TNT synthesized at (a) 10◦C, (b) 18◦C, (c) 35◦C, and (d) 40◦C for 1 h.
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Figure 3: (a) Polarization curves at different voltage ramps prior to constant voltage at 20 V and (b) current transients at 20 V after the
voltage ramp has completed.
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Figure 4: XRD patterns of (a) TNT and (b) TNT/EDTA calcined at
500◦C. A and Ti represent anatase and titanium, respectively.

Table 1: Dimensional data of TNT produced at different voltage
ramps prior to constant voltage of 20 V.

Voltage ramp
(mV/s)

Tube diameter
(nm)

Wall thickness
(nm)

Tube length
(nm)

10 67 ± 9 15 ± 3 444 ± 11

50 70 ± 8 17 ± 3 607 ± 18

350 70 ± 6 16 ± 3 388 ± 9

No ramp 75 ± 9 17 ± 4 393 ± 17

formation [44]. TNT produced without applying voltage
ramp prior to constant voltage has a length of about 390 nm
which is similar to that synthesized using voltage ramp
of 350 mV/s as shown in Table 1. No significant structural
different was observed for TNT formed with a difference
voltage ramp.

Nevertheless, it is noted that lowering the ramp to
50 mV/s did increase the tube length to about 600 nm,
suggesting that pore formation occurs while the oxide layer
is relatively thin. Further decreasing the ramp to 10 mV/s
does not increase in the layer thickness. Therefore, employing
50 mV/s prior constant voltage could be regarded as the
optimized voltage ramp as thickest oxide layers are obtained.
It is also observed that the tube diameter is independent of
voltage ramp, which is mainly affected by anodization voltage
[34].

3.3. Effect of Addition of Complexing Agent. Figure 4 shows
the XRD pattern of TNT and TNT/EDTA anodized at 20 V
for 1 h in pH 4.5 electrolyte. Even though no significant
difference in crystal phase was observed for both samples,
however, relative intensity of anatase peak at 25.4◦ (101)
increases for TNT/EDTA sample. In addition, TNT/EDTA
sample also possessed additional anatase peaks at 38.1◦

(004), 48.1◦ (200), 54.0◦ (105), and 55.1◦ (211), respectively.
Therefore, it is reasonable to infer that the tube length

(thickness of oxide layer) of the TNT/EDTA sample had
increased compared to TNT sample.

Figures 5(a) and 5(b) show the representative FESEM
images of TNT and TNT/EDTA samples and it is obvious
that no morphology changes for both samples. From the
inset in Figure 5, highly ordered nanotubes with open mouth
were formed, and the average inner diameter was measured
to be 63 ± 8 nm and the outer diameter was of 92 ± 11 nm,
with a wall thickness of 15 ± 4 nm. However, the cross-
sectional view of TNT/EDTA (Figure 5(b)) clearly reveals
that addition of EDTA has played a very vital role in
increasing the tube length by 2.6 times from 300 ± 19 to
770 ± 58 nm within 1 h of anodization with a growth rate
of approximately 13 nm/min.

As shown in Figure 6, an initial current drop during
anodization for both TNT and TNT/EDTA samples was
observed due to the formation of an oxide layer. However,
two different current behaviors could be observed depending
on the presence of complexing agent. In the absence of
EDTA, a gradual increase in current density is observed
ascribed to the thinning of the oxide layer (promoted by
F−) until it reaches a steady state. At this stage, nanotube
formation takes place and no thickness change exists in the
barrier oxide layer. With the presence of EDTA, current
density decreases smoothly after the initial current decay
without a local minimum.

EDTA is widely recognized as an efficient chelating agent.
In aqueous acidic electrolyte, it is believed that Ti metal
oxidizes to form a thin oxide layer on the Ti metal at the
solid-liquid interface under applied voltage according to.

Ti + 2H2O −→ TiO2 + 4H+ + 4e−. (1)

Even though TiO2 is thermodynamically stable in both acidic
and alkaline medium, however, with the presence of F−

and [H2EDTA]2−, substantial chemical dissolution occurs
according to the following [37, 44, 45]:

TiO2 + 6F− + 4H+ −→ [TiF6]2− + 2H2O, (2)

TiO2 + [H2EDTA]2− + H+ −→ [TiO(HEDTA)]− + H2O,
(3)

TiO2 + [H2EDTA]2− + 2H+ −→ [Ti(EDTA)] + 2H2O.
(4)

Therefore, oxide layer becomes thinner with time at a faster
rate.

As mentioned earlier, there are three processes control
the formation of TNT, namely, field-assisted oxidation of
Ti, field-assisted dissolution of Ti metal ions, and chemical
dissolution of TiO2. As thickness reduces, field-assisted
dissolution will reoccur and pore will penetrate inside Ti and
tubes become longer [40]. Therefore, substantial dissolution
in the presence of EDTA could enhance the growth rate of
nanotubes as both the field-assisted and chemical etching
occur at a faster rate.
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Figure 5: FESEM cross-sectional view images of (a) TNT and (b) TNT/EDTA; the insets show the top view images of the corresponding
samples.
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Figure 6: Current density transient recorded during anodization
with and without the presence of complexing agent. Inset is the
magnifying view of the initial anodization stage.

However, it was observed that nanotube length increases
with elevating anodization duration from 30 to 60 min after
which it drops to about 690 ± 36 nm after 120 min of
anodization. It was also found that for TNT/EDTA sample,
tube diameter remained constant with increasing anodiza-
tion time, indicating that anodization duration mainly
influences the depth of the nanotubes. The result is in good
agreement with the literature data [46].

3.4. Photoelectrochemical Response of TNT. In order to eval-
uate the effect of different dimensions and crystallization of
TNT on its photoelectrochemical response, the as-anodized
and calcined TNTs synthesized at different electrolyte tem-
peratures, voltage ramps and presence of EDTA were used as
photoanode in the photoelectrochemical cell. The photocur-
rent was recorded by intermittently irradiating the electrodes
from halogen lamp using linear sweep photovoltammetry.
Figure 7 illustrates the corresponding experimental results
of as-anodized and calcined TNTs prepared at various bath
temperatures and voltage ramps.

Apparently, all the as-anodized TNTs show a negligible
photocurrent density (as low as 2 μA/cm2) and substantial
enhancement of photoresponse after calcination at 500◦C.
This result is expected as the as-anodized TNT exhibited
amorphous structure as revealed by the XRD study (Figures
1(a) and 4(a)). Usually, amorphous TNT contains more
defect sites than the crystallized one, which causes the
recombination of photogenerated charge carriers. Therefore,
photogenerated electrons have difficulty to conduct charge
transfer on amorphous TNT under external bias condition
to generate photocurrent [7]. This kind of TNT photoanode
will be expected to exhibit very low photocatalytic or
photoelectrocatalytic reactivity. On the contrary, significant
increases in photocurrent for calcined samples is likely
attributed to the higher photogenerated electron-hole pairs
caused by the higher amount of anatase and rutile content.
This result also indicates the necessity to form crystalline
phase for the application of this material as photoanode.

For calcined TNT prepared at various bath temperatures,
photoresponse increases with decreasing bath temperature
except for TNT fabricated at 10◦C. Higher photocurrent
means that photogenerated electrons have been transferred
from TNT photoanode to counter electrode more effectively
via external circuit under illumination. Interestingly, it is
found that even though TNT length produced at room
temperature, about 27◦C (tube length∼290 nm), is relatively
shorter, the photocurrent response is yet comparable to that
synthesized at 10◦C (tube length∼430 nm). Two reasons may
account for such observation. Firstly, as shown in Figure 2(a),
debris covering the surface of nanotubes could be observed
for TNT synthesized at 10◦C. This unwanted debris will
reduce the surface area and thus limit the light absorption
ability of the sample. Therefore, for TNT synthesized at 27◦C,
its photoresponse is still comparable even though it has a
relatively shorter tube length. Secondly, wall thickness and
tube diameters are critical in influencing the photoresponse.
In this respect, TNT with thinner wall (15 nm) in our study
demonstrated relatively higher photocurrent response than
that of thicker wall (21 nm). It is known that when TiO2

is irradiated, electrons and holes are generated. Unless they
could be separated by either being trapped or migrateing to
the semiconductor surface, otherwise they always recombine
immediately once photogenerated [30, 47]. With thinner
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Figure 7: Comparison of photocurrent density at 1.0 V (versus Ag/AgCl) of as-anodized and calcined TNTs prepared in pH 4 electrolytes
(a) at different electrolyte temperatures and (b) using different voltage ramps prior to constant voltage of 20 V. All the photocurrent
measurements were obtained using 10 ppm methyl orange solution from 300 W halogen lamp at scan rate of 20 mV/s.
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Figure 8: Photoresponse of (a) TNT/EDTA and (b) TNT prepared at 20 V for 1 h at pH 4.5. All the photocurrent measurement were obtained
using 10 ppm methyl orange with 0.1 M KCl as supporting electrolyte from 300 W halogen lamp at scan rate of 20 mV/s.

wall, photogenerated hole could reach the oxidizable species
in the electrolyte easily and reducing the recombination.
Moreover, surface states increase rapidly as the wall thickness
reduced, and thus resulting in low surface recombina-
tion [48]. On the other hand, TNT synthesized at 18◦C
demonstrated the highest photocurrent density, and its
value is about twice the value of that fabricated at 35◦C.
Apart from short tube length obtained at 35◦C which in
return resulted in low incident photon absorption, low
photoelectrochemical current density observed may reflect
the quick recombination of photogenerated charge carriers

and low transfer efficiency of photogenerated electron to
counter electrode via external circuit.

Generally, TNT obtained with voltage ramp prior to 2 h
constant voltage has comparable or longer nanotube length
than without ramp. Longest tube was obtained by applying
a voltage ramp of 50 mV/s prior to constant voltage. Con-
sidering similar tube diameter and wall thickness obtained
at different voltage ramps, availability of large active surface
area increases linearly with increasing tube length. Thus,
higher photocurrent density for TNT synthesized at 50 mV/s
voltage ramping was mostly ascribed to the higher active



8 International Journal of Photoenergy

surface area which improves the light-harvesting capability
and better photon absorption of this photoanode.

Figures 8(a) and 8(b) show the variation of photocurrent
density with potential for calcined TNT/EDTA and TNT
prepared at pH 4.5, respectively. Both curves exhibited the
typical of n-type semiconductor. Both samples exhibited
almost negligible dark current, indicating inactive photore-
action of TNT under dark condition (without illumination).
However, the responsive photoresponse for both samples
increased drastically under light illumination implying good
transfer and recombination of photo-induced charge carriers
[49]. In comparison, TNT/EDTA sample exhibited higher
photocurrent than TNT sample due to longer tubes obtained
than the latter. Moreover, enhancement of photocurrent
density could be observed over entire potential range of +1.5
to−0.2 V, implying higher photoelectrochemical reactivity of
TNT/EDTA photoanode. The curve slope is also steeper for
TNT/EDTA in comparison to that of TNT. Therefore, one
could expect that TNT fabricated with the addition of EDTA
may demonstrate high photoresponse and act as promising
material as photoanode in photoelectrochemical cells.

4. Conclusions

In summary, we have successfully synthesized self-organized
TNT using electrochemical method in NH4F containing
electrolyte. The influence of electrolyte temperature, voltage
ramp prior to constant voltage, and the addition of EDTA
on the dimensions of TNT has been investigated. It was
found that TNT can still be fabricated at 35◦C; however,
the tube length decreases whereas tube diameter increases
with elevated temperature from 10 to 35◦C. On the other
hand, applying voltage ramp prior to constant voltage at 20 V
during anodization has no influence on the tube diameter
and wall thickness. Nevertheless, optimized voltage ramp
at 50 mV/s resulted in thickest oxide layers. In addition,
nanotube growth rate can be enhanced dramatically with
the addition of EDTA. Based on the photoelectrochemical
measurement, it can be concluded that structure of TNT
including tube length and wall thickness is important factor
influencing the photoresponse. Therefore, electrochemical
parameters can be manipulated to obtain desired dimensions
for various applications such as solar cells and photoelectro-
catalysis.
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Nitrogen-doped titanium dioxide (N-doped TiO2) photocatalyst was synthesized from nanotube titanic acid (denoted as NTA;
molecular formula H2Ti2O5 · H2O ) precursor via a hydrothermal route in ammonia solution. As-synthesized N-doped TiO2

catalysts were characterized by means of X-ray diffraction, transmission electron microscopy, diffuse reflectance spectrometry, X-
ray photoelectron spectroscopy, electron spin resonance spectrometry and Fourier transform infrared spectrometry. It was found
that nanotube ammonium titanate (NAT) was produced as an intermediate during the preparation of N-doped TiO2 from NTA, as
evidenced by the N1s X-ray photoelectron spectroscopic peak of NH4

+ at 401.7 eV. The catalyst showed much higher activities to
the degradation of methylene blue and p-chlorophenol under visible light irradiation than Degussa P25. This could be attributed to
the enhanced absorption of N-doped TiO2 in visible light region associated with the formation of single-electron-trapped oxygen
vacancies and the inhibition of recombination of photo-generated electron-hole pair by doped nitrogen.

1. Introduction

Titania, as a currently known most effective photocatalyst,
have been widely applied in purifying air and water, deodor-
ization, and many other environmentally related fields [1].
However, TiO2 can only be induced by ultraviolet (UV),
due to its large bandgap of ca. 3 eV [2]. As a result, TiO2

in practical application can only utilize a small fraction (∼
5%) of solar energy [3]. To increase the efficiency for solar
energy transformation and utilization, many researchers
have attempted to extend the absorption range of TiO2from
UV region to visible light (Vis in short) region by doping
various cations [4–6] and anions [7, 8]. It has been found
that N doping induces considerable visible light response of
anatase TiO2; the mechanisms for the visible light response
of N-doped TiO2, however, still remain disputable. About
one decade ago, Asahi et al. reported a visible light active
TiO2−x Nx film by sputtering a TiO2 target in the mixture
of N2 and Ar (volume ratio 40% : 60%); and they suggested
that the incorporation of dopant N atom into the crystal
lattice of TiO2 via substituting Ti atom was indispensable for
band-gap narrowing and photocatalytic activity generation
[9]. In 2003, Irie et al. reported a TiO2−x Nx powder prepared

by annealing anatase TiO2 under an ammonia flow; and
they supposed that the isolated narrow band formed above
the valence band of TiO2 was responsible for the visible
light response of N-doped TiO2 [10]. Ihara et al. also
prepared a visible light responsive photocatalyst by treating
the hydrolysis product of Ti(SO4)2 in ammonia (a precursor
for N doping); and they deduced that oxygen-deficient sites
formed in grain boundaries gave rise to visible light activity
of as-prepared N-doped product, while doped N at oxygen-
deficient sites played a key role as a blocker for reoxidation
[11]. Zhang et al. observed that the visible-light absorption
of vacuum-dehydrated product of NTA was proportional to
the intensity of electron spin resonance (ESR) signal [12].
We supposed in our previous researches that the visible light
sensitization of N-doped TiO2 was due to the formation
of single-electron-trapped oxygen vacancies (SETOVs), and
doped-N played a role in preventing photogenerated elec-
trons and holes from recombination [12, 13].

In the present research, we make use of a hydrothermal
method to prepare N-doped TiO2 by selecting NTA as a
precursor, hoping to harvest TiO2-based photocatalyst with
high visible light activity while heat-treatment temperature is
considerably lowered as compared with that for calcination
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of NTA in flowing ammonia [12]. This article reports the
preparation and characterization of N-doped TiO2 photocat-
alyst, as well as its photocatalytic activity for the degradation
of methylene blue (MB) and p-chlorophenol (4-CP) under
visible light irradiation.

2. Experimental Section

2.1. Preparation of Samples. NTA was prepared using the
method reported in literature [14]. N-doped TiO2 powders
were prepared using a two-step protocol. Firstly, 1 g of NTA
and 50 mL of ammonia solution (mass fraction 25% ∼
28%) was added into a Teflon-lined stainless steel autoclave
(75 mL) and airproofed and heated at 130, 160 and 210◦C
for 3 h in an oven. Then, the autoclave was cooled in air
down to room temperature after the reaction was completed,
followed by filtration, drying at 60◦C in vacuum (−0.1 MPa)
overnight, and grounding to yield samples denoted as N-
NTA-130, N-NTA-160, and N-NTA-210, respectively. Sam-
ple H-NTA-210 for a comparative study was also prepared
in the same manners except that distilled water was used to
replace ammonia solution.

2.2. Characterization. X-ray diffraction (XRD) patterns were
measured with a Philips X’Pert Pro X-ray diffractometer (Cu
Kα radiation, 2θ range 7∼90◦, scan step size 0.04◦, scanning
interval 0.5 s, generator voltage 40 kV, tube current 40 mA). A
JEM-100CX transmission electron microscope (TEM; JEOL
Ltd., Japan) was performed at an accelerating voltage of
100 kV to observe the morphology and microstructure of
various as-prepared photocatalysts. Diffuse reflection spectra
(DRS) were obtained with a UV-Vis spectrophotometer (UV-
3010; Shimadzu, Japan; reference: BaSO4). An Axis Ultra
X-ray photoelectron spectroscope (XPS; Kratos, England)
equipped with a multichannel detector was performed to
analyze the chemical states of various photocatalysts, where
Al Kα radiation (hν = 1486.6 eV) was used as the excitation
source. All the binding energies were referenced to the C1s
peak at 284.8 eV of surface adventitious carbon. Electron
spin resonance (ESR) spectra were collected with a Brüker
ESP 300E apparatus (reference: diphenyl-picryl hydrazide
(DPPH), g = 2.0036). Fourier transform infrared (FTIR)
spectra were recorded with a Nicolet 360 spectrometer (Ni-
colet Company, USA).

2.3. Evaluation of Visible Light Photocatalytic Activity. The
photocatalytic activities of various photocatalysts were eval-
uated by monitoring the degradation of MB and 4-CP under
the irradiation of a 500 W xenon lamp as the light source
(I420 = 2.1 mW/cm2) with which a filter and a water cell
were attached to eliminate UV (λ < 420 nm) and infrared
light. Into a quartz reactor (140 mL) charged with 100 mL of
the aqueous solution of MB (10 mg/L) or 4-CP (0.15 mM)
was added 100 mg of to-be-tested photocatalyst powder. The
adsorption equilibrium of aqueous MB or 4-CP on the
photocatalyt was reached in the reactor prior to irradiation.
The concentration of MB was monitored with a visible
light spectrometer (722, Shanghai Jingke Instrument Plant,
China) at 664 nm, and that of 4-CP was measured with
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Figure 1: XRD patterns of (a) H-NTA-210 and (b) N-NTA-210.
The inset shows the XRD patterns of orthorhombic systems of (c)
NTA, (d) N-NTA-130, and (e) N-NTA-160.

an UV-Vis spectrometer (752, Shanghai Oppler Instrument
Plant, China) at 225 nm.

3. Results and Discussion

The XRD patterns of undoped TiO2 and three N-doped
TiO2 samples are compared in Figure 1. Samples N-NTA-130
and N-NTA-160 still retain the orthorhombic form (inset in
Figure 1) and nanotubular morphology of precursor NTA
(Figure 2). This differs from our previous finding in that
the tubular shape of orthorhombic NTA is destroyed in
association with conversion into anatase TiO2 when NTA is
heated in distilled water at 130◦C or 160◦C [15]. However,
sample N-NTA-210 shows strong diffraction peaks of anatase
TiO2 as well as additional diffraction peaks of rutile phase
(27.4, 36.1, 39.2, 41.2, 44.1, and 56.6◦), which indicates that
hydrothermal treatment of orthorhombic NTA in ammonia
solution at an elevated temperature of 210◦C also facilitates
its transformation to TiO2. In the meantime, all the XRD
peaks of sample H-NTA-210 can be well indexed as anatase
TiO2 (25.4, 37.9, 48.2, 54.1, and 55.2◦); and both H-NTA-
210 and N-NTA-210 have diamond shapes, but the size
of the former is a little bit smaller than that of the latter
(Figure 2). We assume that nanotube ammonium titanate
(NAT) is formed as an intermediate through a simple acid-
base reaction (1) when NTA is hydrothermally treated in
ammonia at 130◦C or 160◦C, but it is transformed to TiO2

at 210◦C (reacthion (2)). This supposition is supported
by corresponding FTIR data shown in Figure 3. Namely,
both N-NTA-130 and N-NTA-160 show a broad band at
3400 cm−1 and a sharp peak at 1630 cm−1 attributed to
the stretching vibration and flexural vibration of hydroxyl
groups [16] as well as a broad band within 750∼400 cm−1

corresponding to the flexural vibration of Ti–O and Ti–
O–Ti groups. Particularly, they also show the stretching
and flexural vibration bands of N-H at 3140 cm−1 and
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Figure 2: TEM images of (a) NTA, (b) N-NTA-130, (c) N-NTA-160, (d) H-NTA-210, and (e) N-NTA-210.

1400 cm−1 [17], which confirms that intermediate NAT is
indeed generated during hydrothermal treatment of NTA in
ammonia at 130◦C or 160◦C. However, no stretching and
flexural vibration bands of N-H are observed for N-NTA-
210, which is due to the decomposition of intermediate NAT
at an elevated temperature of 210◦C:

H2Ti2O5 ·H2O + xNH3 ·H2O
130∼160◦C−−−−−−→ (NH4)xH2−xTi2O5 ·H2O + xH2O

(0 ≤ x ≤ 2),

(1)

(NH4)xH2−xTi2O5 ·H2O
210◦C−−−→ 2TiO2 + xNH3 + 2H2O

(0 ≤ x ≤ 2).

(2)

XPS spectra of NTA and various N-doped TiO2 samples
were measured to further elucidate the chemical states of
N. As shown in Figure 4, precursor NTA shows no N1s
XPS signal; but samples N-NTA-130, N-NTA-160, and N-
NTA-210 show N1s XPS peaks at 400.0 eV and 401.7 eV.
It is usually recognized that N1s XPS peak of N-doped
TiO2 at 397.0 eV is assigned to atomic Ti–N [12, 18–20];
but the assignment of the N1s XPS peaks at 400.0 eV and
401.7 eV are still under argument. Asahi et al. assigned them
as molecularly chemisorbed γ-N2, but Sato et al. argued that
molecular N2 could not be adsorbed on metal oxide like
TiO2 at room temperature and suggested that the N1s core
level of N-doped TiO2 at 400.0 eV was attributed to N–O
bonding (i.e., Ti–O–N), possibly at interstitial site [20]. Irie
et al. assigned the N1s XPS peak of N-doped TiO2 at 400.0 eV
as NO [10]. In the present research, the N1s XPS peak at ca.
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Figure 3: FTIR spectra of (a) N-NTA-130, (b) N-NTA-160, (c) N-
NTA-210, and (d) reference (NH4)2SO4.

401.7 eV confirms the presence of N in a third chemical state.
Since this N1s XPS peak is only observed for N-NTA-130 and
N-NTA-160 but not for N-NTA-210, we tentatively assign it
as NH4

+ of intermediate NAT, as evidenced by relevant FTIR
analyses.

Photocatalytic tests indicate that samples NTA, N-NTA-
130, and N-NTA-160 have no photocatalytic activity for the
discoloration of MB; but sample N-NTA-210 is able to effec-
tively catalyze the discoloration reaction of MB, following
the first-order reaction kinetics model (the kinetic constants
are ranked as k(N-NTA-210) > k(H-NTA-210) > k(P25),
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see Figure 5. In the meantime, NTA, N-NTA-130, and N-
NTA-160 are inert to the degradation of colorless organic
pollutant 4-CP under visible light irradiation; but H-NTA-
210 and N-NTA-210 can well accelerate the degradation of
4-CP under the same conditions, and N-NTA-210 possesses
better photocatalytic activity than H-NTA-210 (Figure 6).

It is well known that photocatalytic activity is dependent
on light absorption efficiency and separation efficiency of
photogenerated electrons and holes. Figure 7 shows the
UV-Vis spectra of various photocatalysts. Precursor NTA
does not show any absorption in visible light region, but
samples H-NTA-210 and N-NTA-210 both show broadened
absorptions at λ > 400 nm, which corresponds to their
enhanced ESR signals at g = 2.003 (Figure 8) and accounts
for better visible photocatalytic activity of N-NTA-210 as
compared with Degussa P25. Besides, the present research
once again provides evidence to the supposition that SETOV
density in TiO2 lattice is proportional to the absorption
intensity of the photocatalyst in visible light region (Figure 9)
[12, 21–23].
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Aside from the light absorption efficiency, the separation
efficiency of electrons and holes is another important factor
to influence the activity of photocatalysts. Ordinarily, pho-
toinduced electrons and holes can be generated in photocat-
alysts under light excitation; and the photoinduced electrons
and holes can be separated on the surface of photocatalysts
to take part in chemical reactions or recombine. Some
researchers have reported that the mixed crystal effect and
high crystallinity in a semiconductor is in favor of retarding
the recombination of photogenerated electrons and holes
[24, 25], resulting in enhanced photocatalytic activity. This,
however, does not seem to be dominant in the present
research. Namely, although H-NTA-210 has a stronger
SETOV intensity and broader visible light absorption than
N-NTA-210, the former possesses poorer photocatalytic
activity than the latter. The enhanced photocatalytic activity
of N-NTA-210 as compared with that of H-NTA-210, that
we suppose, may be attributed to N doping which retards
the recombination of photoinduced electrons and holes in
TiO2 matrix. This can be described using equations (3)–(5)
[13]. Briefly, photoinduced electrons in TiO2 matrix arrive
at the intraband contributed by SETOV ((3); Vo

· refers to
SETOV), but they tend to jump back and recombine with
holes. When nitrogen atoms are doped into TiO2 lattices, the
back-jumping routes are forbidden and the recombination
is reduced greatly, allowing more photoinduced electrons
to take part in the chemical reactions. In the meantime, N
atoms in Ti–O–N bond occupy interstitial sites and allow
their electron clouds to transfer towards O atom with a
higher electronegativity. As a result, dopant N in N-doped
TiO2 possesses a higher chemical valence than the N in
NH4

+ and is able to entrap another electron from Vo
··

((4); Vo
·· refers to double-electron-trapped oxygen vacancy).

Nevertheless, interstitial N atom with an excessive electron is
unstable and allows its electron could to transfer towards O2

molecule in gas or solution medium (5). Although Ti–O–N
bond also exists in samples N-NTA-130 and N-NTA-160 as in

N-NTA-210, N-NTA-130 and N-NTA-160 without SETOV
do not possess visible light photocatalytic activity:

Vo
· + e− −→ Vo

·· (3)

Vo
·· + N −→ N· + Vo

· (4)

N· + O2 −→ O2
− + N (5)

4. Summary

A simple and mild hydrothermal method has been estab-
lished to prepare nanoscale N-doped TiO2 photocatalyst
with good visible light catalytic activity, where heat treatment
of precursor NTA in ammonia solution at 210◦C for
3 h facilitates structural transformation from orthorhombic
NTA to N-doped TiO2. Heat treatment of the same precursor
at lowered temperature of 130◦C and 160◦C gives rise to
intermediate NAT deserving further research, a potential
precursor for fabricating novel N-doped TiO2. As-prepared
N-NTA-210 possesses better photocatalytic performance
than Degussa P25 for the degradation of MB and 4-CP under
visible light irradiation, which is attributed to the formation
of a large number of SETOV on the surface of N-doped TiO2

and the occupation of interstitial sites in the crystal lattice of
TiO2 by dopant N as Ti–O–N.
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Anatase mesoporous titanium dioxide codoped with nitrogen and chlorine (N-Cl-TiO2) photocatalysts were synthesized through
simple one-step sol-gel reactions in the presence of ammonium chloride. The resulting materials were characterized by X-ray
diffraction (XRD), transmission electron microscope (TEM), X-ray photoelectron spectroscopy (XPS), and ultraviolet-visible
diffuse reflection spectrum (UV-vis DRS). XRD results indicated that codoping with nitrogen and chlorine could effectively retard
the phase transformation of TiO2 from anatase to rutile and the growth of the crystallite sizes. XPS revealed that nitrogen and
chlorine elements were incorporated into the lattice of TiO2 through substituting the lattice oxygen atoms. DRS exhibited that the
light absorption of N-Cl-TiO2 in visible region was greatly improved. As a result, the band gap of TiO2 was reduced to 2.12 eV.
The photocatalytic activity of the as-synthesized TiO2 was evaluated for the degradation of RhB and phenol under visible light
irradiation. It was found that N-Cl-TiO2 catalyst exhibited higher visible light photocatalytic activity than that of P25 TiO2 and
N-TiO2, which was attributed to the small crystallite size, intense light absorption in visible region, and narrow band gap.

1. Introduction

Titanium dioxide (TiO2) is known as a semiconductor with
various kinds of application in solar energy conversion, gas
sensors, air purification, and waste water treatment due to
its cheapness, nontoxicity, and strong oxidation power [1–
6]. However, anatase TiO2 can only be excited by UV light
with wavelengths less than 388 nm, which only accounts for
a small part of the solar spectrum [7]. In order to effectively
extend the light absorption to visible region and enhance
the photocatalytic activity, many attempts have been made,
such as dye sensitization, noble metal deposition, coupling
of TiO2 with a narrow semiconductor and doping of TiO2

with foreign ions. Among these, doping of TiO2 with foreign
ions has been an effective and feasible approach to improve
the visible light response and photocatalytic activity [8–
13]. Recently, many researches indicate that TiO2 doping

with two different species into the lattice could further
enhance the visible light photocatalytic activity. Sun et al.
[14] synthesized C-S-codoped TiO2 by the hydrolysis of
tetrabutyl titanate in a mixed aqueous solution containing
thiourea and urea. Lv et al. [15] prepared C-N-codoped
TiO2 nanoparticles with visible light photocatalytic activity.
Xu and Zhang [16] reported an enhanced photocatalytic
activity of the C-Cl-codoped TiO2 powders towards the
degradation of RhB under visible light irradiation. Although
such reports demonstrated successful fabrication of relative
high photocatalytic activity, they still suffered from some
deficiencies due to the discharge of poisonous gases, trou-
blesome procedure during the reaction process.

In this study, N-Cl-codoped TiO2 photocatalyst (N-Cl-
TiO2) has been synthesized through simple one-step sol-gel
reactions in the presence of ammonium chloride. N and Cl
elements were incorporated into the lattice of TiO2 through
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substituting the lattice oxygen atoms. As expected, the N-Cl-
codoped TiO2 catalyst exhibited higher visible light response
and photocatalytic activity than that of P25 TiO2 and N-
TiO2. Further, the activity-enhanced mechanism was also
discussed in detail.

2. Experimental

2.1. Synthesis of Materials. Typically, a solution consisting
of 10 mL absolute EtOH, 12 mL dilute HNO3 (1 : 5, volume
ratio between HNO3 and DI water), and the desired amount
of ammonium chloride was added dropwise into a solution
containing 40 mL absolute EtOH and 10 mL Ti(OBu)4

within 120 min under vigorous stirring. After being aged for
6 h at room temperature, the TiO2 precursor was received
by drying the wet gel in an oven for 36 h. Finally, the
N-Cl-codoped TiO2 sample was obtained by calcining the
precursor at 623 K for 4 h with a heating rate of 3 K·min−1.
For comparison, pure TiO2 and N-TiO2 catalysts were
synthesized as the reference according to the previous work
of our groups [17].

2.2. Characterization of Materials. X-ray diffraction (XRD)
patterns were collected on Model D/MAX-IIIB diffractome-
ter equipped with Cu Kα radiation source (λ = 0.15406 nm).
An accelerating voltage of 40 kV and an emission current
of 30 mA with a scanning rate of 5◦·min−1 were employed,
respectively. Transmission electron microscopy (TEM) was
taken on a JEOL JEM-2010 EX instrument operated at an
accelerating voltage of 200 kV. High-resolution transmission
electron micrograph (HRTEM) was obtained by employing a
FEI TECNAI G2 S-TWIN with a 200 kV accelerating voltage.
X-ray photoelectron spectroscopy (XPS) was performed
on a Model PHI-5700 ESCA apparatus with Al Kα X-ray
source. All the binding energies (BE) were referenced with
the adventitious carbon (binding energy = 284.6 eV). The
ultraviolet-visible diffuse reflectance spectroscopy (UV-vis
DRS) of the as-synthesized TiO2 samples was recorded with
a Model Shimadzu UV-2550 spectrophotometer.

2.3. Evaluation of Photocatalytic Activity. The experiments
were carried out in a 100 mL quartz photochemical reactor
and the visible light source was provided from a side of
the reactor, by a 350 W Xe-arc lamp equipped with a
UV-cutoff filter (λ > 420 nm). In each run, 20 mg TiO2

catalyst was added into 20 mL RhB solution of 10 mg·L−1.
Prior to photoreaction, the solution was magnetically stirred
in the dark for 30 min to establish the equilibrium of
adsorption-desorption. At given time intervals, the samples
after filtration and centrifugation were analyzed by a T6
UV-vis spectrometer. In addition, the photodegradation of
uncolored phenol was similar to that of RhB, and the
concentration was determined by the colorimetric method
of 4-aminoantipyrine at the wavelength of 510 nm.

3. Results and Discussion

3.1. XRD and TEM Analysis. Figure 1 showed the XRD
patterns of the pure and N-Cl-codoped TiO2 samples. It can
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Figure 1: XRD patterns of pure (a) and N-Cl-doped (b) TiO2

photocatalysts.

be seen that pure TiO2 contained anatase (JCPDS. No 21–
1272) and trace of rutile (JCPDS. No 21–1276). However,
N-Cl-TiO2 consisted of anatase as a unique phase (JCPDS.
No 21–1272), indicating that codoping with nitrogen and
chlorine could effectively retard the formation of rutile. In
addition, no XRD peaks relate to the dopants were detected.
One reason was that the concentration of the dopants was so
low that it cannot be detected by XRD. The other was that the
dopants were incorporated into the lattice of TiO2 through
substituting oxygen atoms or located in the interstitial sites.
Further, as seen from the inset of Figure 1, the diffraction
peak position of N-Cl-codoped TiO2 shifted to lower angle
in comparison with the pure TiO2, suggesting that oxygen
atoms in the lattice of anatase in codoped TiO2 sample may
be substituted by the dopants. Further, the average crystallite
sizes of the as-synthesized samples can be calculated by
applying the Debye-Scherrer formula [18] on the anatase
(101) diffraction peaks:

d = Kλ

β cos θ
, (1)

where d is the crystallite size, λ is the wavelength of X-ray
radiation (in our test, λ = 0.15418 nm), K is a constant
(K = 0.89), β is the full width at half-maximum, and θ is
the diffraction angle. The calculated d values were 10 and
5 nm for pure and N-Cl-codoped TiO2, respectively. Thus,
we can conclude that codoping with N and Cl elements could
effectively retard the phase transformation of TiO2 from
anatase to rutile and growth of the crystallite size.

The crystal structure and grain size of N-Cl-codoped
TiO2 sample were also evaluated with TEM and HRTEM.
Figure 2 showed the TEM and HRTEM images of meso-
porous N-Cl-TiO2 photocatalyst. As shown in Figure 2(a),
many spherical aggregates of nanoparticles were observed
with the nanoparticles at about 5∼10 nm in crystallite
sizes. However, an obvious agglomerative phenomenon was
observed. As shown in Figure 2(b), the lattice fringes of
nanocrystals revealed the lattice spacing of 0.352 nm, which
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Figure 2: TEM (a) and HRTEM (b) images of N-Cl-codoped TiO2 photocatalyst.
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Figure 3: High-resolution XPS spectra of N1s (a) and Cl2p (b) for N-Cl-codoped TiO2 photocatalyst.

was in good accordance with the anatase (101) lattice fringes
of 0.352 nm [19].

3.2. XPS Analysis. In order to investigate the chemical states
of the N-Cl-codoped TiO2 sample, XPS was conducted and
shown in Figure 3. As seen from Figure 3(a), a single peak
at binding energy of 399.6 eV was observed, which was
attributed to the presence of substitutional N in O–Ti–N
bond [20, 21], indicating that some lattice oxygen were
substituted by nitrogen atoms, which correlated with the
visible light photocatalytic activity of doped TiO2. As shown
in Figure 3(b), two peaks at 197.7 and 199.3 eV seen from
the Cl2p core-level XPS spectrum were observed. The strong
peak at 197.7 eV was assigned to Cl− ions physically adsorbed
on the surface of codoped TiO2 [22], while the minor peak
located at 199.3 eV might be assigned to the Cl incorporated
into the lattice of TiO2 [16], indicating that nitrogen and
chlorine were incorporated into the lattice of TiO2 through
substituting the lattice oxygen atoms.
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3.3. DRS Analysis. Generally speaking, narrower band gap
of a semiconductor corresponds to a higher photocatalytic
activity. In order to investigate the optical absorbance prop-
erty of pure and N-Cl-codoped TiO2 samples, ultraviolet-
visible diffuse reflection spectra were conducted and shown
in Figure 4. In addition, band gap energies were also
calculated according to the Kubelka-Munk function [23],
which was shown in the insert in Figure 4. Noticeably, both
as-synthesized TiO2 samples showed a typical absorbance
spectrum with an intense transition in the UV region of
the spectra, corresponding to the band gap energy of 3.2 eV
from the intrinsic band gap of pure anatase. However, the
light absorption edge of N-Cl-codoped TiO2 sample was
greatly red-shifted to the visible light region, demonstrating
a decrease in the band gap energy, which was responsible for
the impurity level (formed from hybridization of N2p and
Cl2p levels) in the band gap of TiO2. After calculating, the
band gap energy of N-Cl-codoped TiO2 was 2.12 eV. As a
result, the N-Cl-codoped TiO2 should most probably possess
excellent visible light photocatalytic activity for organic
degradation.

3.4. Mechanism Analysis. Based on the above analysis, a
possible photocatalytic mechanism was proposed and shown
in Figure 5. Nitrogen and chlorine were incorporated into
the lattice of TiO2 through substituting lattice oxygen
atoms. Thus, a new impurity level was formed from the
hybridization of N2p and Cl2p levels between the valence
band and conduction band of TiO2. As shown in Figure 5,
pure TiO2 exhibited a relatively low visible photocatalytic
activity for the degradation of pollutants due to its wide

band gap (3.2 eV, process A). After codoping with nitrogen
and chlorine elements, electrons can be promoted from the
impurity level to the conduction band of TiO2 (process B),
thereby enhancing the separation efficiency of photoinduced
charge carriers. As a result, more departed photoinduced
electrons and holes can participate in the photocatalytic
reactions. Further, the process of visible light photocatalytic
oxidation of phenol can be described as followed

Firstly, electrons and holes were generated under visible
irradiation.

N-Cl-TiO2 + hν −→ hVB
+ + eCB

− (2)

Then, the departed electrons and holes can react with
the absorbed O2 and H2O molecules, respectively, forming
the main active species (such as ·O−

2 and ·OH) responsible
for the degradation of organic pollutants, such as RhB
and phenol in our case. Eventually, organic pollutants were
mineralized into small molecules, such as CO2 and H2O

O2(ads) + eCB
− −→ ·O2

−

hVB
+ + H2O(ads) −→ ·OH + H+

·O2
− + 2H+ + eCB

− −→ ·OH + OH−

hVB
+ + OH− −→ ·OH

·OH + Organic −→ · · · −→ CO2 + H2O

(3)

3.5. Photocatalytic Activity. The photocatalytic activities of
the TiO2 samples were evaluated by photocatalytic degra-
dation of RhB and phenol under visible light irradiation.



International Journal of Photoenergy 5

0

20

40

60

80

100

P
h

ot
od

eg
ra

da
ti

on
 r

at
es

 (
%

)

Phenol
RhB

Different TiO2 samples

N-Cl-TiO2

N-TiO2

P25 TiO2TiO2

Figure 6: Photocatalytic degradation rates of RhB and phenol on
different TiO2 samples.

Figure 6 showed the photocatalytic degradation rates of RhB
and phenol on different TiO2 samples. As a comparison, the
photocatalytic activity of P25 TiO2 and N-TiO2 was also
measured and shown in Figure 6. As seen from Figure 6,
N-Cl-codoped TiO2 sample exhibited higher photocatalytic
activities than that of P25 TiO2 and N-TiO2 catalysts,
suggesting that the visible-induced photocatalytic reactions
can contribute to the degradation of the colored RhB
and uncolored phenol. Under the visible light irradiation
for 120 min, 95.7% and 82% degradation rates could be
achieved for colored RhB and uncolored phenol, respectively.
The enhanced photocatalytic activity of N-Cl-codoped TiO2

was attributed to the small crystallite size, intense light
absorption in visible region, and narrow band gap energy.

4. Conclusions

Based on the above analysis, the following conclusions can
be drawn: (1) N-Cl-codoped TiO2 catalyst with high visible
light photocatalytic activity has been successfully synthesized
through simple one-step sol-gel reactions in the presence of
ammonium chloride. (2) TiO2 codoping with N and Cl could
effectively retard the phase transformation of TiO2 from
anatase to rutile and growth of crystallite size. (3) N and Cl
elements were incorporated into the lattice of TiO2 through
substituting some oxygen atoms, which could form a new
impurity level between the valence band and conduction
band of TiO2. (4) Codoping with N and Cl could greatly
improve the photoresponse of TiO2, thereby reducing the
band gap. (5) The enhanced activity of N-Cl-codoped TiO2

was mainly attributed to the small crystallize size, intense
light absorption in visible region, and narrow band gap.
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P25 TiO2 powders were calcined at different temperatures in a muffle furnace in air. The P25 powders before and after calcination
treatment were characterized with XRD FTIR, UV-visible diffuse reflectance spectra, SEM, TEM, HRTEM, and N2 adsorption-
desorption measurements. The photocatalytic activity was evaluated by the photocatalytic oxidation of methyl orange aqueous
solution under UV light irradiation in air. The results showed that calcination treatment obviously influenced the microstructures
and photocatalytic activity of the P25 TiO2 powders. The synergistic effect of the phase structure, BET surface area, and crystallinity
on the photocatalytic of TiO2 powders (P25) after calcination was investigated. An optimal calcination temperature (500◦C) was
determined. The photocatalytic activity of TiO2 powders calcined at 500◦C was nearly 2 times higher than that of the uncalcined
P25 TiO2. The highest photocatalytic activities of the calcined samples at 500◦C for 4 h might be ascribed to the enhancement of
anatase crystallization and the optimal mass ratio (ca. 1 : 2) of rutile to anatase.

1. Introduction

A number of investigations have focused on the semicon-
ductor photocatalyst for its applications in solar energy
conversion and environmental purification since Fujishima
and Honda discovered the photocatalytic splitting of water
on the TiO2 electrodes in 1972 [1, 2]. Among various oxide
semiconductor photocatalysts, titania has been proven to be
the most suitable for widespread environmental applications
for its biological and chemical inertness, strong oxidizing
power, cost effectiveness, and long-term stability against
photo- and chemical corrosion [3–6]. However, the practical
applications of TiO2 are greatly limited due to the wide band-
gap (anatase ca. 3.2 eV, rutile ca. 3.0 eV) and the resultant
low utilization of solar energy and fast recombination of
photogenerated electrons and holes [7–9]. Therefore, the
photocatalytic activity of titania must be further enhanced
from the point of view of practical use and commerce. Many
methods have been developed for enhancing the efficiency
of the TiO2 powders. These include doping with metal and
nonmetal elements [10–13], dye sensitization [14, 15], and
semiconductor coupling [16, 17], and so forth.

It is wellknown that the photocatalytic activity of TiO2

system mainly depends on its intrinsic properties, such
as phase structures, specific surface area, crystallinity, and
preparing methods [18]. For example, many studies have
confirmed that the anatase phase of titania is a good
photocatalytic material due to its low recombination rate
of photogenerated electrons and holes [19, 20]. In our
previous observations, it was found that the composite of
two phases of titania was more beneficial for suppressing the
recombination of photogenerated electrons and holes and
thus enhanced the photocatalytic activity [21]. In addition,
a posttreatment condition is also another important factor
that influences the photocatalytic activity of TiO2 powders.
Usually, two principle posttreatment methods have been
used to control the physicochemical properties of the TiO2

powders. One is hydrothermal treatment. Yu et al. [22]
demonstrated an obvious increase of photocatalytic activity
after hydrothermal treatment of TiO2 (P25) and thought
that the increase in photoactivity can be attributed to the
formation of more hydroxyl groups in the surface of TiO2.
Another method is calcination after treatment. By changing
the calcination conditions, such as calcination temperatures,
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calcination time, and heating rate crystalline products with
different compositions, structures, and morphologies have
been obtained. Yu et al. suggested that thermal treatment
could allow more oxygen molecules to be adsorbed on the
surface of TiO2 [23]. Sato et al. and Zhang et al. thought
that an enhancement in photocatalytic activity was ascribed
to the fact that the calcination released lattice oxygen from
TiO2 [24, 25]. However, to the best of our knowledge, few
studies have been carried out on the synergistic effect of the
phase structure, BET surface area, and crystallinity on the
photocatalytic of TiO2 powders (P25) after calcination. In
the present work, we prepared highly active TiO2 powder
photocatalyst via calcination after treatment of Degussa P25.
The photocatalytic activity of the as-prepared TiO2 powders
was evaluated by the photocatalytic oxidation of methyl
orange aqueous solution under UV light irradiation in air.
The reasons for the enhanced photocatalytic activity of the
calcinations-treated TiO2 samples were discussed.

2. Experimental Section

2.1. Sample Preparation. Commercial Degussa P25 TiO2 was
used as supplied. In a typical calcination process, 1.0 g of P25
powder was transferred into a 30 mL crucible, followed by
calcination at 400–800◦C in a muffle furnace for 4 h. After
the thermal treatment, the crucible containing catalysts was
cooled to room temperature to obtain the as-synthesized
TiO2 powders. The calcined P25 and untreated Degussa P25
samples were characterized for evaluating the changes in
properties.

2.2. Characterization. The X-ray diffraction (XRD) patterns
obtained on an X-ray diffractometer (type D8 ADVANCE)
using Cu-Kα irradiation at a scan rate (2θ) of 0.02◦ s−1

were used to determine the identity of any phase present
and their crystallite size. The accelerating voltage and the
applied current were 15 kV and 20 mA, respectively. If the
sample contains anatase and rutile phases, the phase content
of titania can be calculated from the integrated intensities
of anatase (101) and rutile (110) peaks, according to the
following equation [22]:

fR = 1.26 IR
IA + 1.26 IR

, (1)

where IA and IR represent the integrated intensity of the
anatase (101) and rutile (110) peaks, respectively. With (1),
the phase contents of anatase and rutile in TiO2 samples
can be calculated. The average crystallite sizes of anatase and
rutile were determined according to the Scherrer equation.
Crystallite sizes and shapes were observed using trans-
mission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) (JEOL-2010F
at 200 kV). The samples for TEM observation were prepared
by dispersing the TiO2 powders in an absolute ethanol solu-
tion under ultrasonic irradiation; the dispersion was then
dropped on carbon-copper grids. The Brunauer-Emmett-
Teller surface area (SBET) of the powders was analyzed by
nitrogen adsorption in a Micromeritics ASAP 2020 nitrogen

adsorption apparatus (USA). All the samples were degassed
at 180◦C prior to nitrogen adsorption measurements. The
BET surface area was determined by multipoint BET
method using the adsorption data in the relative pressure
(P/P0) range of 0.05–0.3. Desorption isotherm was used to
determine the pore-size distribution via the Barret-Joyner-
Halender (BJH) method, assuming a cylindrical pore modal
[26–28]. The nitrogen adsorption volume at the relative
pressure (P/P0) of 0.994 was used to determine the pore
volume and average pore size. The morphologies of TiO2

powders were observed using scanning electron microscopy
(SEM) (type JSM-7001F, Japan) with an acceleration voltage
of 20 kV. The UV-Vis spectra were obtained by an UV-Vis
spectrophotometer (UV-2550, Shimadzu, Japan). Infrared
(IR) spectra on pellets of the samples mixed with KBr were
recorded on a Nicolet 5700 FTIR spectrometer at a resolution
of 0.09 cm−1. The concentration of the samples was kept at
about 0.25–0.3%.

2.3. Measurement of Photocatalytic Activity. The photocat-
alytic activity evaluation of TiO2 powders for the photo-
catalytic decolorization of methyl orange aqueous solution
was performed at ambient temperature. The detailed exper-
imental process can be found in our previous studies [5].
The photocatalytic decolorization of methyl orange aqueous
solution is a pseudo-first-order reaction and its kinetics may
be expressed as ln(c0/c) = kt, where k is the apparent
rate constant, and c0 and c are the adsorption-desorption
equilibrium and reaction concentrations of aqueous methyl
orange, respectively.

3. Results and Discussion

3.1. Phase Structure. The effect of calcination temperature
on phase structures was studied using XRD. Figure 1 shows
the XRD patterns of P25 powders before and after calcination
at different temperatures for 4 h. It can be seen that all the
samples were composed of both rutile and anatase phases.
Further observation shows that with increasing calcination
temperature form 400 to 500◦C, the intensity of both anatase
and rutile peaks gradually increases, indicating an enhance-
ment of crystallization. With further increasing temperature
from 600 to 800◦C, the intensities of anatase diffraction
peaks decreased gradually and ultimately disappeared, and
meanwhile the intensities of rutile diffraction peaks steadily
became stronger. Therefore, the calcination temperature
obviously influences the crystallization and phase composi-
tion of the P25 powders. The effects of calcination tempera-
tures on physical properties of P25 TiO2 powders are shown
in Table 1. It can be seen that the mass fraction of rutile phase
slightly increases with increasing calcination temperature.
Before calcination, the mass fraction of rutile was ca. 27.3%.
At 700◦C, the content of rutile reached ca. 90.8%. No anatase
phase was detected at 800◦C, which is in good agreement
with results in the literature [29]. Therefore, it is reasonable
to suggest that high calcination temperature results in
the phase transformation from anatase to rutile. Usually,
phase transformation is accompanied with crystal growth.
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Table 1: Effect of temperature on physicochemical properties of TiO2 samples.

Temperature
(◦C)

aPhase content
(%)

bCrystalline size
(nm)

cSBET

(m2/g)

dPore
volume
(cm3/g)

Average
pore size

(nm)

ePorosity
(%)

P25
A: 72.7;
R: 27.3

29.5 45.7 0.177 7.57 41.5

400
A: 72.7;
R: 27.3

31.7 25.9 0.0929 8.24 27.1

500
A: 66.4;
R: 33.6

33.8 22.7 0.0597 10.7 19.4

600
A: 55.2;
R: 44.8

48.6 18.7 0.0503 10.5 17.0

700
A: 9.8;
R: 90.2

63.2 8.59 0.0177 14.4 7.00

800 R: 100 99.0 4.39 0.00831 15.5 3.45

Calcination time: 4 h
aA and R denote anatase and rutile, respectively. bAverage crystalline size of TiO2 was determined by XRD using Scherrer equation. cThe BET surface area
was determined by multipoint BET method using the adsorption data in P/P0 range from 0.05 to 0.3. dPore volume and average pore size were determined by
nitrogen adsorption volume at P/P0 = 0.994. eThe porosity is estimated from the pore volume determined using the desorption data at P/P0 = 0.994.
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Figure 1: XRD patterns of P25 samples before (a) and after
calcination at 400 (b), 500 (c), 600 (d), 700 (e), and 800◦C (f) for
4 h.

As the calcination temperature is raised, XRD reflections
corresponding to both the anatase and rutile phase become
narrower, which indicates the increase of crystallite size. The
average crystallite size was shown in Table 1. The average
crystallite size of samples treated at lower temperature (below
500◦C) increased slightly from about 29.5 to 33.8 nm (see
Table 1). However, higher temperature caused rapid increase
of crystallite size up to about 63.2 and 99 nm for samples
calcined at 700 and 800◦C, respectively. The similar results
were observed by Górska et al. [30] for five different samples
of TiO2 calcinated at 400–750◦C.

3.2. FT-IR. The preparation methods and conditions could
affect the hydroxylation state of titania powders. The FT-
IR spectroscopy of the P25 before and after calcination
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Figure 2: FT-IR spectra of the P25 powders before (a) and after
calcination at 400 (b), 500 (c), and 600◦C (d) for 4 h.

treatment of 4 h is shown in Figure 2. It is believed that the
broad peak at 3400 and the peak at 1650 cm−1 correspond
to the surface-adsorbed water and hydroxyl groups, respec-
tively. The main peak at 400–700 cm−1 was attributed to Ti-
O stretching and Ti-O-Ti bridging stretching modes [31].
Notably, with increasing temperature, the surface-adsorbed
water and hydroxyl groups decreased slightly. This was due
to the decrease of specific surface areas and pore volume
(as shown in Table 1), which caused the reduction of the
adsorbed water [32]. According to our previous study, the
hydroxyl groups on the surface of samples contribute to
enhancement of the photocatalytic activity [33], because they
can interact with photogenerated holes, which gives better
charge transfer and inhibits the recombination of electron-
hole pairs [34, 35].
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Figure 3: UV-Vis absorption spectra of P25 powders before (a) and
after calcination at 500 (b), and 700◦C (c) for 4 h.
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Figure 4: Plots of (hvα)2 versus photon energy for the P25 powders
before (a) and after calcination at 500 (b), and 700◦C (c) for 4 h.

3.3. UV-Vis Spectra. Usually, calcination temperature obvi-
ously affects light absorption characteristics of TiO2 [36–
38]. The influences of temperature on the light absorption
characteristics of TiO2 powders are shown in Figure 3. A
significant increase at wavelengths shorter than 420 nm could
be attributed to absorption of light caused by the excitation
of electrons from the valence band to the conduction band of
TiO2. A red shift of the absorbance spectra of TiO2 powders
calcined at 500 and 700◦C in the band gap transition was
observed as compared with the uncalcined P25 powders. The
differences in adsorption were attributed to the change of
crystallite size and phase structure (see Table 1).

The adsorption edges shifted toward longer wavelengths
for the powders after calcination at 500 and 700◦C. This
clearly indicated a decrease in the band gap energy of TiO2.
To further explore the effect of calcination temperature on
the absorption edge, the band gap energy can be estimated
from a plot of (hvα)1/2 versus photon energy (hv). The
intercept of the tangent to the plot will give a good approxi-
mation of the indirect band gap energy for TiO2. The relation
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Figure 5: Nitrogen adsorption-desorption isotherms of the P25
powders before (a) and after calcination at 500 (b) and 700◦C (c)
for 4 h.

between the absorption coefficient (α) and incident photon
energy (hv) can be written as α = Bi(hv − Eg)1/2/hv, where Bi

is absorption constants for indirect transitions [39–41]. Since
absorbance (A) is proportional to absorption coefficient (α),
we use absorbance (A) to substitute absorption coefficient
(α) [40].

Plots of (hvα)2 versus photon energy (hv) for TiO2

powders are shown in Figure 4. The band gap energies
estimated from the intercept of the tangents of the plots
are 3.37, 3.25, and 3.10 eV for the P25 powders before and
after calcination at 500 and 700◦C for 4 h, respectively. This
showed that the band gap of TiO2 samples monotonically
became narrower with increasing calcinations temperatures.
This may be due to the following factors: (1) an increase in
the crystallite size resulted in the decrease of band gap energy,
which was in accordance with previous results reported by
Xiao et al. [42]; (2) lower value of band gap for samples
after calcination at 500 and 700◦C may be a result of phase
transformation from anatase to rutile [30].

3.4. BET Surface Areas and Pore Distribution. Figure 5 shows
nitrogen adsorption-desorption isotherms of the P25 pow-
ders before and after calcination at 500 and 700◦C. It can be
seen that all the samples show a type H3 hysteresis according
to BDDT classification [26], indicating the presence of
mesopores (2–50 nm). Moreover, the observed hysteresis
approaches to P/P0 = 1, suggesting the presence of large
pores (>50 nm) [43, 44]. Further observation indicates that
with increasing calcination temperature, the hysteresis loops
shift to higher relative pressure range and the areas of the
hysteresis loops decrease. This indicated that the average
pore size increased and the volume of pore decreased
with increasing calcination temperatures [45]. When the
calcination temperature is higher than 700◦C, the hysteresis
loops of the obtained samples are difficult to be observed
(not shown in Figure 5), indicating that some pores collapse
during the calcination. The pore size distribution calculated
from the desorption branch of the isotherm is presented



International Journal of Photoenergy 5

10 100

0

0.06

0.12

0.18

(c)

(b)

Pore diameter (nm)

(a)

dv
/d
lo
gw

 (
cm

3
/g

)

Figure 6: Pore diameter distribution curves of the P25 powders
before (a) and after calcination at 500 (b) and 700◦C (c) for 4 h.

in Figure 6. It can be seen that calcination temperature
significantly influences the pore size distribution of the
TiO2 powders. Before calcination, the P25 TiO2 has a
wide pore size distribution from mesopore to macropore.
With increasing calcination temperatures, the curves of the
pore size distribution shift to the macropore region and
the pore volumes decrease slowly. At 700◦C, the pore size
distribution becomes even, indicating the disappearance
of pores [6]. Usually, the average pore size is connected
with the TiO2 crystallite size and the average pore size
increased with an increase in the crystallite size of TiO2

powders [21, 22, 46, 47]. Accordingly, the decrease of pore
volume located at 2–10 nm for the calcined P25 powders
indicated the decrease of smaller TiO2 crystallites (<10 nm).
This is in good agreement with the XRD analysis in which
smaller anatase crystallites were transformed into rutile
phase. Table 1 shows the physical properties of the P25
powders before and after calcination treatment at different
temperatures for 4 h. Before calcination treatment, P25 TiO2

shows a large BET-specific surface area, and its value reaches
45.7 m2/g. After calcination treatment above 400◦C, the BET-
specific surface areas of the P25 samples clearly decrease.
Further observation shows that with increasing calcination
temperatures, the BET-specific surface areas, pore volumes,
and porosity steadily decrease; meantime, the average pore
size increases.

3.5. SEM and TEM. The calcination process also affects the
morphologies of the resulting P25 TiO2 powders. Figure 7
shows SEM images of the P25 TiO2 powders before and after
calcination treatment at 400, 500, and 700◦C for 4 h. It can be
seen from Figure 7(a) that before calcination treatment, the
powders are smaller aggregated particles, resulting in a high
porous volume due to aggregation among tiny TiO2 particles
(see Figure 6). Conversely, after calcination treatment, the
powders are composed of larger agglomerated particles. This
may be caused by the phase transformation from anatase to
rutile, resulting in the decrease in the pore volume (as shown

in Table 1). It is interesting to observe from Figure 7 that with
increasing calcination temperature from 400 to 700◦C, the
particle sizes of the aggregates gradually increase. This may
be ascribed to the fact that the interaction of smaller particles
results in their aggregation into many spherical particles
with bigger sizes. The morphology and microstructures of
P25 TiO2 powders are further investigated by TEM and
HRTEM analysis. Figure 8(a) shows a typical TEM image
of the TiO2 powders after calcination at 500◦C for 4 h. It
can be seen that the particles exhibit a relatively uniform
particle size distribution. The average size of the primary
particles estimated from the TEM image is about 35 nm,
which is in good agreement with that calculated from the
XRD pattern using Scherrer equation (33.8 nm). Further
observation indicates that a large number of mesopores come
from the aggregation of primary particles or crystallites.
Figure 8(b) presents a typical HRTEM lattice image of the
TiO2 nanoparticles after calcination at 500◦C for 4 h. The
selected area electron diffraction (SAED) patterns (inset in
Figure 8(b)) reveal the polycrystalline nature of the anatase
and rutile phases for the P25 TiO2 powders. By measuring the
lattice fringes, the resolved interplanar distances are ca. 0.35
and 0.33 nm, corresponding to the (101) planes of anatase
and the (110) planes of rutile, respectively. This further
confirms the mixed biphase structures of the sample after
calcination at 500◦C for 4 h.

3.6. Photocatalytic Activity. The photocatalytic activity of the
P25 TiO2 before and after calcination at various tempera-
tures was evaluated by photocatalytic oxidation of methyl
orange (MO) aqueous solution under UV light irradiation
in air. Figure 9 shows the relationship between the apparent
rate constants (k) of MO degradation and calcination
temperatures. Prior to calcination, the P25 TiO2 showed high
photocatalytic activity with a rate constant of 6.02 × 10−3,
which is a well known and recognized as an excellent photo-
catalyst. It has been reported that the P25 TiO2 photocatalyst
are consists of an amorphous state together with a mixture
of anatase and rutile [48]. Further observation indicates
that the calcined sample at 400◦C for 4 h shows a higher
photocatalytic activity with a rate constant of 10.2 × 10−3.
This may be due to the fact calcination treatment enhanced
the phase transformation of the P25 TiO2 powders from
amorphous to anatase. The rate constants increase with
increasing calcination temperatures. The enhancement of
photocatalytic activity at elevated calcination temperatures
can be ascribed to an obvious improvement in anatase
crystallinity (as shown in Figure 1). At 500◦C, the k reaches
the highest value of 12.1× 10−3. With further increasing the
calcination temperature, the k decreases slightly. This is due
to the decrease in specific surface areas and the content of
anatase (as shown in Table 1). The highest photocatalytic
activities of the calcined samples at 500◦C might be explained
by the optimal mass ratio of rutile to anatase.

Generally, photocatalytic activity of mesoporous TiO2 is
strongly dependent on its phase structure, crystallite size,
surface areas, and pore structure. Larger specific surface
area allows more organic reactants to be absorbed onto the
surface of the photocatalyst, while higher pore volume results
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Figure 7: SEM images of the P25 powders before (a) and after calcined at 400 (b), 500 (c), and 700◦C (d) for 4 h.

in a rapider diffusion of various inorganic products during
the photocatalytic reaction. Therefore, it is expected that
the uncalcined sample exhibits a relative high photocatalytic
activity due to its large specific surface areas and pore
volume. However, the powders with a large surface area
are usually associated with large amounts of crystalline
defects or weak crystallization, which favor the recombi-
nation of photogenerated electrons and holes, leading to
a poor photoactivity. Therefore, the large surface area is
a requirement, but not a decisive factor. It is well known
that the mixture of anatase and rutile TiO2 has higher
degradation efficiency than pure anatase for the oxidation of
various organic compounds [48–50]. Moreover, the content
of rutile has played important role in photocatalytic reaction.
For example, Bacsa et al. found that the catalyst with 30%
rutile content showed a maximum catalytic activity for the

photocatalyzed degradation of p-coumaric acid [51]. It was
reported the TiO2 powders containing 77% anatase and 23%
rutile had highest photocatalytic activity in degradation of 4-
chlorophenol [52]. Thus, the mass ratio of rutile to anatase is
another important factor that influences the photocatalytic
efficiency [53, 54]. In our present work, the uncalcined P25
powders possess a large specific surface area of 45.7 m2/g.
After calcination at 500◦C, the specific surface areas decrease
to 22.7 m2/g. Such a large decrease in specific surface area
should lead to a decrease in the photocatalytic activity.
However, the 500◦C sample shows the highest photocatalytic
activity. The increase of photocatalytic activity at 500◦C
might be due to the enhancement of anatase crystallization
and increase of rutile content in photocatalysts (as shown
in Figure 1 and Table 1). The former is beneficial to reduce
the recombination rate of the photogenerated electrons and
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holes due to the decrease in number of the defects. The latter
can enhance the transfer and separation of photogenerated
electrons and holes, implying that the mass ratio of rutile
to anatase also obviously influences photocatalytic activity
and an optimal rutile-to-anatase mass ratio is probably ca.
1 : 2 according to our results. According to the aformentioned
deduction, it is not difficult to explain that the 700 and 800◦C
samples show a lower photocatalytic activity than the 500◦C
sample due to the increase of rutile content in photocatalysts.

4. Conclusion

Calcination treatment exhibits a marked influence on the
microstructures and photocatalytic activity of the P25 TiO2

powders. With increasing calcination temperature, the aver-
age crystallite size, average pore size, and rutile content
increase. In contrast, the BET-specific surface areas, pore vol-
umes, and porosity steadily decrease. The synergistic effect of
the phase structure, BET surface area, and crystallinity on the

photocatalytic of TiO2 powders (P25) after calcination was
investigated. An optimal calcination temperature (500◦C)
was determined. The photocatalytic activity of TiO2 powders
at an optimal calcination temperature was nearly 2 times
higher than that of the uncalcined P25 TiO2. The highest
photocatalytic activities of the calcined samples at 500◦C
for 4 h might be ascribed to the enhancement of anatase
crystallization and the optimal mass ratio (ca. 1 : 2) of rutile
to anatase.
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The Fe-doped TiO2 nanocomposites synthesized by a deposition-precipitation method were characterized by X-ray diffraction
(XRD), transmission electron microscope (TEM), X-ray photoelectron spectroscopy (XPS), and UV-vis adsorption spectra and
then were taken as a new “photosensitizer” for photodynamic therapy (PDT). The photocatalytic inactivation of Fe-doped TiO2

on Leukemic HL60 cells was investigated using PDT reaction chamber based on LED light source, and the viability of HL60 cells
was examined by Cell Counting Kit-8 (CCK-8) assay. The experimental results showed that the growth of leukemic HL60 cells was
significantly inhibited by adding TiO2 nanoparticles, and the inactivation efficiency could be effectively enhanced by the surface
modification of TiO2 nanoparticles with Fe doping. Furthermore, the optimized conditions were achieved at 5 wt% Fe/TiO2 at a
final concentration of 200 μg/mL, in which up to 82.5% PDT efficiency for the HL60 cells can be obtained under the irradiation of
403 nm light (the power density is 5 mW/cm2) within 60 minutes.

1. Introduction

Photodynamic therapy (PDT) is a new technique for cancer
treatment. It takes advantage of the selective accumulation
of photosensitizers, which accumulate in tumor tissues and
produce singlet oxygen to inactivate the tumor cells through
series of the photochemical reactions or photobiological
reactions at a specific light wavelength within the absorption
spectra of the photosensitizer, to achieve local treatment
purposes [1]. In PDT, light, oxygen, and photosensitizer are
combined to produce a selective therapeutic effect in the tar-
get tissue [2, 3]. Among these three agents, photosensitizer,
as the energy carrier and the interaction bridge, is playing
an important role in tumor treatment [1, 4]. However,
tumors in human body with varying degrees of depth
the application of traditional photosensitizers is restricted
because of their inherent properties. Therefore, seeking

for a high-performance photosensitizer and improving the
existing properties of photosensitizer have become the main
focus of PDT study.

Compared to other semiconductor oxides, TiO2 has been
widely used and proved to be an important potential pho-
tosensitizer because of their unique physical and biological
properties [5–7], such as photostable, inexpensive, nontoxic
properties, and it has high oxidative power, no secondary
pollution. Moreover, with the rapidly development of nan-
otechnology, nanoparticles have shown a wide range of
potential applications in biological and biomedical fields
[8–11]. TiO2 nanoparticles as an anticancer drug or used
for energy transfer material to improve the traditional pho-
todynamic effect have been noticed [12–15]. Nevertheless,
the electron-hole pairs of TiO2 can be formed only under
ultraviolet light. Additionally, the photogenerated holes are
easy to recombine with the photoinduced electrons, which
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greatly reduce the photocatalytic inactivation efficiency of
TiO2 nanoparticles and hinder its practical applications
[16–19]. Fortunately, it has been demonstrated that the
photocatalytic efficiency and the visible light absorption of
TiO2 can be effectively improved by the method of transition
metal doping [20–23].

In this paper, nanoparticles of TiO2 and Fe-doped TiO2

were used as a photosensitizer to kill cancer cells. Up to
our knowledge, there still no previous report on the study
of photocatalytic inactivation effects of Fe/TiO2 on HL60
cells. Our experimental results show that the photocat-
alytic inactivation efficiency on human HL60 cancer cells
could be greatly enhanced by the Fe modification of TiO2

nanoparticles, which have not only significantly improved
the selective inactivation of tumor cells in vitro and accurate
PDT dosimetry, but also have potential clinical applications
when TiO2 nanoparticles are used as a photosensitizer or
energy transferor in photodynamic therapy.

2. Materials and Methods

2.1. Chemicals and Apparatus. HL60 cells were kindly
provided by the Department of Medicine of Sun Yat-sen
University in China. The TiO2 nanoparticles, Fe/TiO2 (2%)
and Fe/TiO2 (5%) nanocomposites, 5-aminolevulinic acid
(ALA) and phosphate buffered saline (PBS) were purchased
from Sigma (USA). The Cell Counting Kit-8 (CCK-8) was
purchased from Dojindo (Japan). RPMI medium 1640 and
foetal calf serum (FCS) were obtained from Gibco BRL
(USA). All chemicals used were of the highest purity com-
mercially available. The stock solutions of the compounds
were prepared in serum-free medium immediately before
using in experiments.

These apparatus, including D8 Focus X-ray diffraction
(XRD) (Bruker, Germany), AXIS Ultra X-ray photoelec-
tron spectroscopy (XPS) (Kratos, UK), U-3010 UV-visible
spectrophotometer (Hitachi, Japan), JEM-2100HR trans-
mission electron microscope (TEM, Japan), HH.CP-TW80
CO2 incubator, DG5031 ELISA reader, XDS-1A inverted
microscope, PDT reaction chamber, 96-well plates, cell count
board, and so on were used in this research.

2.2. Light Source. To reach a high efficiency of PDT, An in-
house built lamp with many high-power light-emitting
diodes (LEDs), emitting light in the visible-light region 400–
410 nm and with a peak at 403 nm, was taken as light sources
in the experiments. The fluence rate at the position of the
sample was 5 mW/cm2 as measured with a photodiode. As
shown in Figure 1, the blue LEDs can better meet the needs
of PDT experiments.

2.3. Preparation of TiO2 Nanoparticles and Fe-Doped TiO2

Nanocomposites Solutions. The pure TiO2 nanoparticles,
2 wt% Fe/TiO2 and 5 wt% Fe/TiO2 nanocomposites, were
synthesized using the deposition-precipitation method.
Firstly, Ti(SO4)2 (6 g), neopelex (DBS, 0.18 g), CO(NH2)2

(32 g), definite volumes of doubly distilled water (250 mL),
absolute ethyl alcohol (0.25 mL), and 98% H2SO4 were
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Figure 1: The emission spectra of the blue LEDs.

mixed with appropriate amount of Fe2(SO4)3 (0 g, 0.1 g, 0.5 g
resp.) to make up the reaction liquid, which then would
be treated in water bath at 80◦C under vigorous stirring
for 2 to 3 hours at pH 8. Afterwards, the reactant was
transferred from the water bath to be deposited for 24 h.
The third process was the washing and filtering, SO4

2− and
DBS were removed by washing with deionized water. BaCl2
solution was employed to check whether SO4

2− exists. The
formatting of BaSO4 white sediment indicated more washing
was needed. The resulting precipitates were washed again
with ethyl before dehydration, drying in the dry-box for 3 h.
Finally, The Fe-doped TiO2 was obtained after calcined at
400◦C for 30 min and grinded for 15 min.

The prepared nanoparticles were encapsulated in three
bottles, respectively. Subsequently, they were placed in YX-
280B-type pressure steam sterilizer with a high temperature
and high pressure (120◦C, 1.5 atm) to sterilize for 30
minutes. Finally, an appropriate amount of culture medium
was added to fully dissolve the nanoparticles. All solutions
were filtered through a 0.22μm membrane filter and stored
in the dark at 4◦C before taken into the experiments.

2.4. Cell Culture. Human leukemia HL60 cells were cultured
in RPMI 1640 medium supplemented with 10% fetal bovine
serum (FBS) in a humidified incubator with 5% CO2 at 37◦C
until confluent. All experiments were performed using cells
during the logarithmic growth phase. The cell concentration
was measured using a cell count board and the cell density
was adjusted to the required final concentration.

2.5. Cell Viability Assay. There are many ways to check the
cell viability. The method of CCK-8 (Cell Counting Kit-8),
which is much simpler, more sensitive, and reproducible than
the traditional method of MTT [24], was used to detect the
activation of cell during the experiment. CCK-8 assay based
on the ability of a mitochondrial dehydrogenase enzyme
from viable cells contains WST-8, which can be reduced to
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a highly water-soluble yellow-colored formazan dye by dehy-
drogenase in the presence of an electron carrier (1-methoxy
PMS). The number of surviving cells is directly proportional
to the level of the formazan product created. The amount of
formazan dye can be reflected by the absorbance at 450 nm.
Therefore, the characteristic of CCK-8 can be used directly
for cell proliferation and toxicity analysis.

2.6. Experimental Design. Firstly, 96-well plates were divided
into several parts according to experimental needs (including
the control groups and zero groups). Three repeated wells
were set under the same experimental conditions. Secondly,
HL60 cells in logarithmic growth phase were seeded in
96-well plates, afterwards the prepared solutions of TiO2,
Fe/TiO2 (2%), Fe/TiO2 (5%) at various concentrations were
added in the appropriate samples respectively, and each
well was infused with an appropriate volume of cell culture
medium to ensure that the final volume was 200 μL, while
the zero pores contain only 200 μL of culture medium.
Thirdly, light exposure was carried out immediately after 4 h
incubation (The average fluence rate used was 5 mW/cm2,
the irradiation dose was 18 J/cm2). After that, 20 μL of
solution was added to each well and incubated for other
4 hours. Finally, the OD values of the samples were detected
by the ELISA reader based on dual-wavelength method
(the test wavelength at 450 nm and reference wavelength at
630 nm). Three parallel tests were performed for each sample
to ensure accuracy.

2.7. Statistical Analysis. Data are presented as means ±
S.D. (standard deviation) from at least three independent
experiments. Statistical analysis was then performed using
the statistical software SPSS11.5, Values of P < 0.05 were
considered statistically significant.

3. Results and Discussion

3.1. Characterization of Fe-TiO2 Nanocomposites

3.1.1. X-Ray Diffraction. The crystallite size is calculated by
the Scherrer formula [25]:

D = Kλ

β cos θ
, (1)

where D is the crystalline size, λ is the X-ray wavelength
(0.1541 nm), K is the constant usually taken as 0.89, θ is
the Bragg’s angle 2θ = 25.3◦ for anatase phase titania, and
β is the pure full width of the diffraction line at half of the
maximum intensity. According to the above formula, it is
estimated that the average particle sizes are 20.2 nm, 19.8 nm,
17.2 nm for pure TiO2, 2 wt% Fe-doped TiO2, and 5 wt% Fe-
doped TiO2, respectively. Apparently, the incorporation of Fe
into TiO2 could effectively inhibit the crystal grain growth of
TiO2, leading to smaller particle.

XRD was also used to further examine the average
crystalline properties of the Fe-doped TiO2. As shown in
Figure 2, the XRD diffraction peaks of the synthesized Fe-
doped samples around 2θ of 25.26◦, 37.73◦, 48.28◦, 54.36◦,
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Figure 2: The XRD patterns of TiO2 nanoparticles and Fe-doped
TiO2 nanocomposites calcined at 400◦C.

56.43◦, 62.17◦, which could be indexed to the characteristic
peaks (1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 1 1),
and (2 0 4) of anatase TiO2. Thus, the Fe-doped TiO2

nanocomposites obtained by the deposition-precipitation
method have primarily the anatase phase. Furthermore, it is
demonstrated that the diffraction peaks of Fe-doped TiO2

gradually shift towards smaller angle with the increase of
Fe-doping concentration compared with that of pure TiO2,
indicating that the lattices of TiO2 have been expanded by
the Fe-doping, which make it possible for Fe3+ to diffuse
into the TiO2 lattices to replace Ti4+. Additionally, there is
no indication of a peak corresponding to iron oxide (Fe2O3)
observed, further indicating that Fe3+ exists by replacing
part of Ti4+ in the crystal lattices of TiO2, which is mainly
contributed to the ionic radius of Fe3+ (0.064 nm) to be
almost equal to that of Ti4+ (0.068 nm).

3.1.2. TEM Studies. The morphology and size of the Fe-
doped TiO2 nanocomposites were studied with a JEM-
2100HR transmission electron microscope. As can be seen
in Figure 3, TiO2 particles are spherical or square-shaped
with a primary particle size of approximately 18 nm. The
measurements are basically consistent with the XRD results.

3.1.3. XPS Analysis. In order to determine whether the
successful implementation of the Fe doping, the surface of
Fe/TiO2 (5%) nanocomposites calcined at 400◦C has been
investigated using XPS analysis. As can be observed from
Figure 4, the characteristic peak corresponding to Fe2p is
located at 710 eV, which reveals that Fe in the doped samples
exists mainly in the form of Fe3+ [26]. The result is consistent
with the results obtained by X-ray diffraction. Additionally,
according to the XPS measurements, the concentration of
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Figure 3: The TEM images of 5 wt% Fe/TiO2 nanocomposites
prepared by deposition-precipitation method.
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Figure 4: The XPS spectra of Fe/TiO2 (5%) calcined at 400◦C.

Fe over the surface of TiO2 is 4.68 wt%, which is basically
consistent with the theoretical expectation.

3.1.4. UV-Vis Spectroscopy. The UV-visible absorption spec-
tra of TiO2 nanoparticles doped with different amounts of Fe
in the visible light region were measured using U-3010 UV-
visible spectrometer, as shown in Figure 5.

The UV-Vis absorption spectra show that the absorption
edges of Fe-doped TiO2 nanoparticles are slightly shifted to
longer wavelengths “red-shift” with increasing amount of
Fe, and the absorption for the doped TiO2 in the visible
light region is significantly enhanced compared with that of
pure TiO2. Additionally, as shown in Figure 5, the starting
point of absorption edge of updoped TiO2 is 393 nm while
that for Fe/TiO2 (2%) is 407 nm and Fe/TiO2 (5%) is
425 nm, indicating that the visible light absorption of TiO2

nanoparticles has been effectively enhanced by the surface
modification with Fe.
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Figure 5: The UV-Vis absorption spectra of TiO2 with different
amounts of Fe doping.

3.2. Effects of Photoexcited TiO2 with or without Fe Doping
on Proliferation of HL60 Cells. HL60 cells in the logarithmic
phase at a density of 1 × 105 cells/mL were seeded into 96-
well culture plates which had been divided into 4 groups,
namely: the control group, the TiO2 group, the Fe/TiO2

(2%) group, the Fe/TiO2 (5%) group, respectively. The
final concentration of the groups with nanoparticles was
200 μg/mL. Besides, some culture media were added, respec-
tively, so as to the total volume is 200 μL per well. The optical
density values (OD values) of the samples were measured
by DG5031 ELISA reader for 6 consecutive days without
adding nutrients. The experimental data are presented in
Figure 6.

As can be seen from Figure 6, all the HL60 cells showed
a low growth rate on the first day indicating they were
in the adaptation period. The growth rate for the HL60
cells increased rapidly in the logarithmic phase during
the next three days. In this paper, the cells during this
period were used in all experiments. On the fifth day,
due to nutrient depletion, metabolite accumulation, and
environmental changes, the growth rate of cells becomes
more and more slow and stabilized downgradually. With
the continuous depletion of nutrients and the accumulation
of toxic metabolites, the number of viable cells started to
decrease from the sixth day.

Figure 6 also demonstrates that the OD values of the
experimental groups in the presence of nanoparticles are
much lower and with a shorter growth phase than that of the
control group under the same conditions. Apparently, TiO2

nanoparticles or Fe/TiO2 nanocomposites have a certain
degree of inhibitory or toxic effects on the proliferation of
HL60 cells. Moreover, the inhibition effects on HL60 cells
become more and more obvious with the increasing Fe-
doping concentration.
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Figure 6: The influence of different nanoparticles on the prolif-
eration of HL60 cells. Data represent the means ± S.D. (standard
deviation) from five independent experiments. ∗P < 0.05 as
compared to control (untreated) cells.

3.3. Influence of Nanoparticles Concentrations on the Relative
Survival of HL60 Cells. It is required for the photosensitive
antitumor drugs used in PDT not only to have high
photocatalytic inactivation capability under light irradiation,
but also to have no toxicity in the dark. Therefore, it is
very important to investigate the self-generated toxicity of
TiO2 nanoparticles or Fe/TiO2 nanocomposites. The toxicity
of TiO2 or Fe/TiO2 was measured by exposing HL60 cells
in the medium containing various concentrations of TiO2

or Fe/TiO2 (0 μg/mL, 50 μg/mL, 100 μgL/mL, 150 μg/mL,
200 μg/mL, 250 μg/mL, 500 μgL/mL, 1000 μg/mL) for 48
hours in dark, respectively. The OD values of HL60 cells at
different concentrations of nanoparticles were normalized
by the OD values of control group (the final concentration
of nanoparticles was 0 μg/mL). The relative survival rates of
HL60 cells are shown in Figure 7.

As can be seen from Figure 7, with the increasing con-
centration of nanoparticles solution, the viability of HL60
cells decreased gradually. At a concentration of 1000 μg/mL,
the three survival rates were 77%, 73%, 65.3%, respectively.
In comparison, when the concentration reduced the range
of 0∼250 μg/mL, the survival rates of HL60 cells were all
above 90%. In this case, the TiO2 nanoparticles and Fe/TiO2

nanocomposites could be considered as basically nontoxic
materials for cancer cells in the dark, which is in agreement
with the suggestions reported in references [27, 28] that TiO2

is nontoxic for animals.

3.4. Influence of Nanocomposites-Based PDT on the Viability
of HL60 Cells. The HL60 cells were inoculated into two 96-
well plates marked with A or B. The cell suspensions of A
plate were exposed to light after incubating for 24 hours and
then preincubated for another 24 hours in the dark. The
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Figure 7: The influence of nanomaterial concentration on the
relative viability of HL60 cells. Data are presented as the means ±
S.D. from five independent measurements. ∗P values are less than
0.05 as compard with untreated control cells.

HL60 cells in plate B were incubated for 48 hours in the
incubator without light treatment. The final concentration
of nanoparticles TiO2 nanoparticles or Fe/TiO2 nanocom-
posites was 200 μg/mL and each experiment was repeated
three times in order to reduce the error. The OD values of
experimental groups were then measured by DG5031 ELISA
reader, as shown in Table 1.

These measured OD values of cells after light irradiation
were normalized by the OD values of cells without light
treatment. The relative survival of HL60 and PDT efficiency
under different nanoparticles were calculated by the follow-
ing equations: relative viability = ODLight/ODDark, and PDT
efficiency = 1−relative viability. The results are presented in
Figure 8.

According to the measurements shown in Table 1, the
OD values of HL60 cells exposed to light are significantly
lower than that of the control group without light treatment,
for both in the absence and in the presence of nanoparticles.
Illumination causes a decline survival rate of tumor cells
without TiO2 nanocomposites which is mainly due to the
near-ultraviolet light (403 nm) which itself has a certain
degree of killing effect on tumor cells. PDT is designed
to “selectively kill tumor cells while not harming normal
cells as possible.” If light irradiation have a greater killing
effect on tumor cell in the absence of photosensitive drugs,
it will also inevitably lead to a greater damage to normal
cells. Therefore, more attention should be paid to light
elements of PDT, to minimize light damage on normal
cells. Our previous experiments have demonstrated that
the light density of 5 mW/cm2 and the light irradiation
dose of 18 J/cm2 are the best inactivation parameters of
tumor HL60 cells-based photodynamic therapy, which are
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Table 1: The influence of light irradiation on OD values of HL60 cells with different nanoparticles. Data and the points are presented as the
means ± S.D from tree independent measurements. Statistical analysis was then performed and showed that the differences to be significant
(∗P < 0.05).

Control TiO2 Fe/TiO2 (2%) Fe/TiO2 (5%)

Light treamernt

1.073 0.946 0.937 0.875

1.092 0.957 0.916 0.881

1.136 0.921 0.881 0.889

±0.031 ±0.032 ±0.021 ±0.006

1.067 1.004 0.930 0.879

Without light treamernt

0.440 0.283 0.291 0.231

0.869 0.283 0.168 0.154

0.434 0.301 0.287 0.254

±0.007 ±0.015 ±0.041 ±0.011

0.452 0.265 0.202 0.256
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Figure 8: The relative viability of HL60 cells and PDT efficiency of
different nanopariticles.

consistent with the literature reports [29, 30]. Therefore, a
more effective approach to solve the problem is to enhance
the visible light absorption of TiO2. Furthermore, the OD
values of HL60 cells exposed to light with nanoparticles are
significantly lower than these without nanoparticles, which
is in agreement with our previous result that nanoparticles
have a certain degree of inhibition/toxicity on the growth of
cells.

As shown in Figure 8, the relative survival rate of HL60
cells in the presence of nanoparticles is significantly lower
than that without nanoparticles. It means that PDT efficiency
of HL60 cells with nanoparticles is higher than that of HL60
cells without nanoparticles. In addition, Fe/TiO2 nanocom-
posites present much higher efficiency in photokilling HL60
cancer cells than TiO2 nanoparticles. These results reveal that
the modification of Fe on the surface of TiO2 nanoparticles
can greatly enhance the photocatalytic inactivation effect
of TiO2 on HL60 cells. Additionally, Fe/TiO2 (5%) group
displays a little higher inactivation efficiency compared

e−

Fe

Light

TiO2

H2O OH•

O2
•

O2

h+

hA

Scheme 1: The possible mechanism of ROS production by Fe-
doped TiO2 nanocomposites under light irradiation.

with Fe/TiO2 (2%) group, when 200 μg/mL Fe/TiO2 (5%)
nanocomposites were added, the inactivation efficiency of
HL60 cells can up to 82.5% after a 60-minute irradiation.
Although a higher concentration of Fe/TiO2 nanocomposites
or TiO2 nanoparticles could achieve a higher-photocatalytic
killing effect, but it is not preferable to use a very high
concentration of photocatalyst for practical consideration as
it might block the blood vessels. On the other hand, at high
dopant concentrations, due to the decrease of the distance
between trapping sites, the recombination rate of the pho-
toinduced electrons and holes increases, resulting in lower
photocatalytic activity. Therefore, the doping concentration
of Fe should not be too high.

It has been demonstrated that the cell damage mech-
anism based on ligh-excited Fe/TiO2 nanocomposites is
accomplished through a series of chain reactions by means of
reactive oxygen species- (ROS-) induced cell death [31–33].

The generation mechanism of reactive oxygen species
(ROS) on Fe-doped TiO2 nanocomposites under UV irra-
diation is displayed in Scheme 1. When illuminated by
ultraviolet light, photoinduced electrons and holes could be
created, which can transfer to the surface of Fe nanoparticles
and reduce the dissolved O2 to produce the superoxide anion
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O−•. At the same time, the photogenerated holes on the TiO2

surface can further react with water to generate powerful
hydroxyl radicals (OH•) and other oxidative radicals (HO2

•),
which are capable of destroying the membrane and com-
ponent of tumor cells. The recombination rate of the pho-
toproduced electrons and holes can be effectively inhibited
by the above process, so the photocatalytic activity of TiO2

nanoparticles is significantly enhanced by the modification
of Fe. Additionally, the enhanced photocatalytic activity of
Fe-doped TiO2 nanocomposites can also be explained by a
new energy level produced in the bandgap of TiO2 due to the
dispersion of Fe nanoparticles, as suggested in the literature
[30–37]. Regardless of complexity, it is apparent that there
are several key photosensitive that have been involved which
could be also explained as follows:

TiO2 + hυ −→ h+ + e−

H2O + h+ −→ OH• + H+

O2 + e− −→ O2
• −→ HO2

•

2HO2
• −→ O2 + H2O2

H2O2 + O2
• −→ OH• + OH− + O2

(2)

4. Conclusion

In this paper, the prepared Fe/TiO2 characterized by X-
ray diffraction (XRD), transmission electron microscope
(TEM), X-ray photoelectron spectroscopy (XPS), and UV-
Vis adsorption spectra, respectively, was successfully applied
as a photosensitizer-based photodynamic therapy to kill
human HL60 cancer cells in vitro. The experimental results
show that the absorption of TiO2 nanoparticles in the
visible light region could be enhanced effectively by the
method of Fe doping, and both pure TiO2 and Fe/TiO2

nanocomposites at high concentrations can have a significant
inhibition/toxicity on the growth of HL60 cells. It is also
found that the photocatalytic inactivation effect on HL60
cells with nanoparticles is obviously higher than that without
nanoparticles under the same conditions. Furthermore,
Fe/TiO2 nanocomposites presented much higher PDT effi-
ciency in photokilling HL60 cancer cells than TiO2 nanopar-
ticles. These indicate that the photocatalytic inactivation
effects of TiO2 on HL60 cells could be greatly improved by
the modification of Fe on the surface of TiO2 nanoparticles.
The PDT efficiency of Fe/TiO2 (5%) nanocomposites on
HL60 cells can reach 82.5% at a concentration of 200 μg/mL
after a 60-minute light treatment. The high photocatalytic
inactivation effects of Fe/TiO2 nanocomposites on human
HL60 cancer cells suggests that it may be an important
potential photosensitizer-based photodynamic therapy for
cancer treatment [38–40].
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Titania/carbon composite hollow microspheres with bimodal mesoporous shells are one-pot fabricated by hydrothermal treatment
of the acidic (NH4)2TiF6 aqueous solution in the presence of glucose at 180◦C for 24 h and then calcined at 450◦C. The as-
prepared samples were characterized by XRD, SEM, TEM, HRTEM, UV-visible spectroscopy, and nitrogen adsorption-desorption
isotherms. The photocatalytic activity of the as-prepared samples was evaluated by daylight-induced photocatalytic decolorization
of methyl orange aqueous solution at ambient temperature. The effects of calcination time on the morphology, phase structure,
crystallite size, specific surface area, pore structures, and photocatalytic activity of the microspheres were investigated. The results
indicated that the as-obtained TiO2/C composite hollow spheres generally exhibit bimodal mesopore size distribution with their
peak intra-aggregated mesopore size in the range of 2.3–4.5 nm and peak interaggregated mesopore size in the range of 5.7–
12.7 nm, depending on specific calcination time. The daylight-induced photoactivity of as-obtained hollow TiO2/C microspheres
generally exceeds that of Degussa P25. The influences of calcination time on the photoactivity are discussed in terms of carbon
content, phase structures, and pore structures.

1. Introduction

Photocatalytic degradation of organic compounds for the
purpose of purifying water or wastewater from industries
and households has attracted great attention in the past
decade [1–7]. Among various oxide semiconductor pho-
tocatalysts, titania is a very important photocatalyst due
to its biological and chemical inertness, strong oxidizing
power, nontoxicity, and long-term stability against photo
and chemical corrosion. In order to commercialize this
treatment technique, it is of great importance to improve
the preparative methods of titania, because the morphology,
microstructures, and photocatalytic activity of TiO2 are
significantly influenced by the preparative conditions and
methods [8–11].

The fabrication of TiO2 hollow structures attracts
special attention due to their low density, high surface
area, good surface permeability and larger light-harvesting
capacities [9]. Especially, micro- or nanometer scale TiO2

hollow spheres with controllable structure, composition,
and properties have shown a promising perspective in
many fields such as catalysts, adsorbents, sensors, light
fillers, and chemical reactors [12–16]. While hollow TiO2

structures have been synthesized without the assistance of
templates by the spray-drying technique and via Ostwald
ripening and chemically induced self-transformation [17–
20], the templating method has been most frequently applied
for the synthesis of hollow TiO2 structures with tailored
properties. For example, Hard templates (e.g., polymer latex,
carbon, and anodic aluminium oxide templates) and soft
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templates (e.g., supermolecules, ionic liquids, surfactant,
and organogel) have been extensively employed to pro-
duce TiO2 hollow structures either by controlled surface
precipitation of inorganic molecule precursors or by direct
surface reactions utilizing specific functional groups [21–
27]. Very recently, a general method for the synthesis
of metal oxide hollow spheres has been developed using
carbonaceous polysaccharide microspheres prepared from
saccharide solution as templates by Sun and coworkers and
Titirici and coworkers [28, 29].

Carbon materials (e.g., amorphous carbon, activated
carbon, and graphite) have attracted considerable attention
due to their widespread applications as absorbents, catalyst
supports, and nanocomposites [30]. Carbon is chemically
inert at low temperature and a suitable support for titanium
dioxide photocatalysts. Various studies have demonstrated
that titanium/carbon composite photocatalysts can result in
a synergistic effect of both adsorption and photocatalysis
and can dramatically improve the daylight-induced pho-
tocatalytic activity of titania for different modal organic
components [30–37].

However, preparation of well-crystallized titanium/car-
bon composite hollow microspheres with high daylight-
induced photocatalytic activity keeps still a great challenge.
In this study, titanium/carbon composite hollow mic-
rospheres with bimodal mesoporous shell are one-pot fab-
ricated according to the method reported by Titirici and
coworkers [29] and their visible light photocatalytic activity
is investigated.

2. Experimental Section

2.1. Sample Preparation. All chemicals used in this study
were reagentgrade without further purification. Distilled
water was used in all experiment. (NH4)2TiF6 was used as
a titanium source. In a typical synthesis, 15 g (75.5 mmol)
of glucose and 3.0 g (15.1 mmol) of (NH4)2TiF6 were
dissolved in 80 and 40 mL of distilled water under stirring,
respectively. The above two solutions were mixed and the
pH of the mixed solutions was adjusted to ca. 3 using
1 M HCl or NaOH aqueous solutions. Then the reaction
solution was transferred into a 200 mL Teflon-lined stainless
steel autoclave, followed by hydrothermal treatment of the
mixture at 180◦C for 24 h. After hydrothermal reaction, the
black or puce precipitates were centrifuged and then washed
with distilled water and absolute alcohol for 5 times. The
washed precipitates were dried in a vacuum oven at 60◦C
for 8 h. Finally, the dried mixtures were calcined in air at
450◦C for 0.5–4.0 h, the TiO2/C composites, with the color
from black to grey when the calcined time was increased,
were obtained. The abbreviations of TiO2/C composites with
different calcined time are shown in Tables 1 and 2.

2.2. Characterization. The carbon content of the composite
catalysts was monitored using a DTA-TG instrument (Net-
zsch STA 449 C) in airflow of 100 mL min−1 at a heating
rate of 10◦C min−1 from room temperature to 900◦C. The
X-ray diffraction (XRD) patterns obtained on an X-ray

diffractometer (type HZG41B-PC) using Cu Kα irradiation
at a scan rate of 0.05◦ 2θ s−1 were used to determine the
identity of any phase present and their crystallite size. The
accelerating voltage and the applied current were 15 kV and
20 mA, respectively. The phase composition of TiO2 can be
calculated from the integrated intensities of anatase (101),
rutile (110), and brookite (121) peaks. If a sample contained
anatase and rutile two phases, the mass fraction of rutile
could be calculated according to the following equation (1)
[38].

WR = AR

0.886AA + AR
, (1)

where AA and AR represent the integrated intensity of the
anatase (101) and rutile (110) peaks, respectively. The aver-
age crystallite sizes of anatase and rutiles were determined
according to the Scherrer equation using the FWHM data
of each phase after correcting the instrumental broadening
[38]. Morphology observation was performed on a JSM-
5610LV scanning electron microscope (SEM, JEOL, Japan).
Crystallite sizes and shapes were observed using trans-
mission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) (JEOL-2010F
at 200 kV). The samples for TEM observation were prepared
by dispersing the TiO2 powders in an absolute ethanol
solution under ultrasonic irradiation; the dispersion was
then dropped on carbon-copper grids. The Brunauer-
Emmett-Teller (BET) surface area (SBET) of the powders
was analyzed by nitrogen adsorption in a Micromeritics
ASAP 2020 nitrogen adsorption apparatus (USA). All the
samples were degassed at 180◦C prior to nitrogen adsorption
measurements. The BET surface area was determined by
multipoint BET method using the adsorption data in the
relative pressure (P/P0) range 0.05 ∼ 0.3. Desorption iso-
therm was used to determine the pore size distribution
via the Barret-Joyner-Halender (BJH) method, assuming a
cylindrical pore modal [39–41]. The nitrogen adsorption
volume at the relative pressure (P/P0) of 0.994 was used to
determine the pore volume and average pore size. UV-visible
diffuse reflectance spectra of as-prepared TiO2 powders were
obtained for the dry-pressed disk samples using a UV-visible
spectrophotometer (UV2550, Shimadzu, Japan). BaSO4 was
used as a reflectance standard in the UV-visible diffuse
reflectance experiment. The morphologies of TiO2 powders
were observed using scanning electron microscopy (SEM)
(type JSM-5610LV, Japan) with an acceleration voltage of
20 kV.

2.3. Measurement of Photocatalytic Activity. The evaluation
of photocatalytic activity of the prepared samples for the
photocatalytic decolorization of methyl orange aqueous
solution was performed at ambient temperature, as reported
in our previous studies [42]. Experiments were as follows:
0.04 g of the prepared powders were dispersed in a 20 mL
of methyl orange aqueous solution with a concentration of
3.1 × 10−5 mol L−1 in a dish (with a diameter of ca. 7.0 cm).
The solution was allowed to reach an adsorption-desorption
equilibrium among the photocatalyst, methyl orange, and
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Table 1: Effects of calcination time on phase structure, phase content, and average crystallite sizes of TiO2/C composite microspheres at
450◦C.

Time (h) Material abbreviations
Carbon mass ratio in
compositesa (wt.%)

Anatase Rutile

Crystalline Sizeb

(nm)
Contentc

(%)
Crystalline
Sizeb (nm)

Contentc

(%)

0.5 TiO2-0.5 32.9 11 (1.0) 86.2 36 13.2

1 TiO2-1 8.2 17 (1.27) 83.5 41 16.5

2 TiO2-2 5.0 18 (1.39) 82.5 58 17.5

4 TiO2-4 1.9 21 (1.47) 80.6 68 18.4
a
Estimated from the data of TGA-DSC measurement. bAverage crystalline size of TiO2 was determined by XRD using Scherrer equation. Relative anatase

crystallinity: the relative intensity of the diffraction peak from the anatase (101) plane (indicated in parentheses, reference = sample calcined at 450◦C for
0.5 h). cDetermined by XRD method.

Table 2: Effects of calcination time on surface areas and pore parameters of TiO2/C composite microspheres at 450◦C.

Time (h) Material abbreviations SBET
a (m2/g) Pore volumeb (cm3/g)

Average pore Sizeb

(nm)
Porosityc

(%)

0.5 TiO2/C-0.5 210.5 0.129 2.4 33.5

1 TiO2/C-1 55.3 0.076 5.5 22.8

2 TiO2/C-2 46.4 0.073 6.3 22.2

4 TiO2/C-4 20.8 0.044 8.5 14.6
a
The BET surface area was determined by multipoint BET method using the adsorption data in P/P0 range from 0.05 to 0.3. bPore volume and average pore

size were determined by nitrogen adsorption volume at P/P0 = 0.994. cThe porosity is estimated from the pore volume determined using the desorption data
at P/P0 = 0.994.

water before daylight irradiation. An 18-W daylight lamp
(3 cm above the dish) was used as a light source. The
integrated daylight intensity was 0.46 ± 0.01 mW/cm2, as
measured by a UV radiometer (made in the photoelectric
instrument factory of Beijing Normal University) with the
peak intensity of 420 nm. After visible-light irradiation for
60 min, the reaction solution was filtrated, and the concen-
tration of methyl orange aqueous solution was determined
by a UV-visible spectrophotometer (UV-2550, SHIMADZU,
Japan). As for the methyl orange aqueous solution with
low concentration, its photocatalytic decolorization is a
pseudo-first-order reaction and its kinetics may be expressed
as ln(c0/c) = kt, where k is the apparent rate constant,
and c0 and c are the adsorption-desorption equilibrium and
reaction concentrations of methyl orange, respectively. Each
set of photocatalytic measurements were repeated for three
times, and the experimental error was found to be within
±5%.

3. Results and Discussion

3.1. Crystal Structure. Figure 1 shows the XRD pattern of
the composites catalysts prepared at 450◦C for different
calcined time. The phase content, crystal size, and relative
anatase crystallinity of TiO2/C samples are shown in Table 1.
At 450◦C for 0.5 h, anatase and rutile phases appear, and
their mass percentages are 86.2% and 13.8%, respectively.
With increasing calcined time, crystallite size, relative anatase
crystallinity, and rutile content increases gradually. This may
be ascribed to the fact that the longer calcined time enhance
grain growth and favor the phase transformation of anatase
to rutile. On the other hand, with increasing calcined time
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Figure 1: XRD patterns of TiO2/C composite hollow spheres after
calcination at 450◦C for 0.5 (a), 1 (b), 2 (c), and 4 h (d).

from 0.5 to 4 h, the carbon content of TiO2/C samples
changes from 32.9 to 1.9%. The presence of carbon layer may
suppress the phase transformation of anatase to rutile to a
certain extent. Similar results were reported by Shanmugam
et al. and Tsumurae al. [33, 43]. The carbon layers are acting
as barriers for phase transformation of anatase to rutile.

3.2. SEM and TEM Studies. SEM and TEM were used to
characterize the morphology and crystal structure of the
as-prepared samples. Calcination of the TiO2/C compos-
ites in air resulted in the formation of hollow TiO2/C
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Figure 2: SEM image of the TiO2/C composite hollow spheres calcined at 450◦C for 0.5 (a), 1 (b), 2 (c), and 4 h (d).

microspheres. Figure 2 displays the SEM images of hollow
TiO2/C microspheres obtained after hydrothermal reaction
and calcination in air at 450◦C for different time. It can
be seen from Figure 2(a) that after calcination for 0.5 h,
the microspheres with surface wrinkles have a uniform
diameter of ca. 4 μm. It is interesting to note that with
increasing calcination time, the diameter of microspheres
decrease drastically probably due to a large amount of carbon
removed during calcination, resulting in drastic shrinkage of
corresponding hollow spheres. At 400◦C for above 2 h, the
samples are composed of hollow spheres with a diameter
range from 0.5 to 2.0 μm and cavities are occasionally found
in some broken microspheres with a shell thickness∼400 nm
(Figure 2(c) and inset in Figure 2(d)).

The morphology and microstructures of TiO2/C hollow
spheres are further investigated by TEM analysis. Figure 3(a)
shows a typical TEM image of the samples calcined at 450◦C
for 2 h. There is a strong contrast difference observed for
all microspheres with dark edge and bright center, clearly
confirming their hollow structures. Further observation
indicates that the prepared hollow microspheres appear
unique sphere-in-sphere superstructures. Li and coworkers

reported the similar sphere-in-sphere superstructures pre-
pared solvothermally in glycerol, alcohol, and ethyl ether,
which allow multireflections of electromagnetic waves, such
as ultraviolet and visible light, within their interior cavities,
endowing these spheres with greatly enhanced properties
[44]. Figure 3(b) presents a typical HRTEM lattice image
of the TiO2 nanoparticles in the shell of TiO2/C hollow
microspheres. The selected area electron diffraction (SAED)
patterns (inset in Figure 3(b)) reveal the polycrystalline
nature of the anatase and rutile phases for the TiO2/C hollow
microspheres. By measuring the lattice fringes, the resolved
interplanar distances are ca. 0.35 and 0.33 nm, corresponding
to the (101) planes of anatase and the (110) planes of
rutile, respectively. This further confirms the mixed biphase
structures of hollow microspheres.

3.3. Pore Structure and BET Surface Areas. Figure 4 shows
the nitrogen adsorption-desorption isotherms of the TiO2/C
composite hollow spheres calcined at 450◦C for 0.5–4 h. It
can be seen that all the samples show a type IV isotherm with
two hysteresis loops. The shapes of two hysteresis loops are
different from each other. At low relative pressures between
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Figure 3: TEM (a) and corresponding HRTEM (b) images of the TiO2/C composite hollow spheres calcined at 450◦C for 2 h.
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Figure 4: Nitrogen adsorption-desorption isotherms of the TiO2/C
hollow spheres calcined at 450◦C for 0.5–4 h.

0.4 and 0.8, the hysteresis loops are of type H2, which
can be observed in the pores with narrow necks and wider
bodies (ink-bottle pores) [45, 46]. However, at high relative
pressures between 0.8 and 1.0, the shape of the hysteresis
loop is of a type H3, associated with plate-like particles
giving rise to narrow slit-shaped pores [39, 46]. Further
observation indicates that with increasing calcination time,
the hysteresis loops shifted to a higher relative pressure
region. The isotherms of the TiO2/C composites prepared
at 450◦C for 0.4–4 h having two hysteresis loops indicate
bimodal pore-size distributions in the mesoporous regions
existed in the shells.

Figure 5 shows the corresponding pore-size distributions
of the TiO2/C composite hollow spheres calcined at 450◦C

for 0.5–4 h. All samples show bimodal pore-size distribu-
tions, consisting of finer intra-aggregated pores and larger
interaggregated pores. For example, the sample calcined
at 450◦C for 0.5 h has small mesopores (peak pore: ca.
2.3 nm) and larger mesopores (peak pore: ca. 5.8 nm), which
are related to finer aggregated pore formed between small
anatase crystallites 11 nm in size, and larger aggregated
pore produced by large rutile crystallites 36 nm in size (see
Table 1), respectively. Further observation indicates that with
increasing calcination time, the corresponding maximum
peaks shift to the right, indicating the increase of pore size.
There are two possible factors resulting in the increase of pore
size. One is that the aggregation of greater crystallites forms
bigger pores. The other is that the content of carbon in the
shells decreases, which probably inserts into the pore of TiO2

to cause the decrease in pore size. The effects of calcination
time on physical properties of TiO2/C hollow microspheres
are shown in Table 2. With increasing calcination time,
the BET-specific surface areas, pore volumes, and porosity
steadily decrease. However, the average pore size increases.
This is ascribed to the fact that increase of calcination time
resulted in decrease of the carbon content in the TiO2/C
composites.

3.4. UV-Vis Spectrum. Usually, the carbon content obviously
influences light absorption characteristics of TiO2/C com-
posites [32–35]. Figure 6 shows the UV-visible absorption
spectra of the TiO2/C composite hollow spheres calcined at
450◦C for 0.5–4 h. A significant increase in the absorption
at wavelengths shorter than 400 nm can be assigned to the
intrinsic band gap absorption of TiO2 [3]. It is noticeable that
there is an obvious correlation between the calcination time
and the UV-vis spectrum change. With increasing calcination
time, the absorption in the near UV and visible-light region
gradually decreases and the absorption edge of the samples
shows an obvious blue shift. The differences in adsorption
are attributed to the change of carbon content in the TiO2/C
composites. This clearly indicates an increase in the band gap
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Figure 5: Pore-size distribution curves of the TiO2/C hollow
spheres calcined at 450◦C for 0.5–4 h.
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Figure 6: UV-vis spectra of TiO2 hollow spheres calcined at 450◦C
for 0.5–4 h.

energy of TiO2. Band gap energy could be estimated from
Figure 6. The intercept of the tangent to the plot would give
an approximation of the band gap energy for indirect band
gap materials such as TiO2 [47, 48]. The band gap energies
were estimated to be about 3.05, 3.09, 3.15, and 3.20 eV for
the TiO2/C hollow spheres calcined at 450◦C for 0.5, 1.0, 2.0,
and 4 h, respectively. Obviously, the longer calcination time
is, the bigger value of the band energies. This is due to the
difference in carbon content of TiO2/C composites [34, 49].

3.5. Photocatalytic Activity. The photocatalytic activity of the
as-prepared TiO2/C composite hollow spheres was evaluated
by the daylight-induced photocatalytic decolorization of
methyl orange aqueous solution at ambient temperature. For
comparison, the daylight-induced photocatalytic activities of
the commercial TiO2 powder Degussa P25 (P25) were also
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Figure 7: Effects of calcination temperatures on the apparent rate
constants of the TiO2/C composite hollow microspheres.

tested. Figure 7 shows the comparisons of the apparent rate
constants of P25 and the TiO2/C composite hollow spheres at
various calcination time. It can be seen that the TiO2/C-0.5
sample has a high daylight-induced photocatalytic activity.
This is due to the fact that the TiO2/C-0.5 sample has the
large carbon content of about 32.9% and surface area of
210.5 m2/g (see Table 1). With increasing calcination time,
the daylight-induced photocatalytic increases. At 450◦C for
2 h, the photocatalytic activity of the TiO2/C-2 sample
reaches a maximum value, and its activity exceeds that of
Degussa P25, which is recognized as an excellent photo-
catalyst [3, 43–45]. On the one hand, this is attributed to
the former having bimodal mesoporous structures, which is
more beneficial in enhancing the adsorption and desorption
of reactants and products, respectively [45]. On the other
hand, the high photocatalytic activity of the TiO2/C-2 sample
is due to its large surface area and high adsorption ability in
the near UV and visible-light region. With further increasing
calcination time, the phototcatalytic activity of the pow-
ders decreases. The highest daylight-induced phototcatalytic
activity of the TiO2-2 sample is due to the following factors.

Usually, TiO2/C composite photocatalysts can result in a
synergistic effect of both TiO2 and carbon on the photocat-
alytic degradation of different modal organic components.
Carbon can dramatically improve the photocatalytic activity
of titania as coadsorbent due to its very high surface area.
Therefore, the carbon content in the TiO2/C composite
catalysts plays an important role in its visible-light phototcat-
alytic activity. It can be seen from Figure 7 that the TiO2/C-
2 sample with higher carbon content shows the superior
photocatalytic activity compared with the TiO2/C-4 sample.
This may be ascribed to the fact that higher carbon content
results in a intense increase in absorption in the near UV
and visible-light region and a red shift in the absorption
edge of the TiO2-2 sample (as shown in Figure 6), implying
that the TiO2-2 sample can be easier activated by visible
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light and more photo-generated electrons and holes can be
generated and participate in the photocatalytic reactions.
However, adsorption of carbon is not only factor for the
enhancement of the photocatalytic activity of TiO2. For
example, compared with the TiO2-2 sample, the two TiO2/C-
0.5 and TiO2/C-1 samples with the larger carbon content
have lower daylight-induced photocatalytic activity. This
result can be interpreted in two aspects. On one hand, the
surplus carbon of the two TiO2/C-0.5 and TiO2/C-1 samples
can scatter the photons in the photoreaction system [35]. On
the other hand, the lower carbon content of the TiO2/C-2
sample enables the methyl orange aqueous solution to get
the active site easier and faster [33]. Therefore, the TiO2/C-2
sample with an optimum carbon content of about 5.0% has
the highest daylight-induced phototcatalytic activity.

Apart from the above carbon content, another possible
understanding is that the TiO2-1 sample possesses a relative
large surface area and good anatase crystallinity (as shown
in Tables 1 and 2). Usually, a large specific surface area may
enhance the rate of photocatalytic degradation reactions,
as a large amount of adsorbed organic molecules promote
the photocatalytic reaction [50, 51]. However, the specific
surface areas and crystallinity usually appear to be two con-
flicting intrinsic properties for TiO2 nanoparticles [52]. The
powders with a large surface area are usually associated with
large amounts of crystalline defects or weak crystallization,
which favor the recombination of photo-generated electrons
and holes, leading to a poor photoactivity [53–55]. For
example, with increasing calcination time from 0.5 to 2 h,
the surface area decreases greatly, but the photocatalytic
activity increases. This may be due to the increase of the
relative anatase crystallinity (as shown in Table 1). So a
balance between specific surface area and crystallinity is
a very important factor in determining the photocatalytic
activity of TiO2 powders. According to the above results
and discussion, the TiO2/C-2 sample possesses a relative
large surface area and good anatase crystallinity (as shown
in Tables 1 and 2), resulting in a highest daylight-induced
phototcatalytic activity.

4. Conclusions

Titania/carbon composite hollow microspheres with
bimodal mesoporous shells are one-pot fabricated by
hydrothermal treatment of the acidic (NH4)2TiF6 aqueous
solution in the presence of glucose at 180◦C for 24 h
and then calcined at 450◦C for 2–4 h. Calcination time
obviously influenced on the morphology, phase structure,
crystallite size, specific surface area, pore structures, and
daylight-induced photocatalytic activity of the as-obtained
hollow microspheres. All TiO2/C composite hollow spheres
generally exhibit bimodal mesopore size distribution with
their peak intra-aggregated mesopore size in the range
of 2.3–4.5 nm and peak interaggregated mesopore size in
the range of 5.7–12.7 nm. The TiO2-2 sample showed the
highest daylight-induced phototcatalytic activity and greatly
exceeded that of Degussa P25.
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Polyacrylonitrile (PAN)/organic-modified montmorillonite (O-MMT) composite nanofibrous membranes were firstly prepared
by electrospinning and then coated with titanium dioxide (TiO2) using spin coating technique. The structural morphology of
the nanofibrous membranes with different mass ratio of O-MMT before and after spin coating was investigated by scanning
electron microscope (SEM) and transmission electron microscope (TEM). The chemical property of adsorbed methylene blue
(MB) was analyzed by infrared spectroscopy (IR). The adsorption and photodegradation capability of the TiO2-coated PAN/O-
MMT composite nanofibrous membranes were evaluated by adsorption rate of MB and K/S values of the membranes before and
after UV irradiation. The experimental results indicated that with the increase of O-MMT amount, the diameters of the nanofibers
decreased and the adsorption rate of MB was evidently improved. Besides, with the increase of TiO2 film layers, the photocatalytic
properties were enhanced while the adsorption process was slowed down.

1. Introduction

Industrial dyes have been recognized as one of the largest
sources of water contamination. Some of the dyes and their
metabolites are toxic and carcinogenic and reported to have
connections with different respiratory disorders worldwide
[1]. Many efforts have been devoted in recent years to remove
dyes from wastewaters, such as carbon adsorption, filtration,
chemical precipitation, photodegradation, biodegradation,
electrolytic chemical treatment, and membrane technology
[2]. Adsorption removal is an effective and simple method
for dye treatment but usually produces large amount of
sludge [3], which may cause secondary pollution. As is
known, no individual treatment technique is ideal enough to
efficiently remove dyes from wastewaters with no secondary
contaminants generated. So combining two or more treat-
ment techniques together seems quite necessary.

So far, activated carbon is the most widely used ad-
sorbent for organic substances, including dyes, due to its

high adsorption capacity, high specific surface area, and
low selectivity [4]. However, it is too expensive. Hence, lots
of studies have investigated alternative adsorbents with
high efficiency for dye removal at a reasonable cost [5–7].
Electrospun nanofibrous membrane is a good choice for it
possesses a number of interesting characteristics such as high
porosity, large surface area per unit mass, high gas permeabil-
ity, and small interfibrous porous size [8]. The introduction
of specific functional groups onto the electrospun nanofibers
[9, 10] or addition of inorganic nanoparticles like montmo-
rillonite (MMT) [11] into polymer matrix was reported for
the removal or adsorption of specific materials from aqueous
solutions. Some recent studies [12, 13] indicated that MMT
clay has been accepted as one of the low-cost adsorbents for
cationic dye adsorption because there are plenty of negative
charges on MMT clays and it has large cation-exchange
capacity (CEC). However, to the best of our knowledge,
there is no literature focusing on the adsorption capacity
of cationic dye onto the electrospun nanofibers based on
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polymers and MMT clays. PAN is easily to be electrospun
into nanofibers and it is stable in the environment. So in
this work, we studied the adsorption properties of methylene
blue (MB) onto the electrospun PAN/MMT composite nano-
fibers.

As we have mentioned herein before, adsorption process
would result in secondary pollution, so TiO2 was intro-
duced onto the composite nanofibrous membrane by spin
coating. Due to its chemical stability, nontoxicity, and high
photocatalytic reactivity, TiO2 has been recognized as the
best candidate for photocatalytic applications [14, 15]. A low
temperature process is adopted because it is beneficial for
the use of low thermally resistant materials such as plastics,
wood, or paper as substrates [16].

In this paper, low-temperature TiO2 was synthesized
and spin coated onto the surface of electrospun PAN/O-
MMT composite nanofibrous membrane. The adsorption
and photocatalysis processes were investigated, and the
effects of O-MMT concentration and spin coating layers on
adsorption capacity and photocatalytic efficiency of the com-
posite membranes were evaluated through the adsorption
and degradation of MB from aqueous solution.

2. Experimental

2.1. Materials. The montmorillonite (MMT, cation exchange
capacity, 97 meq/100 g of clay) organically modified by
cetyltrimethyl ammonium bromide (CTAB) was a kind gift
from Zhejiang Fenghong Clay Chemicals Co., Ltd. The aver-
age thickness of the O-MMT was less than 25 nm, and the
ratio of diameter to thickness was about 200. The poly-
acrylonitrile (PAN, Mw = 79,100) powder was obtained
from Aldrich. The 99.5% N, N-dimethyl formamide (DMF),
tetrabutyl titanate (Ti(OC4H9)4, CP), ethanol (EtOH, AR)
and hydrochloric acid (HCl, AR) were all used as received.

2.2. Preparation of Electrospun Composite Nanofibers. 3 g
PAN powder was dissolved in 27 mL DMF by magnetically
stirring for 24 hrs at room temperature. Then the polymer
solution was centrifuged at the speed of 4000 rpm for 10 min
to remove the impurities. After the purification process,
certain quantity of O-MMT powders was added into the
polymer solution and stirred another 6 h to prepare electro-
spinning solutions with 0, 1, 3, 5 wt.% O-MMT, respectively.

The polymer solutions were electrospun at a positive
voltage of 12 kv with a working distance of 15 cm, and the
flowrate was set as 0.5 mL/h.

2.3. Synthesis of Low-Temperature TiO2. The low-tempera-
ture TiO2 sol was prepared by firstly dissolving 10 mL
Ti(OC4H9)4 in 5 mL absolute ethanol. After magnetically
stirring for a certain time at room temperature until it was
completely homogeneous, the solution was added dropwise
into the blended solution of deionized water and HCl. The
mixtures were placed at room temperature for 5 days to
obtain transparent TiO2 sol.

2.4. Spin Coating Technique. The PAN and PAN/O-MMT
composite nanofibrous membranes were cut into 7 cm∗7 cm

N

N S

CH3 CH3

CH3N
+

Cl−
H3C

Figure 1: The chemical structure of methylene blue.

squares. The aluminum foil side was pasted on the disc. An
amount of 0.1 mL TiO2 sol was spin coated on the surface of
the nanofibrous membranes at the speed of 4000 rpm. The
membranes coated with TiO2 were dried at 60◦C in vacuum
oven for 10 min.

2.5. Adsorption and Photocatalytic Degradation of MB. The
adsorption performance of the PAN and PAN/O-MMT
composite nanofiber membranes coated with TiO2 was
evaluated through the decreased UV absorbency of MB
solution. The chemical structure of MB is shown in Figure 1.
The concentration of MB was 0.02 g/L. The samples weighed
0.05 g were placed in beakers containing 40 mL MB solution,
and the absorbency of the MB solution at the wavelength of
664 nm was measured every 10 min by a UV-vis spectropho-
tometer (UV-2100, China). The adsorption rate of MB can
be calculated using the following formula:

Adsorption rate = A0 − A

A0
, (1)

where A0 and A are the absorbency of the initial and remain-
ing MB, respectively.

The photocatalytic performance of the membranes was
evaluated by an Xrite-8400 spectrophotometer under illumi-
nant D65 using the 10◦ standard observer [17]. The relative
color strength and staining on the white nanofibrous mem-
brane were determined with the Kubelka-Munk equations.
The color strength was signified by the K/S value,

K

S
= 1− R2

2R
, (2)

where K is the absorption coefficient, S is the scattering coef-
ficient, and R is the fraction reflectance (value from 0 to 1) of
the dyed substrate at the wavelength of minimum reflectance.
The K/S values are proportional to the dyeing color [18].

After adsorption process, the nanofibrous membranes
were dried and the K/S value was measured. Then the
membranes were placed in beakers with 40 mL deionized
water under 100 w ultraviolet (UV) light at a wavelength
of 254 nm. After 48 hour’s irradiation, the membranes were
taken out and dried for measuring the K/S value.

2.6. Characterization. Scanning electron microscope (SEM,
Quanta 200, Holland FEI Company) was used to investigate
the surface morphology of the PAN and PAN/O-MMT com-
posite nanofibers before and after spin coating. The samples
were coated with a thin layer of gold by sputtering before
the SEM imaging. Diameters of the electrospun nanofibers
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Figure 2: SEM images and diameter histogram distribution chart of PAN and PAN/O-MMT composite nanofibers: (a) 0 wt.% O-MMT; (b)
1 wt.% O-MMT; (c) 3 wt.% O-MMT; (d) 5 wt.% O-MMT.

were measured by Adobe Acrobat 7.0 professional from the
SEM images, and 100 fibers were analyzed for each sample
to obtain an average fiber diameter. In detail, after the SEM
images were opened by Adobe Acrobat professional, the

distance measurement was clicked to measure the diameter
of the nanofibers. The zoom factor was set according to the
scale plate in the SEM images before measuring. Every time
the diameters were measured, a serial number was given to
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Figure 3: SEM (a–d) and TEM (e) images of PAN and PAN/O-MMT spin coated with TiO2: (a) 0 wt.% O-MMT; (b) 1 wt.% O-MMT; (c)
3 wt.% O-MMT; (d) 5 wt.% O-MMT; (e) TEM of c.

the data obtained. Finally, the data were exported to origin
professional 7.0 to analyze the diameter distribution.

Transmission electron microscope (TEM, JEOL2010,
Philips) was employed to analyze the intercalation structure
of the PAN/O-MMT composite nanofibers and the existence
of TiO2 particles. The nanofibrous membranes after spin
coating were pestled into powders and then dissolved in
blend solution of deionized water and ethanol, using ultra-
sonic vibration to fully disperse the nanofibrous powders,
and then dripped onto a 200-mesh Cu grid.

The intercalation structures of the MB in O-MMT layers
after adsorption process were investigated by Fourier Trans-
form Infrared Spectroscopy (FTIR, Nicolet Nexus, Thermo
Electron Corporation) in the range 4000-400 cm−1, using
KBr-pressed method. The spectra were recorded with 32
scans with a resolution of 4 cm−1.

3. Results and Discussion

3.1. Structural Morphology of the As-Spun PAN and PAN/O-
MMT Composite Nanofibers. Morphologies of the electro-
spun nanofibers with different content of O-MMT were
investigated by SEM, as shown in Figure 2. As can be seen
from this figure, the morphology and average diameter
of the electrospun PAN/O-MMT composite nanofibers are
significantly affected by the amount of O-MMT added. With
the increase of O-MMT loading, the average diameters of
the composite nanofibers are decreased and some beaded
structures are formed, as indicated in Figures 2(c) and

2(d). For pure PAN nanofibers, grooves can be seen on
the surface of the most nanofibers, which might be caused
by the solvent volatilization. The diameters of pure PAN
nanofibers were ranged from 250 to 550 nm, mostly dis-
tributed in 350–375 nm, while the average diameter of the
electrospun PAN composite nanofibers with 1 wt.% O-MMT
was approximately 325 nm, just slightly decreased compared
to pure PAN nanofibers, and no sign of beaded formation,
as indicated in Figure 2(b). When the amount of O-MMT
increased to 3 wt.% and 5 wt.%, the average diameters of
the composite nanofibers were further decreased to 240 nm
and 138 nm, respectively. The beaded structures of the
nanofibers were also formed, which could be attributed to
the aggregation (multilayer stacks) of the O-MMT [19],
as shown in Figures 2(c) and 2(d). The loading O-MMT
containing a quaternary ammonium ion as an organic
modifier and Na+ and Zn2+ ions located between MMT
layers improved the conductivity of PAN/O-MMT solutions.
During the electrospinning process, the charged density in
ejected jets was increased, and thus stronger elongation
forces were imposed to the jets because of the self-repulsion
of the excess charges under the electrical field, resulting in
smaller diameters of the electrospun nanofibers [20].

3.2. Surface Morphology of the Electrospun Nanofibers Coated
with TiO2. The surface morphology after spin coating was
investigated by SEM, and TEM was employed to investigate
the dispersion of O-MMT and TiO2.
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Figure 4: FTIR spectra of PAN, PAN/O-MMT nanofibers, and
PAN/O-MMT nanofibers adsorbed with MB.

After spin coating, all fibers kept their fibrous shape,
but became more densely packed and relaxed, as shown in
Figures 3(a)–3(d). The nanofibers with smaller diameters
tend to stick together. And so the pores generated by the
nanofibers interwining together became smaller. This is in
accordance with the experimental phenomenon. After spin
coating, the membranes shrank and became stiffer.

Figure 3(e) shows the TEM micrograph of the PAN/O-
MMT composite nanofibers coated with TiO2 sol, in which
the brighter fibers represent the PAN matrix and the dark
narrow stripes as well as the particles stand for the O-MMT
and TiO2, respectively. The O-MMT lamellas exfoliated and
oriented along the fibers axis direction. This alignment might
be attributed to the traction force generated by the electric
field. Besides, the coated TiO2 sol clustered on the surface of
the nanofibers but not uniformly distributed.

3.3. FTIR Analysis. The FTIR spectra of PAN, PAN/O-MMT
nanofibers, and PAN/O-MMT nanofibers adsorbed with MB
are presented in Figure 4. It can be seen from the PAN
curve that the peak at 2242 cm−1 can be assigned to nitrile
groups, while those at 2940 and 1452 cm−1 are, respectively,
ascribed to the C–H stretching vibration and bending
vibration. Compared with the spectra of PAN nanofibers,
PAN/O-MMT showed the development of additional bands
at 3618, 1037, 838, 518, and 464 cm−1, corresponding to
Al–O stretching vibration, Si–O stretching vibration, Si–O–
H stretching vibration, Si–O–Al stretching vibration, and
Si–O–Si bending vibration of MMT, respectively. After MB
adsorption process, some additional bands can also be seen
from Figure 4. The bands at 2805 and 2709 cm−1 are assigned
to symmetric and asymmetric stretching vibrations of methyl
and methylene groups, whereas the characteristic peaks at
1604 and 1335 cm−1 are stretching vibrations of C=C in
aromatic rings and C–N stretching vibrations of tertiary
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Figure 5: Effect of the amounts of O-MMT on adsorption capacity
of the membranes for MB.
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Figure 6: Effect of the TiO2 film layers on adsorption capacity of the
membranes for MB: the substrate is PAN composite nanofibrous
membranes with 3 wt.% O-MMT.

amines of MB, respectively. A new IR band at 912 cm−1 is
shown, which might be attributed to Si–Oδ−···δ+-MB+ from
the polarized Si–O bond, that is, MB combined with SiO2 in
MMT. This confirms the intercalation of MB onto the MMT
component of PAN/O-MMT composite nanofibers.

3.4. Adsorption Properties of the Membranes. The effects of
different concentrations of O-MMT on adsorption capacity
of PAN and PAN/O-MMT composite nanofibers for MB are
shown in Figure 5. The error bars represent the standard
deviation of three separate replicates of each experiment. It
is clear that O-MMT content is an important factor affecting
adsorption capacity of the membranes. As can be seen from
Figure 5, the adsorption rates at 120 min of the four samples
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Figure 7: K/S curves of the PAN composite nanofibers with different mass ratios of O-MMT before (a) and after (b) photocatalytic process:
the substrate is PAN/O-MMT composite nanofibrous membranes coated with three layers of TiO2.
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Figure 8: K/S curves of the membranes coated with different layers before (a) and after (b) photocatalytic process: the substrate is PAN
composite nanofibrous membranes with 3%O-MMT.

with 0, 1, 3. and 5 wt.% O-MMT were 22.69%, 82.69%,
89.18%, and 97.21%, respectively. According to the SEM
analysis, the addition of O-MMT decreased the nanofibers
diameter, so the specific surface area was increased, resulting
in higher MB adsorption rate. Besides, the introduced MMT
generated a loose and porous surface [21]. This surface is
convenient for the penetration of dye molecules into the
composite nanofibers’ surface and then may be of benefit to
adsorption capacities of the membranes [22].

The effect of TiO2 film layers on adsorption capacities
of PAN composite nanofibers with 3 wt.% O-MMT for MB
was also investigated, the results are shown in Figure 6, and
the error bars represent the standard deviation of three
separate replicates of each experiment. At the end of this
experiment, the adsorption rates for the four samples coated
with 3, 4, 5, and 6 layers of TiO2 film were 98.66%, 97.98%,
95.23%, and 89.30%, respectively. So the TiO2 coating layers
have no significant effect on the adsorption capacities, but



International Journal of Photoenergy 7

CH3

CH3

CH3

H3C N
+ Cl−

N

N S

O-MMT TiO2
sol. Nanofiber

membrane

Spin coating
TiO2

TiO2
TiO2

TiO2 coated composite
nanofiber membrane

Photocatalytic
degradationAdsorption

Nanofiber

Methylene blue

Figure 9: The flow chart of the formation of the composite membranes and the process of adsorption and photocatalytic degradation.

the adsorption process was slowed down. According to the
SEM analysis, the nanofibers stick together and the pores
among the nanofibers were narrowed or blocked after the
spin coating process. Hence, the coating layers might hinder
MB from contacting with O-MMT; thus it takes longer
time to adsorb the same amount of MB than the uncoated
membranes.

3.5. Photocatalytic Activity of the Composite Membranes.
After adsorption process, the nanofiber membranes became
blue with different degree of dye depth. K/S value is usually
used to evaluate the depth of dying, so it was employed here
to measure the degree of MB adsorption and photocatalytic
degradation.

Before photocatalytic process, the membranes coated
with three layers of TiO2 were immersed in MB solutions for
36 hrs to reach adsorption equilibrium. Then the membranes
were taken out and dried for K/S measurement; the corre-
sponding K/S curves were shown in Figure 7(a). It can be
seen that the K/S values for PAN composite nanofibers with
0, 1, 3 and 5 wt.% O-MMT were 4.5995, 5.3702, 7.4117, and
7.6924, respectively. The results indicated that the addition
of O-MMT increased markedly the dye depth of nanofiber
membranes.

After 48 hrs UV irradiation, the membranes became light
blue. And the K/S values of the four samples decreased to
1.5913, 1.9621, 2.7069, and 3.4409, respectively, as shown in
Figure 7(b). It could be inferred that the O-MMT concentra-
tion only has effect on the adsorption capacity of O-MMT;
however, the degradation rate of MB was not affected by the
O-MMT content. Therefore, it can be concluded that the
effect of O-MMT content on the photocatalytic degradation
of MB adsorbed by the composite membranes could be
neglected.

The number of TiO2 film layers has impact on the MB
adsorption rate, as explained hereinbefore. However, the film
layers may change the photocatalytic capacities evidently.
So the effect of film layers on MB photodegradation is also
investigated, as shown in Figure 8.

After adsorption process, the K/S values for the four
membranes spin coated with 3, 4, 5, and 6 layers of TiO2

films were 7.4117, 5.3248, 4.1635, and 4.0003, respectively. As
shown in Figure 8(a), membranes coated with 3 layers TiO2

films exhibited higher dye uptake rate. This phenomenon
may be caused by TiO2 films’ hindrance for the MB
molecules to reach the ionic sites in MMT sheets.

Then, after 48 hrs UV irradiation, the K/S values for the
four samples became 2.7069, 2.4031, 0.9042, and 0.7183,
respectively. The photocatalytic activity of the film was
improved with the increased number of layers. When the
TiO2 film grew thicker, the film contained more TiO2 cata-
lyst. Therefore, the TiO2 particles continuously hydrolyzed
and produced more oxidative groups such as ·OH, ·O2−,
and ·OOH, and so catalytic activity of TiO2 thin film was
accelerated.

3.6. Mechanisms of Adsorption and Photocatalytic Degra-
dation. The preparation of the composite membrane spin
coated by TiO2 and its use in MB adsorption and degradation
are illustrated in Figure 9. As is seen, the as-spun PAN/O-
MMT nanofibers with intercalated structure were fabricated
by electrospinning, and the O-MMT was oriented along the
fiber axis direction. After spin coating, the TiO2 particles
were randomly distributed on the surface of nanofibers.
Then during the process of adsorption, part of the MB
molecules was entrapped in the pores of the nanofibrous
network, and some of the MB molecules were interca-
lated into interlayers of the MMT sheets, lying parallel to
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the aluminosilicate layers [23]. When the membranes were
exposed to UV irradiation, the TiO2 particles were continu-
ously hydrolyzed and produced large quantities of oxidative
groups such as ·OH, ·O2−, and ·OOH, which accelerated the
photodegradation of MB molecules. And so the membranes
could be recycled and no secondary pollution was generated.

4. Conclusion

The PAN and PAN/O-MMT composite nanofibrous mem-
branes coated with TiO2 films were prepared and used for
MB adsorption and photodegradation. The effects of O-
MMT amount concentration and TiO2 spin coating layers on
the structural morphology, adsorption, and photocatalytic
properties of nanofiber membranes were investigated. The
results revealed that with the increase of O-MMT concen-
tration, the membranes showed better adsorption of O-
MMT and have no effect on the photocatalytic degradation.
Besides, when the number of film layers increased, the
adsorption process of MB was slowed down, but the
photocatalytic ability was greatly improved. And this kind of
materials have potential prospect in water treatment polluted
by cationic dye.
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from aqueous solutions onto fly ash,” Water Research, vol. 37,
no. 20, pp. 4938–4944, 2003.
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This study reports the effect of N,C-ITO (indium tin oxide) layer on composite N,C-TiO2/N,C-ITO/ITO (Ti/TO) electrode used
for efficient photoelectrocatalytic (PEC) degradation of aqueous pollutant with simultaneous hydrogen production. The structural
properties of the composite Ti/TO electrode that determined by X-ray diffraction and Raman scattering, show primarily the
crystallized anatase TiO2 phase and distinct diffraction patterns of polycrystalline In2O3 phase. Under solar light illumination, the
composite Ti/TO electrode yields simultaneously a hydrogen production rate of 12.0 μmol cm−2 h−1 and degradation rate constant
of 12.6 × 10−3 cm−2 h−1 in organic pollutant. It implies that the overlaid N,C-TiO2 layer enhances not only the photocurrent
response of the composite Ti/TO electrode at entire applied potentials, but also the flat band potential; a shift of about 0.1 V
toward cathode, which is desperately beneficial in the PEC process. In light of the X-ray photoelectron spectroscopy findings, these
results are attributable partly to the synergetic effect of N,C-codoping into the TiO2 and ITO lattices on their band gap narrowing
and photosensitizing as well. Thus, the Ti/TO electrode can potentially serve an efficient PEC electrode for simultaneous pollutant
degradation and hydrogen production.

1. Introduction

The photoelectrocatalytic (PEC) splitting of water using
solar energy has attracted substantial attention as a means
of producing hydrogen as a clean and renewable resource
[1–3]. Researchers have sought suitable photocatalysts of
the splitting of water since a pioneering work of Fujishima
and Honda by employing titanium dioxide (TiO2) semi-
conductor as photoanode in 1972 [4]. As an anatase TiO2

photoanode is excited by incident light with wavelengths
shorter than 387 nm, electrons and holes can be generated.
In short, the photogenerated holes oxidize and decompose
water, even some organic or inorganic substances in aqueous
solution, at the photoanode while the electrons can interact
with hydrogen ions into hydrogen at the counter platinum

(Pt) electrode. It has been shown that hydrogen production
can be enhanced by irradiating Pt/TiO2 suspensions with
simultaneous degradation of azo dyes [5]. Moreover, photo-
electrolytic cleavage of biomass wastes, such as urine, ethanol
and glycerol, in water is much more efficient for electricity
generation [6] and hydrogen production [7–9].

For efficient PEC splitting of water, the n-type photoan-
ode is required to have narrow band gap around 2.0 eV,
suitable negative flat band potential, good stability and high
quantum efficiency [10]. Among various semiconductor
photocatalysts, TiO2 is one of the most popular catalysts
because it is environmentally friendly and chemically sta-
ble in electrolyte solution with high quantum efficiency.
However, the use of TiO2 is limited by its wide band
gap (∼3.2 eV). Alternatively, semiconductors with smaller
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band gaps, such as CdS (2.4 eV), Fe2O3 (2.3 eV), and
Cu2O (2.2 eV), commonly suffer from photocorrosion in
electrolyte solution and fast recombination of the photo-
generated carriers [10–13]. It is well known that metal or
semiconductor with a high work function coupled with
other semiconductor can significantly enhance the oxidation
ability of photogenerated holes in the semiconductor, due
to efficient carrier separation. A heterostructured film, such
as TiO2/ITO (indium tin oxide), TiO2/WO3, CdS/TiO2 or
TiO2/SnO2, has been proposed for providing a potential
driving force for photogenerated charge carrier separation
[14–18]. Dai et al. have demonstrated that the superior
photocatalytic reactions of the TiO2/ITO film are mostly
associated with the photogenerated holes because ITO has
a higher work function (∼4.7 eV) [19] than TiO2 and
a Schottky barrier can form at the TiO2/ITO interface,
where the ITO thin film accepts electrons [16]. One should
note that both the proximity of their conduction band
to conduction band [20] and the proper redox positions
of heterostructure play significant roles on charge carrier
transfer and thus photocatalysis in the heterostructured film.

Photocatalysis is well known to be a very useful technique
in various environmental applications for degrading a wide
range of contaminants in air or water. TiO2 is one of
the most suitable semiconductors for several environmental
applications, including air purification, water disinfection
and hazardous waste remediation [21–23]. TiO2 codoped
with anionic species, such as carbon (C) and nitrogen (N),
appears to have very promising visible-light photocatalytic
properties in NO oxidation, methylene blue (MB) degra-
dation, and Escherichia coli disinfection [24–27]. Yin et
al. have shown that substitution of the O sites by N and
C is responsible for visible-light photocatalytic activities
[27]. It has been found that the N,C-TiO2 films prepared
at low doping concentrations of N (1.3%) and C (1.8%)
have exhibited superior photocatalytic degradation of MB
solution [28]. Moreover, TiO2−x Nx catalyst with a low
doping concentration (x = 0.021) has shown the highest
activity for the 4-chlorophenol decomposition under the
visible-light irradiation [29, 30]. On the other hand, both
N-doped In2O3 [31] and ITO (N-ITO) [32] and C-doped
In2O3 [33] electrodes were demonstrated to be promising
photocatalysts with favorable PEC properties, especially
under visible light (λ > 378 nm). However, both ITO and N-
ITO films exhibit no photocatalytic activity in degradation
of MB solution [32], though photocatalytic degradation of
azo dyes has been reported active [34]. We previously found
that an applied potential could serve as a highly efficient
way to suppress hole-electron recombination of the N-ITO
electrode, where the generated photocurrent density sharply
increased with its applied potential. This was ascribed mostly
to better electrical conductivity [31] and proper positions
of the flat band potentials [35] as a result of suppression
of InN and SnO2 phases in the domain-structured N-ITO
electrode which was prepared at a low N-doping content
[32]. However, the origin of visible-light ability of the N-ITO
films has not been exploited yet. To enhance the visible-light
PEC response, the heterostructured TiO2/ITO electrodes
were codoped with N and C ions grown on ITO glass

substrate, as a layered composite N,C-TiO2/N,C-ITO/ITO
electrode (Ti/TO), for better durability and charge carriers
transfer and thus PEC capability [36].

Dimethyl sulfoxide (DMSO) is one of the most common
phenol-free organic solvents applied in semiconductor man-
ufacturing industries due to its superior solvent property and
water miscibility. However, DMSO is unable to be removed
effectively by most typical biological wastewater treatment
units [37]. The biodegradation of DMSO might cause the
formation of some volatile and noxious compounds such
as dimethylsulfide, methylmercaptan and hydrogen sulfide,
causing another pollution problem [38]. Since that DMSO
is also an effective radical scavenger for hydroxyl radicals
(•OH), the wastewater treatment processes that can produce
high-concentration •OH radicals will be candidate processes
for DMSO removal. Accordingly, some advanced oxidation
processes (AOPs) such as H2O2/UV [39], O3/UV [40],
corona discharge [41], or UV/TiO2-based photocatalysts
[42] are being developed for the particular purpose of
reducing the DMSO concentration in the wastewater. In
this study, we aim at the characterization of N,C-TiO2/ITO
electrode with emphasis on the role of the intercalated N,C-
ITO layer for PEC degradation of DMSO aqueous pollutant
with simultaneous hydrogen production.

2. Experimental Procedure

An in-house closed-field unbalanced magnetron sputtering
system (MIRDC, Taiwan) was used to prepare the samples.
This system has four vertical magnetron targets each of
dimensions 300 × 110 × 10 mm. TiO2/ITO film electrodes
were codoped with N and C ions on as-received ITO
(17Ω/sq. and 100 ± 10 nm thick) glass substrates. In short,
a N,C-ITO film was initially deposited onto an unheated
rotating substrate using ITO and graphite targets, on one
side of the chamber. After the intercalated N,C-ITO film
was completed, the substrate holder was rotated toward a
pair of titanium targets (99.5% purity) without opening the
chamber for the successive deposition of N,C-TiO2 layer.
This heterostructured composite N,C-TiO2/N,C-ITO/ITO
electrode was denoted as Ti/TO. Meanwhile, two other types
of N,C-TiO2/ITO and N,C-ITO/ITO film electrodes, denoted
as N,C-TiO2 and N,C-ITO, respectively, were prepared for
comparison. All other sputtering parameters were held
constant where the O2 and N2 gas proportion was kept at a
low rate of 9% in an Ar/O2/N2 gas mixture, which had a total
flow rate of 55 sccm. Details of the N,C-TiO2 films, which
were prepared at low doping concentrations of N and C were
presented elsewhere [28, 32]. An as-received ITO electrode
with a thickness of 300 nm was used for comparison. Table 1
presents the physical, morphological, and microstructural
properties of the samples.

The crystal structures of the samples were analyzed using
a high-resolution X-ray diffractometer (XRD, Rigaku ATX-
E) and Micro-PL/Raman spectroscope (Jobin-Yvon T64000).
The surface topography of each sample was analyzed using
an atomic force microscope (AFM, SPI 3800N, Seiko) with a
scan resolution of 512 × 512 pixels. The microstructure and
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Table 1: Physical and microstructural properties of samples along with their H2 yield rates in 4.0 N Na2CO3 solution under irradiation of
AM 1.0 simulated solar light and 1.5 V applied bias.

Sample
Thickness of XRD intensity ratio

RMS, nm
H2 yield rate,

TiO2 : ITO, nm (400)/(222) (440)/(222) μmol cm−2 h−1

N,C-ITO — : 1.4 12.15 4.51 16.3 24.6

N,C-TiO2 2.1 : — 0.97 0.77 18.5 25.0

Ti/TO 0.4 : 1.4 38.53 5.93 33.6 28.8

ITO — : 0.3 0.99 0.65 <2.0 —

thickness of the films were investigated by a scanning electron
microscope (SEM, JEOL JSM-6700F). The X-ray photoelec-
tron spectroscopy (XPS) analysis was carried out with a
high-resolution X-ray photoelectron spectrometer (ULVAC-
PHI Quantera SXM/Auger AES 650). Optical absorption of
the samples was measured with respect to air using a UV
spectrophotometer (Hitachi UV-2900).

PEC oxidation tests were performed using a standard
PEC three-cell system that included a sample anode, a
saturated calomel electrode (SCE) as a reference electrode
and a Pt wire counter electrode 2.0 M Na2CO3 solution,
(pH ∼ 11). The initial concentration of DMSO was 0.03 M.
The DMSO residual concentration was monitored by a
gas chromatography (GC, HP4890) with flame ionization
detection (FID) as its detector. The analytic conditions of the
GC/FID for DMSO quantification were capillary separation
column (60-m long× 0.53 mm, 5 μm, VOCOL, Supelco Co.),
temperature ramping from 100◦C up to 220◦C, and detector
temperature was set at 250◦C. The system was controlled by
a potentiostat (CHI 610C). The samples were illuminated
by artificial sunlight (Newport 96000 150 W solar simulator)
with a light intensity of Air Mass (AM) 1.0 (75 mW cm−2).

3. Results and Discussion

3.1. Microstructural, Morphological, and Optical Properties.
Figure 1 presents the XRD patterns of all three samples along
with ITO substrate, which shows distinct diffraction patterns
of polycrystalline In2O3 phase [36]. All ITO preferred planes
revealed in the N,C-TiO2 are about the same characteristics
as in the ITO electrode. However, N,C-ITO and Ti/TO sam-
ples exhibit a significantly different pattern against the ITO
substrate; the former two exhibit relatively large intensity
ratios of (400)/(222) and (440)/(222) planes, as listed in
Table 1, which are associated with the increase in resistivity
of the host ITO. The increase in resistance of conducting
ITO substrate has been correlated to the decrease in fill
factor of dye-sensitized TiO2 solar cells [43]. The intensity
ratio that is mostly ascribed to the N dopant increases with
its concentration in the ITO lattice [32]. This implies that
the intensity ratio, namely, resistivity, can be suppressed by
doping fewer amount of N with C ions into the host ITO. In
addition, a phase separation of small SnO2 particles in the
host crystalline ITO lattice may occur, since tin is liable to
be segregated close to the surface of the lattice or along its
grain boundaries under elevated deposition or posttreatment
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Figure 1: XRD patterns of the composite Ti/TO electrode along
with N,C-TiO2, N,C-ITO, and ITO film electrodes, where A, R, and
I stand for anatase, rutile, and ITO phase, respectively.

conditions [44, 45]. This can cause the increase in resistivity
of the N,C-ITO films. The segregation of SnO2 particles
can be further examined by Raman scattering spectra in the
following section.

Raman spectra are known to be very sensitive to local
crystallinity and microstructures near the film surface. The
Raman spectra shown in Figure 2 reveal a typical pattern
of the anatase TiO2 phase for both N,C-TiO2 and Ti/TO
samples [36]. The most intense Raman peaks of the two
samples are in the range of 144 ± 0.5 cm−1, which implies
well-crystallized nature of the anatase TiO2 phase [46]. A
broad peak around 235 cm−1 of SnO2 phase is observed
in sample N,C-ITO. The same broad peak with very weak
intensity is also observed in Ti/TO sample, as shown in the
inset of Figure 2. This confirms the finding that a little SnO2

phase is segregated from the host ITO lattice, as discussed in
the XRD patterns in Figure 1.

Figure 3 displays representative SEM surface morpholo-
gies of the N,C-ITO, Ti/TO and N,C-TiO2 along with
ITO substrate. The N,C-ITO film reveals various shapes
and sizes of prismatic grains (50–200 nm) with few small
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Figure 2: Raman spectra of the composite Ti/TO electrode along
with N,C-TiO2, N,C-ITO, and ITO film electrodes.

subgrains oriented in the same direction on the surface
of the film, as shown in Figure 3(a). This grain-subgrain
structure is commonly found in typical DC-sputtered ITO
film in Figure 3(b) [44] and on N-ITO films prepared at
an optimal N content [32]. This implies that the N,C-ITO
film still preserves a relatively low resistance. As presented in
Figure 3(c), the columnar film morphology observed on the
Ti/TO is more distinct in comparison with that on the N,C-
TiO2 in Figure 3(d). The AFM measurements also indicate
that the N,C-ITO has the RMS roughness of 16.3 nm, where
the N,C-TiO2 has the value of 18.5 nm. The composite
Ti/TO electrode is of the highest RMS of 33.6 nm, as shown
in Table 1. One can expect that a significant increase in
surface morphology rends more reactive surface area of the
sample.

Figure 4 shows the absorption spectra of four samples.
Both the UV light absorbing absorption and absorption edge
are enhanced for the Ti/TO as a result of the synergetic effect
of two film components, as compared to that of the N,C-
ITO or N,C-TiO2 alone. The band gap energy of the Ti/TO
electrode is estimated to be about 2.75 eV while the ITO
substrate is reportedly of a large band gap energy of ∼3.8 eV.
Notably, the N,C-ITO and N,C-TiO2 have barely the same
value of 2.98 eV, but the UV absorption of the former is
stronger than that of the latter. This implies that the Ti/TO
electrode benefits an enhanced absorbing capability in the
UV regions from being supported on the N,C-ITO instead
of pure ITO substrate.

3.2. XPS Spectra Analysis. After in situ Ar+ etching for a
depth of 5 nm, the C1s, In3d, Sn3d, N1s, and O1s core levels
on the ITO and N,C-ITO film electrode were measured
by high-resolution XPS (step size = 0.01 eV) in order to
examine the effect of carbon and nitrogen dopants on the
Ti/TO electrode. The binding energies were calibrated using
the C1s energy of 284.6 eV. As shown in Figure 5(a), an

intensive C1s peak is observed in the N,C-ITO, but a very
weak peak is noticed in the ITO. The former is mostly
attributed to free graphitic nature (C–C) and is regarded
as a photosensitizer [47], whereas the latter is the result of
Ar+ etching off the adventitious carbon on the air-exposed
ITO surface. No other noticeable XPS peak can be found
in the N,C–ITO within the narrow scan range (i.e., 280–
292 eV). This implies that the sputtered carbons did not
substitute the lattice oxygen atoms to form the In–C or Sn–C
bond. This is because a relatively low carbon concentration
is used during the film deposition. Moreover, the O1s XPS
spectra of the ITO film in Figure 5(b) were resolved into two
peaks; one, at 530.6 eV, is probably due to oxygen in hydroxyl
(OH) groups; the other, at 529.8 eV, is assigned to the In–O
and Sn–O bonds in crystalline In2O3 and SnO2, respectively
[31]. The N,C-ITO shows a shift to lower binding energy
(529.65 eV) for the O1s peak of the crystalline In2O3 and
SnO2. This shift is in good agreement with the results found
for substitutional N-doped TiO2 and In2O3 and C-doped
In2O3 [31, 33].

The N1s XPS spectra show only a weakened peak at
around 396 eV in the N,C-ITO and no such peak is found in
the ITO film (see Figure 5(c)). The best fitting of the N1s XPS
spectra was obtained at a binding energy of 395.9 eV. No such
peaks at 398 eV and 400 eV were found due to a relatively low
nitrogen concentration used the electrode deposition [48].
Thus, the N1s XPS peak at 395.9 eV that results from the
substitution of the oxygen sites by nitrogen ions is highly
responsible for the visible-light photocatalytic activity [49],
whereas the C1s peak at 284.6 eV of the graphite source is
regarded as a photosensitizer.

As seen in Figure 5(d), the core level of In3d of the N,C-
ITO sample shows a small shift to a lower binding energy, as
compared with that of the ITO film. After curve fitting using
Gaussian distribution functions, the In3d XPS peak appears
only at 444.1 eV with a full width at half maximum (FWHM)
of 1.4 eV, which is very close to a value of 444.4 eV of the
ITO sample and the reported value of 444.2 eV of crystalline
In2O3 in the literature [50]. The formation of InN phase
can be ruled out since no other In3d XPS peak at 442.4 eV
can be rationally deconvoluted from the spectra of the N,C-
ITO. A little lower binding energy shift suggests that N-
substitution could hardly modify the electronic interaction
of indium with the oxygen anions under our sputtering
conditions.

Alternatively, two peaks, 8.5 eV apart, due to Sn3d3/2

and Sn3d5/2 XPS peaks, are observed in Figure 5(e). The
best fitting for the ITO sample was achieved with two
components at binding energies of 486.1 and 487.1 eV (figure
not shown). The first peak is assigned to SnO and the second
to SnO2 [50]. However, these two components shifted to
lower binding energies of 485.8 and 486.7 eV for the N,C-
ITO. A shift to a lower binding energy implies that the
creation of SnN (486.2 eV) may not occur in the N,C-ITO
[51]. Thus, the formation of SnN phase can be ruled out.
Instead, this binding energy shift suggests a reduction of
the Sn cation valence state due to a substitutional cationic
doping. When N replaces O, the valence state of Sn4+ is
reduced to Sn2+, causing the binding energy of the Sn3d5/2
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Figure 3: Plain view of SEM images of: (a) N,C-ITO, (b) ITO, (c) Ti/TO, and (d) N,C-TiO2 films.

peak to shift to lower energy. Meanwhile, the atomic ratio
of SnO2/SnO phase of the N,C-ITO is higher than that of
the ITO indicating the formation of an SnO2-rich surface
which confirms the results revealed by the XRD and Raman
measurements. One can conclude that the observed red shifts
in absorption and the band gap narrowing can be mostly
attributed to the N-doping, but be a little to the C-doping
of the N,C-ITO layer.

3.3. Photoelectrochemical Properties. Figure 6 shows a set
of current-voltage (I-V) characteristics recorded on the
composite Ti/TO electrode along with N,C-TiO2, N,C-
ITO, and ITO film electrodes in Na2CO3 solution under
illumination of AM 1.0 simulated solar light. The illuminated
photocurrent increases sharply as the applied potential
reaches 0.5 V and 0.3 V versus SCE on the Ti/TO and
N,C-ITO, respectively. Note that there is no saturation of
photocurrent observed in both two samples, which indicates
efficient charge separation under illumination, while the
saturation of photocurrent can be seen on the N,C-TiO2

electrode at a typical applied potential of 0.3 V versus SCE.
Under illumination, however, the ITO substrate exhibits no

gain of photocurrent with a breakdown point at about 0.9 V
versus SCE. This indicates that the N and C dopants can
enhance the PEC properties of pristine ITO film. That is, a
shift of the flat band (onset) potential from −0.7 to −0.82 V
versus SCE is achieved by using the intercalated N,C-ITO
layer, which can be estimated from the I-V measurements
in the PEC test [52]. Under solar light illumination, a
relatively high photoactive response of the Ti/TO electrode
is attributable to, at least in part, the synergetic effect of N,C-
codoping on band gap narrowing [25] and photosensitizing
[47]. Moreover, the N,C-TiO2 layer (400 nm thick) enhances
not only the photocurrent response of the layered Ti/TO
electrode at the entire applied potentials, but also the flat
band (onset) potential from −0.82 to −0.91 V versus SCE; a
shift of negative flat band potential is desired for facilitating
the PEC process [10, 52].

Under irradiation of AM 1.0 simulated solar light and
1.5 V applied bias, the layered Ti/TO film electrode has
the highest photocurrent density of 0.47 mA cm−2, that
is, a gain of 0.42 mA cm−2, and a hydrogen yield rate of
28.8 μmol cm−2 h−1 in 4.0 N Na2CO3 solution (pH ∼ 11),
as shown in Figure 6 and Table 1. Comparatively, the N,C-
ITO electrode has a photocurrent density of 0.46 mA cm−2,
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Table 2: Hydrogen yield rates and degradation rate constants of
the Ti/TO and N,C-TiO2 electrodes under illumination of AM 1.0
stimulated solar light.

sample
H2 yield rate,
μmol cm−2 h−1

DMSO rate constant,
cm−2 h−1

0.5 V 1.5 V 0.5 V 1.5 V

N,C-TiO2 10.2 11.8 12.5×10−3 12.8×10−3

Ti/TO 0.3 12.0 10.8×10−3 12.6×10−3

that is, a gain of only 0.35 mA cm−2, and a hydrogen
yield rate of 24.6 μmol cm−2 h−1, respectively. However,
the N,C-TiO2 electrode exhibits a photocurrent density of
0.09 mA cm−2 and a relatively high hydrogen yield rate of
25.0 μmol cm−2 h−1, respectively.

The PEC activity of the Ti/TO and N,C-TiO2 electrodes
was further evaluated by degrading DMSO pollutant maxed
in Na2CO3 aqueous solution with simultaneous hydrogen
production under irradiation of AM 1.0 simulated solar
light. As shown in Figure 7 and Table 2, the hydrogen yield
rate obtained at 1.5 V is 12.0 μmol cm−2 h−1, about 40 times
higher than that (0.3 μmol cm−2 h−1) at 0.5 V versus SCE,
which is correlated well with a sharp increase in a photocur-
rent density of 0.65 mA cm−2, that is, a gain of 0.61 mA cm−2,
at 1.5 V versus SCE. Under illumination of AM 1.0 simulated
solar light, the degrading rate constant of DMSO is equal to
10.8× 10−3 cm−2 h−1 and 12.6× 10−3 cm−2 h−1 at an applied
bias of 0.5 V and 1.5 V versus SCE, respectively. In other
words, only a 17% increase in degradation rate constant is
gained as the applied bias was raised from 0.5 V to 1.5 V, but
a 50% increase in degradation rate constant was obtained
from photocatalytic (7.2 × 10−3 cm−2 h−1) to PEC reaction
at 0.5 V. The N,C-TiO2 electrode yields about the same
hydrogen evolution of 11.8 μmol cm−2 h−1 at 1.5 V versus
SCE as the Ti/TO, whereas it evolves a hydrogen yield rate
of 10.2 μmol cm−2 h−1 at 0.5 V versus SCE which is much

greater—34 times—than the Ti/TO. This is in accordance
with the photocurrent density of the N,C-TiO2 electrode
displayed in Figure 7. These imply that the Ti/TO electrode is
preferably suitable for PEC applications with a higher applied
bias and the N,C-TiO2 electrode is generally applicable to a
wide range of applied bias.

It is known that an applied bias is used to facilitate the
electron transport across the TiO2/ITO interface and the
external circuit [53]. When the applied bias is sufficiently
high to pull all of the excited electrons, the concentration
of photogenerated holes can be the rate-determining step at
the catalyst/electrolyte interface. The saturated photocurrent
depends not only upon the types of catalysts and their
morphology, crystal phase, and crystallinity, but also upon
the types of electrolyte, organic compound, and their
concentrations [53–56]. For instance, the TiO2 nanopore
arrays that revealed a saturated photocurrent of 5.8 times
as high as that for coated TiO2 nanofilm electrode has had
2 times as high as the coated TiO2 nanofilm electrode at
an applied bias of 0.5 V versus SCE in PEC process for
degradation of aqueous tetracycline solution [56]. This indi-
cates that upon an applied bias on the high photocurrent-
saturated electrode, the separation and transport efficiency
of photogenerated electron/hole pairs is much higher than
that for the conventional coated TiO2 electrode. This implies
that the higher the saturated photocurrent is, the greater the
photocatalytic oxidation and the better the efficiency can
be rationally expected [54]. However, the reasons for this
unexpected low increase in the DMSO rate constant of the
Ti/TO electrode are not clear yet and further investigation is
being undertaken in our lab.

4. Conclusion

The Ti/TO film electrode that combines a versatile layer
of N,C-TiO2 and a novel intercalated layer of N,C-ITO
reveals a synergetic photocatalytic capability for simulta-
neous DMSO degradation and hydrogen production. The
structural properties of the sample electrodes, determined
by X-ray diffraction (XRD) and Raman scattering, show that
the overlaid N,C-TiO2 film exhibits primarily the crystallized
anatase TiO2 phase and the intercalated N,C-ITO film shows
distinct diffraction patterns of polycrystalline In2O3 phase.
Under AM 1.0 simulated solar light irradiation and 1.5 V
applied potential, the photocurrent density of the Ti/TO
film electrode is 20% and 4.7 times higher than that of
the N,C-ITO and N,C-TiO2 electrodes, respectively. More-
over, the Ti/TO electrode yields simultaneously a hydrogen
production rate of 12.0 μmol cm−2 h−1 and degradation
rate constant of 12.6 × 10−3 cm−2 h−1, whereas the N,C-
ITO electrode shows no pollutant oxidation. In view of
the synergetic effect of N,C-codoping on the composite
Ti/TO electrode, not only the N,C-TiO2 layer enhances
the photocurrent response and a cathode shift of the flat
band potential, but also the intercalated N,C-ITO layer can
significantly increase photocurrent response at a high applied
potential. These are desperately beneficial in the PEC process
of pollutant degradation and hydrogen production as well.
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Nanocrystalline titanium dioxide (TiO2) was synthesized in microemulsions by using cetyltrimethylammonium bromide (CTAB)
as surfactant. In order to investigate the crystal transformation and photoactivity at low temperature, the as-prepared precipitates
were aged at 65◦C or calcined at various temperatures. Analyses using powder X-ray diffraction (XRD) and Fourier transform
infrared microscopy (FT-IR) showed that precursors without aging or calcination were noncrystal and adsorbed by surfactant.
After aging for 6 h, the amorphous TiO2 began to change into anatase. The obtained catalysts, which were synthesized in
microemulsions with weight ratios of n-hexanol/CTAB/water as 6 : 3 : 1 and calcined at 500◦C, presented the highest photocatalytic
degradation rate on methyl orange (MO), while the catalysts, which were aged at 65◦C for 90 h, also exhibited an outstanding
photocatalytic performance and a little higher than that of the commercial titania photocatalyst Degussa P25.

1. Introduction

TiO2 is well-known for its applications in oxide semicon-
ductors, oxygen sensors, photovoltaics, photocatalysis, and
pigments [1–4]. Extensive researches have been focus on syn-
thetic methods of semiconductor nanoparticles with better
crystallinity and photocatalytic performance [5, 6]. Among
various approaches explored, the reverse microemulsion
process seems an efficient way to obtain nanosized TiO2

[7]. Many scholars [8, 9] suggested that the main advan-
tages of the microemulsion method were the low reaction
temperature, the short processing time, and the attractive
effect of preventing agglomeration in the formed nanopar-
ticles. The property of microemulsion is mainly determined
by the characteristics of the forming surfactant. Therefore, a
proper surfactant may simplify producing the desired nano-
sized TiO2. One of the goals of this article is showing the ap-
plication of microemulsions which acted as nanoparticles
reactors.

In a typical procedure for TiO2 preparation, samples usu-
ally need to be treated under several hundred degrees centi-

grade [10–12]. Some researches, however, have sought the
possibility of synthesizing TiO2 in low temperatures, and
obtained certain progress. Qi et al. [13] synthesized TiO2 at
100◦C and discussed the heterogeneous nucleation mecha-
nism. Liu et al. [14] obtained TiO2 with small crystalline
size and large specific surface area around 100◦C. Although
TiO2 obtained under low temperatures has been studied, the
microemulsion-resulted products which underwent different
aging time and related photocatalytic activities were seldom
discussed.

In the present study, the phase behavior of cetyltrimethy-
lammonium bromide (CTAB) in n-hexanol/water system
was studied through the electrical conductivity and the
phase diagrams. Nanosized TiO2 particles were synthesized
in n-hexanol/CTAB/water reverse microemulsion under low
aging temperature or high calcination temperature, and the
powders were characterized by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR), and trans-
mission electron microscopy (TEM) techniques. A simulated
organic pollutant, methyl orange (MO), was decomposed on
TiO2 suspensions under UV irradiation.
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2. Materials and Methods

2.1. Analysis of Microemulsions. The electrical conductivity
of ternary system was measured using a DDS-307 conductiv-
ity meter (Leici Instruments, Shang Hai, China). Deionized
water was added dropwise to the mixture of n-hexanol and
CTAB at room temperature until the system became turbid.
The weight ratio of n-hexanol to CTAB was fixed at 2,
while the water concentration was represented by quality
percentage.

Depending on the preparation procedure of microemul-
sions, phase diagrams were constructed using a conventional
titration technique and the homogeneous phase regions were
obtained at different temperatures (25, 65, 80◦C). Stock
solutions of CTAB and n-hexanol at the certain weight ratio
were prepared at room temperature. Deionized water was
added dropwise to glass vials containing n-hexanol/CTAB
mixtures, which were maintained at various temperatures
in water bath. The as-prepared microemulsions were sealed
and shaken by a magnetic stirrer. The mass of added water
was determined by weighting the glass vial before and after
adding to the mixture.

2.2. Preparation of TiO2 Nanoparticles. In a typical pro-
cedure, microemulsion of n-hexanol : CTAB : water with
weight ratio of 6 : 3 : 1, was firstly prepared by mixing three
component through a magnetic stirrer and stirred for 60 min
until the systems became clear and equality. Maintaining that
the molar ratio of water to Ti(OBu)4 is 15, a specific weight
of Ti(OBu)4 was added dropwise into the microemulsion
system and further stirred for 120 min.

To obtain samples treated by high temperature, the solid
precipitates were centrifuged from the microemulsion system
and washed with ethanol and deionized water for five times.
The precursors were dried at 105◦C for 12 h. Then the sample
was calcined for 3 h at 300, 400, 500, 600, and 700◦C.

To obtain samples treated by low temperature, after
Ti(OBu)4 was added into the microemulsion and stirred for
120 min, the whole mixtures were kept in water bath (65◦C)
with different aging time. The final products were obtained
after centrifugation, washing, and drying processes as above.

2.3. Photocatalytic Activity Measurement. The photocatalytic
reaction was conducted in a 200 mL cylindrical glass vessel
fixed in the XPA photochemical reactor (Nanjing Xujiang
Machine-electronic Plant, China). The reactor consisted of
magnetic stirrer, quartz cool trap, and condenser that can
keep the reaction temperature steady and prevent the evapo-
ration of water. A 300 W Hg lamp with center wavelength of
365 nm was used as the UV light source. Methyl orange (MO)
was used as a target pollutant, with an initial concentration
of 10 mg L−1.

100 mg photocatalyst powder was dispersed in 200 mL
MO solution sufficiently for 30 min to achieve adsorp-
tion/desorption equilibration. Subsequently, the Hg lamp
was turn on. At regular intervals (10 min), about 5 mL of
the suspension was sampled and filtered through a 0.45 μm
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Figure 1: Relationship between the electrical conductivity and the
water concentration with the weight ratio of n-hexanol to CTAB is
1.5.

membrane filter. The concentration of the remaining pol-
lutant was measured by its absorbance (A) at 464 nm with
a Hitachi UV-3010 spectrophotometer (Tokyo, Japan). The
degradation ratio (X) of the reactant was calculated by
X(%) = 100(A0−At)/A0, where A0 and At are the absorben-
cies at time zero and at time t.

2.4. Characterization of TiO2 Nanoparticles. XRD patterns
were recorded on a Dandong Aolong/Y-2000 X-ray diffracto-
meter (Dan dong, China) with Cu Kα radiation (λ =
0.15406 nm). The average particle size was calculated accord-
ing to the Scherrer equation d = kλ/β cos θ, where k is a
constant, λ is the wavelength of the X-rays, θ is the angle at
the maximum peak, and β is the full width of the peak at
half height. FT-IR spectra were recorded using a Shimadzu
IRPrestige-21 Fourier transform spectrometer (Japan) by
blending the sample into a KBr pellet. The particle size
and morphology were observed on a JEOL JEM-2010 (HR)
transmission electron microscope (Japan) (working voltage
at 100 kv). The thermogravimetric analysis of precursors was
measured using a STA449c/1/41G thermal analyzer (Netzsch,
Germany).

3. Results and Discussion

3.1. Analysis of Microemulsions. In the ternary system, the
electric conductivity is determined by the movement of
counter-ions in water phase, and the oil phase was not con-
ducting, which was confirmed by the conductivity measure-
ment of n-hexanol (0.04 μs cm−1). Bromine anions dissoci-
ated from the surfactant into the water phase while adding
water, and this improved the conductive capacity when the
anions pass through the membranes between reverse micelles
during collision. Therefore, the diameter and the collision
frequency of droplets are the main determinants for electrical
conductivity. Figure 1 shows the conductivity of the n-hex-
anol/CTAB system related to water concentration.
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As it can be seen, conductivity increased rapidly when
water concentration was raised from 10% to 35%, and the
mixture kept transparent. This was a solubilization process
of reverse micelles. Water molecules gathered around the
hydrophilic groups and formed water droplets. Adding water
not only caused an increased amount of droplets, but also
enlarged volumes of droplets, both of them resulted in the
increase of collision frequency. According to the theory of
sticky droplet collisions [15], many narrow water channels
were formed in continuous phase when droplets collided.
Hence, ions in water phase were able to pass through the
oil phase via such channels and led to the increase of
electrical conductivity. Moreover, adding water caused the
ionization of CTAB, and this led to sharply increased amount
of bromine anions. In a word, the conductivity presented
nearly a straight increase with the adding water.

As water concentration rising from 35% to 43%, conduc-
tivity increased slowly and reached a maximum; meanwhile,
the mixture became viscous and exhibited a characteristic
refraction which was an indicative of formation of liquid
crystal. In this process, the volumes of water droplets were
enlarged. Because the ionization of the surfactant molecules
tended to be equilibrium [16], the amount of dissociative
ions slowly increased to a maximum. In addition, the bigger
droplets the lower migration rate, and this also reduced the
conductivity. Once the liquid crystal formed, the interfacial
film became rigid and the formation of conductance chains
stopped. Thus, the electrical conductivity maintained at a
certain value after a slow increase.

After the maximum stage, the conductivity reduced grad-
ually to a minimum value as water concentration rise from
43% to 47%. The system became ropier and appeared as
opalescence. The numbers of dissociating ions kept un-
changed as adding water, while the volume of droplets were
enlarged so much that reduced their mobility. Moreover,
when the system reaches the utmost of water content with
lower migration, the interface arranged in no regulation.
Hence, the viscosity collision replaced the elastic collision.
The lower migration rate of water droplets would certainly
result in the reduced electrical conductivity.

With the continuous addition of water, the electrical con-
ductivity increased abruptly and the whole solution became
opaque and turbid, and the system became multiphase. Such
turbidity is called demulsification. Before demulsification,
the mixture maintained monophase.

The water concentrations at the points of demulsification
within certain weight ratios of n-hexanol to surfactant were
recorded as the maximum concentration, while the ones at
the points of mutual soluble of these three contents were
recorded as the minimum concentration. The relation be-
tween water concentration and the weight ratios of n-hex-
anol to surfactant under different temperatures was shown
in Figure 2.

As shown in Figure 2, solid lines represent the maxi-
mum concentration of water, while dashed lines represents
the minimum, and the region between two lines is the
monophase region of the n-hexanol/CTAB/water system.
The maximum water concentration increased sharply and
reached a high value as the ratio increased to 1.6, and fell back
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Figure 2: Relationship between water solubilization and mass ratio
of n-hexanol to CTAB.

to a stable value. This phenomenon of self-emulsification was
due to that n-hexanol reacted as a cosurfactant and the oil
phase at the same time. When the surfactant was more than
n-hexanol, n-hexanol preformed as the cosurfactant that sta-
bilized the interface layer and increased the water solubiliza-
tion. When the weight ratio tended to 1.6, numbers of n-hex-
anol molecular in the interface layer were near saturation,
and the excess n-hexanol existed as an oil phase which
prevented the solubilization of water. Hence, the maximum
water concentration was no longer determined only by n-
hexanol but also by the property of CTAB.

The area of the monophase region is affected obviously
by temperature, which can be explained as follows high tem-
perature can improve the hydrophilicity of surfactant, raise
the number of water molecules that were controlled by each
surfactant molecule, and enlarge the volume of droplets.

3.2. Characterization of Photocatalyst. In this work, the pre-
cursor was prepared in a reverse microemulsion of n-hex-
anol, CTAB, and water with weight ratio of 6 : 3 : 1 under
120 min vigorous stirring, and the final products were ob-
tained by further treatment of precursors by calcination and
aging methods.

TG-DSC curve for precursor was shown in Figure 3. TG
graph revealed that from 50 to 100◦C, the sample lost weight
slowly, which was attributed to the volatilization of physically
absorbed water. From 100 to 280◦C, the precursor had a
gradual weight loss, which was caused by the evaporation
of n-hexanol (boiling point at 156◦C). As the temperature
increased from 280 to 320◦C, the precursor had a sharp
weight loss, which corresponded to the burning of residual
surfactant. Such burning also caused a weak exothermic peak
in DSC curve around 300◦C. After 320◦C, the curve was
obtained as flat, indicating that the weight of precursor had
little change.

DSC curve of precursor showed one endothermic peak
at 120◦C due to the evaporation of n-hexanol. In the sub-
sequent process, one main exothermic peak and two weak
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Figure 3: TG-DSC curves of a precursor.
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Figure 4: XRD patterns of TiO2 precursor calcined at different
temperatures.

exothermic peaks were obtained. The first one around 300–
320◦C was caused by the burning surfactant which has
been discussed above, the one at 400◦C corresponded to the
crystallization of anatase, and the third one at 500–600◦C was
the crystallization of rutile. These transitions of crystal phase
could be confirmed by XRD pattern.

Figure 4 shows the XRD pattern of TiO2 calcined at
different temperatures. At 400◦C the XRD pattern showed a
weak peak at 2θ = 25.30◦, implying that TiO2 was crystallized
purely as anatase phase. The XRD patterns of samples
calcined at 500 and 600◦C showed peaks at 2θ = 25.30◦ and
2θ = 27.50◦, indicating that both anatase and rutile existed.
No anatase peak was found in the XRD pattern of the sample
calcined at 700◦C. Moreover, as the calcination temperature
increased, all peaks became stronger and sharper, implying
that the crystallinity became higher. Altogether, the XRD
patterns presented the process of transition from anatase to
rutile.

Table 1: Crystallite structure and size of TiO2 calcined at different
temperature.

Temperature (◦C) Structure Crystallite size (nm)

300 100% A 19 A

400 100% A 20 A

500 61% A + 39% R 25A + 21 R

600 12% A + 88% R 29A + 27 R

700 3% A + 97% R 33 R

R: rutile; A: anatase.
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Figure 5: XRD patterns of TiO2 precursor aged at 65◦C for (a) 0 h,
(b) 6 h, (c) 12 h, (d) 48 h, (e) 90 h, (f) 135 h.

The average particle size, according to the Scherrer equa-
tion d = kλ/β cos θ, was shown in Table 1. As the temperature
raise, the average particle size rises from 19 to 33 nm.

Figure 5 presents the XRD patterns of TiO2 aged at
65◦C from 0 h to 135 h. The precursor, that is, the sample
aged for 0 h, displayed amorphous phase with no peak
in the XRD pattern. The sample represented a very weak
peak at 2θ = 25.30◦ after aging for 6 h, indicating TiO2

began to show the symptom of crystallization. As the aging
proceeded, characteristic peaks grew slowly, and all these
peaks indicated that the samples were crystallized as pure
anatase. The crystallinity became better and better as the
aging time became longer; however, the patterns showed
little difference between samples aged for 48 h, 90 h, or 135 h.
It was obviously that all the peaks were wide, which means
the diameters of TiO2 crystal domain were small.

The diameters of the particles, according to the Scherrer
equation, were shown in Table 2. As the aging time prolong,
the average crystallite size rise from 0 to 4.8 nm. Samples aged
longer than 48 h were almost unchanged in crystallite size.

The mechanism of TiO2 crystal growth is considered as a
process of diffusion controlled, and according to the phase
transition theory of crystallization [17], relation between
crystallite size of anatase and aging time could be fitted as

d5
A − d5

A0 = kt f , (1)
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Table 2: Crystallite structure and size of TiO2 at different aging
time.

Ageing time (h) Structure Crystallite size (nm)

0 Unformed —

6 Unformed 0.99

12 Anatase 1.33

24 Anatase 3.66

48 Anatase 4.22

72 Anatase 4.42

102 Anatase 4.55

114 Anatase 4.63

120 Anatase 4.73

135 Anatase 4.83
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Figure 6: Fitting curves of 5lnd and lnt.

where dA0 (nm) is the initial diameter; dA (nm) is the dia-
meter when aging time is t (min); f is the series of aging time
to diameter grow; k is the rate of crystal growth. Considering
d5
A � d5

A0, the natural logarithm of (1) is simplified as

5 lndA = f ln t + ln k. (2)

Equation (2) is the relation between aging time (t/min)
and crystallite size (dA/nm). Took lnt as transverse axis and
5lndA as vertical axis, and constructed their linearity, the
relation are shown in Figure 6. Fitting curves were obtained
by subsection simulation. Table 3 showed the series of aging
time to diameter grow f and the rate of crystal growth k.

Fitting curves showed that, at the beginning of aging
process, crystallite grew quickly with an extreme low rate
of crystal growth. Such phenomenon might be explained by
the phase transition from amorphous to anatase. During this
stage, system formed plenty of crystal nucleuses. After being
aged for 26 h, the growth of crystal was not obvious, and

Table 3: Rate constant of crystal growth and chronological series.

Stage f lnk k

1 4.83169 −29.15146 2.19 × 10−13

2 0.74674 1.13029 3.10
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Figure 7: FT-IR spectra of (a) TiO2 precursor, (b) TiO2 precursor
aging at 65◦C for 120 h, (c) TiO2 precursor calcined at 500◦C.

the diameter was effected slightly by aging time ( f = 0.75).
This might be the process that crystal grew from imperfect to
perfect. The work showed that anatase could be obtained at
low temperature.

Figure 7 shows the FT-IR spectra of TiO2 precursor
treated by calcination and aging process. The band at
about 3400 cm−1 was indexed to the stretching vibration
of the O–H bond and free water and the band at about
1631 cm−1 was attributed to the O–H bending vibration
of chemically adsorbed water [18]. Bands at 2700 and
1462 cm−1 were considered as the characteristic peaks of
ammonium; 2850 cm−1 was the stretching vibration band of
C–H bond in methylene, while 1050 cm−1 was the vibration
of C–O bond [19]. These bands showed that precursor
adsorbed a large number of organic compounds, provided
by n-hexanol and CTAB. Calcination or aging were able to
remove these organic compounds. The stretching vibration
of Ti–Br bond caused a wide band around 600 cm−1, while
band around 800 cm−1 was the characteristic peak of Ti–O
bond [18, 19]. These bands showed that, precursors must be
heated to form Ti–O bond.

Figure 8 shows the typical TEM images of TiO2 aged
at 65◦C for 120 h. TiO2 synthesized by aging method in
low temperature was regular and spherical, to a certain ex-
tent. The particle size distribution was wide, ranging from
6 nm to 19 nm. The average particle size was roughly esti-
mated as 12 nm from the obtained images. These images
suggested that synthesis of TiO2 in our microemulsion sys-
tem with aging process at low temperature can bring about
nanoparticles with relatively small and uniform sizes.
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Figure 8: TEM and particle-size distribution graphs of TiO2 aging at 65◦C for 120 h.

3.3. Photocatalytic Activity. The degradation process of
methyl orange (MO) was obtained by measuring the solution
every 10 min during UV irradiation, and results were shown
in Figure 9 as UV-Vis spectra curves. The photocatalytic
reaction was under catalysis of TiO2 calcined at 500◦C for
3 h. There were two absorption peaks in the curves, the
one at 464 nm was caused by the azo bond and the other
one at 265 nm was caused by benzene ring [20]. During
the decomposition process, both azo bond and benzene ring
were degraded. In this research, the concentration of MO
was roughly represented by the absorption at the maximum
wavelength, which appeared at 464 nm as shown in Figure 9.

In order to compare the photocatalytic performance of
as-obtained products synthesized in different conditions,
various samples involving TiO2 calcined at 500◦C for 3 h,

TiO2 aged at 65◦C for 72, 90, 120 h, and P25 were conducted
in UV-irradiated MO solutions, and degradation rates of
MO were showed in Figure 10. It was demonstrated that
the sample of TiO2 calcined at 500◦C for 3 h had the best
photoactivity which degraded 98% after 60 min (Figure 10
(a)). Sample of TiO2 aged at 65◦C for 90 h also presented
a high photoactivity which degraded over 74% after 60 min
(Figure 10 (b)). These two samples had better photoactivity
than commercial P25, which degraded 71% after 60 min
(Figure 10 (c)). The relatively high photocatalytic activity of
TiO2 aged at 65◦C for 90 h was suggested to be responsible
for the exhibited crystallinity and the enhanced adsorption
ability caused by presence of amorphous titania. The results
also showed that aging time affected photocatalytic activities
of TiO2 obviously (Figure 10 (b), (d), and (e)). The efficiency



International Journal of Photoenergy 7

200 300 400 500 600 700 800
0

0.2

0.4

0.6

0.8

A
bs

or
ba

nc
e 

(a
.u

.)

Wavelength (nm)

50 min
40 min

30 min

20 min

10 min

0 min

Figure 9: Degradation process of MO by aged TiO2 under
ultraviolet light irradiation, analyzed by UV-Vis absorption spectra
for solutions separated from the TiO2 suspensions irradiated for
different periods.

0 10 20 30 40 50 60
0

10

20

30

40

50

60

70

80

90

100

(f)

(e)

(d)

(c)

(b)

D
eg

ra
da

ti
on

 r
at

e 
(%

)

Time (min)

(a)

Figure 10: Degradation ratio of MO under ultraviolet light
irradiation over catalysts as: (a) TiO2 calcined at 500◦C, (b) TiO2

aged at 65◦C for 90 h, (c) TiO2 aged at 65◦C for 120 h, (d)
commercial P25, (e) TiO2 aged at 65◦C for 72 h, (f) blank.

of UV photocatalysis toward MO was low (Figure 10 (f)).
TiO2 aged for 90 h represented the best photoactivity among
samples prepared by aging process.

4. Conclusions

Nanosized TiO2 nanoparticles were synthesized in n-hex-
anol/CTAB/water reverse microemulsions. The precursors
were treated at 500◦C calcination or 65◦C aging in water
bath, and investigated by XRD, FT-IR, and TEM. The results
show precursor is amorphous as Ti–Br compounds; aging
at low temperature is capable to form anatase TiO2 with
reasonable photocatalytic performance. Among all the as-
synthesized photocatalysts by aging method, the nanoparti-
cles aged at 65◦C for 90 h showed the highest photocatalytic

activity, and at the same time higher than that of commercial
P25.
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A core/multi-shell-structured Fe3O4/C/TiO2 magnetic photocatalyst is prepared via vapor phase hydrolysis process. The as-synthe-
sized core/multi-shell-structured composite is characterized by X-ray diffraction (XRD), field emission scanning electron micro-
scopy (FE-SEM), transmission electron microscopy (TEM), high-resolution electron microscopy (HRTEM), N2 adsorption-de-
sorption isotherm analyses, vibrating sample magnetometer (VSM), and ultraviolet-visible (UV-Vis) absorption spectroscopy.
TEM and HRTEM show that well-crystallized anatase TiO2 nanocrystals are immobilized on the surface of as-prepared Fe3O4/C
microspheres with dimensions around 200 nm. N2 adsorption-desorption isotherm analysis shows that the obtained photocatalyst
exists disorderedly mesoporous structure. The photocatalytic efficiency of the catalyst in degradation of methylene blue is evalu-
ated, and the Fe3O4/C/TiO2 photocatalyst with low TiO2 content (37%) has a relatively higher activity than commercial anatase
TiO2. The intermediate carbon layer avoids the photodissolution of Fe3O4 effectively, and the recycling property is largely improved
due to the existence of magnetic Fe3O4 core.

1. Introduction

Titanium dioxide (TiO2) nanoparticles have inspired scien-
tists for their potential application in treatment of environ-
mental pollutants in wastewater [1–9]. However, there have
been two obvious deficiencies in their practical application.
One is the wide bandgap of TiO2 (≈3.2 eV), so only a small
ultraviolet fraction of solar light can be used. The other is
the separation of nanosized photocatalyst from wastewater,
which is too difficult and energy consumptive [10]. Both de-
ficiencies result in the low treatment efficiency and increase
the loss of photocatalyst. Doping TiO2 with foreign element
[11, 12] and mixing TiO2 with sensitizer [13, 14] are two
most important ways to enhance the utilizing of sunlight.
And the related researches on catalyst immobilization have
also attracted wide attention in order to solve the separation
and recycle of the suspended TiO2 nanoparticles [15, 16].
Some researchers have coated TiO2 over glass, zeolite, and
other substrates to avoid the catalyst-recovering step [17–19].

Recently, magnetic photocatalysts have been addressed to
resolve the separation of TiO2 nanoparticles [20–23]. Cheng

et al. [22] obtained a core/shell-structured bactericidal pho-
tocatalyst with Fe3O4 core and TiO2 shell for bactericidal ap-
plication. Xuan et al. [23] fabricated Fe3O4/TiO2 hollow
spheres through poly(styrene-acrylic acid) (PSA) template
method and carried out the photodegradation of RhB as a
model reaction to investigate the photocatalytic activity of
the hollow photocatalyst. Nevertheless, Beydoun et al. [24]
indicated that the photodissolution of Fe3O4 would occur
during the light irradiation. So the barrier layer between
magnetic Fe3O4 and TiO2 was prepared to reduce the nega-
tive effects [25–28]. Song and Gao [8] synthesized the bi-
functional titania-/silica-coated magnetic spheres and used
MB to evaluate their photocatalytic properties. Ye et al. [28]
obtained the core/shell-structured Fe3O4/SiO2/TiO2 mag-
netic nanocomposites with enhanced photocatalytic activity
by combining sol-gel process with calcinations. Presence of
silica coating is essential to reduce the negative effect to mag-
netite during the photocatalytic process [8, 28]. However,
Wang et al. [29] indicated that the carbon shell coated on
Fe3O4 microspheres was more compact than others, so the
direct contact can be avoided effectively. Its benefit to protect
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the magnetic carriers enhance the photocatalytic activity and
extend the lifetime of magnetic photocatalyst.

Herein, we develop a novel and controllable strategy to
prepare the unique Fe3O4/C/TiO2 core/multi-shell-struc-
tured photocatalyst via vapor phase hydrolysis (VPH) proc-
ess. It is crucial that TiO2 in the shell is perfectly crystallized
without calcination. In VPH method, the water molecules
are gently contacting with alkoxide in vapor phase with the
advantage of hydrothermal treatment to obtain highly crys-
tallized TiO2. The size and crystallinity of anatase TiO2 crys-
tallite in the shell could be tuned by reaction temperature,
duration, and the thickness of anatase shell could also be
tuned by varying tetrabutyl titanate (TBOT) content. Finally,
the photocatalytic degradation of MB was selected as a mod-
el reaction to demonstrate the unique advantage in their pho-
tocatalytic activity and recycle facet.

2. Experimental Procedure

2.1. Materials. Commercial anatase TiO2, FeCl3·6H2O, ethy-
lene glycol (EG), sodium acetate (NaAc), polyethylene
glycol (PEG), oleic acid, cetyltrimethylammonium bromide
(CTAB), glucose, TBOT, and absolute ethanol were analytical
grade and purchased from Shanghai Chemical Reagent Co.,
China. All chemicals were used as received without any puri-
fication. The distilled water for all processes was purified by
ion exchange and then followed by distillation. The specific
surface area of commercial anatase TiO2 is 19 m2/g and the
crystallite size is about 80 nm.

2.2. Synthesis of Fe3O4 Microspheres. The ferrite core was first
fabricated by solvothermal method, as described by others
[30–32]. Typically, 1.35 g FeCl3·6H2O was dissolved in 50 mL
EG to form a clear solution, followed by addition of 3.6 g
NaAc and 1.0 g PEG. The mixture was stirred vigorously for
30 min at room temperature and then sealed in a 70 mL Tef-
lon-lined autoclave. The autoclave was heated to 200◦C for
12 h. After it was cooled to room temperature, the black pro-
ducts were collected by magnet and rinsed with distilled
water and ethanol. The final product was dried under vac-
uum at 60◦C for 8 h.

2.3. Fabrication of Fe3O4/C Nanocomposites. The magnetic
Fe3O4/C nanocomposite was fabricated according to the
route of Wang et al. [29]. The reactant mixtures were pre-
pared by dissolving glucose in the aqueous solution contain-
ing oleic-acid-stabilized Fe3O4 nanoparticles. Typically, 4 g
glucose was dissolved in 40 mL oleic-acid-stabilized Fe3O4

suspension (2.5 g/L). After that, the mixture was sealed in a
50 mL Teflon-sealed autoclave and heated to 170◦C for 3 h.
Finally, the product isolated from the mixture by external
magnetic field was rinsed with distilled water and ethanol.
The final product was dried under vacuum at 60◦C for 8 h.

2.4. Preparation of Magnetic Fe3O4/C/TiO2 Microspheres.
0.1 g Fe3O4/C powders and TBOT were added into 8 mL
ethanolic solution and stirred for 2 min to obtain a colloidal
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EtOH

Core
materials

Steel

TBOT

H2O

Figure 1: The setup of the vapor phase hydrolysis device.

solution which was then transferred into the vapor phase
hydrolysis device (VPHD, as shown in Figure 1) quickly.
3 mL deionized water was located at the bottom of VPHD as
liquid phase to produce vapor at elevated temperature, thus
the liquid water did not contact with TBOT directly and the
fierce hydrolysis was avoided. The sealed VPHD was heated
to different temperature for varying duration. The TBOT
content, the reaction temperature, and duration were varied
as shown in Table 1. The as-synthesized powder was collected
by magnet, rinsed with distilled water and ethanol for several
times, and subsequently dried under vacuum at 60◦C for 8 h.

2.5. Characterizations. The powder phase composition was
identified by X-ray diffraction (XRD) equipment (D/max
2550 PC, Rigaku Co., Japan), using Cu Kα radiation at 40 kV
and 200 mA. The crystallite sizes of Fe3O4 and anatase are
estimated from the corresponding XRD peak at 2θ = 35.4◦

and 2θ = 25.3◦ by Scherrer formula (D = kλ/β cos θ), where
D is the crystallite size, λ is the wavelength of the X-ray
radiation (Cu Kα = 0.15406 nm), k is usually taken as 0.89,
β is the line width at half-maximum height of the (311) peak
of Fe3O4 and the (101) peak of anatase after subtracting the
instrumental line broadening, and θ is the diffraction angle.
The morphology and size of the particles were observed by
transmission electron microscope (JEM-2100F, JEOL, Japan)
equipped with an energy-dispersive X-ray and field emission
scanning electron microscope (S-4800, Hatachi, Japan). The
nitrogen adsorption-desorption isotherm was obtained at
77 K using a Autosorb-1 MP (Quantachrome, USA) utilizing
Barrett-Emmett-Teller (BET) calculations of specific surface
area and Barrett-Joyner-Halenda (BJH) calculations of pore
volume and pore size (diameter) distributions from the de-
sorption branch of the isotherm. Magnetic characterization
was conducted on vibrating sample magnetometer (6000,
PPMS, USA). The carbon content in the Fe3O4/C nanocom-
posites and Sample B is quantitatively measured by Elemen-
tar Analyzer (Vario EL III, Elementar, Germany).
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Table 1: Summary of the preparative parameters and the specific surface areas.

Sample Fe3O4/C powder (g) Anatase calculated from TBOT (g) Temperature (◦C) Time (h) SBET (m2/g)

A 0.1 0.125 150 10 57

B 0.1 0.25 150 10 61

C 0.1 0.5 150 10 72

D 0.1 0.25 150 5 58

E 0.1 0.25 150 20 53

F 0.1 0.25 100 10 155

G 0.1 0.25 200 10 39

H 0.1 — 150 10 38

2.6. Photocatalytic Reaction . Ultraviolet (UV) light photo-
catalytic reactions were carried out to characterize the degra-
dation rate of methylene blue (MB). The suspension was
irradiated with a 300 W medium-pressure mercury lamp.
First, 0.4 g catalyst (Sample B or commercial anatase TiO2)
was suspended in 500 mL 5.35 × 10−5 M methylene blue
(MB) solution. Oxygen was also bubbled into suspension at a
flow rate of 100 mL/min during the whole experiment. Prior
to photobleaching, the MB-solution-containing catalyst was
stirred and stored in dark for 30 min to obtain the saturated
absorption of MB. The MB concentration was determined
in the sequence of 15, 30, 60, 90, 120, and 180 min
using Lambda 35 UV-Vis spectrophotometer (Perkin-Elmer,
Waltham, USA) by collecting the absorbance of MB at wave-
length of 665 nm.

In order to investigate the recycle property and long-term
photocatalytic activity, Sample B was used to degrade MB
solutions five times. After ultraviolet light irradiation for 3 h,
the magnetic photocatalyst was recycled by external magnetic
field, washed three times with deionized water and dried at
105◦C for 5 h, the recovered photocatalyst was subsequently
used to degrade fresh MB solution under the same irradi-
ation conditions for 3 h. Then 3-cycle, 4-cycle and 5-cycle
were also carried out in the same process.

The degradation rate (H) of MB was calculated using
H = C/C0 × 100%, where C and C0 are the concentration of
remaining MB at different intervals and primal MB solution.

3. Results and Discussion

3.1. X-Ray Diffraction Analysis. The crystallinity and struc-
ture of as-prepared Fe3O4 particle and Fe3O4/C/TiO2 nano-
composite are confirmed by XRD. As showed in Figure 2, the
peak position and relative intensity of Fe3O4 (curve a) match
well with standard powder diffraction date (JCPDS No.
74-2402), indicating phase purity of Fe3O4. Well-resolved
diffraction peaks reveal good crystallinity of Fe3O4. The aver-
age crystallite size of as-prepared ferrite powder estimated
by Scherrer formula is around 14 nm, which is in agreement
with the result of Zhang et al. [31]. There is no diffraction
peaks of carbon appears in curve b due to its amorphous na-
ture and low content compared with Fe3O4 and anatase TiO2.
In addition to all diffraction peaks of Fe3O4, there are other
four diffraction peaks appear at 2θ = 25.3◦, 37.8◦, 48.1◦,
and 55.1◦ which correspond to (101), (004), (200), and (211)
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Figure 2: XRD pattern of (a) Fe3O4 and (b) Sample B.

planes of anatase TiO2 (JCPDS No. 21-1272), respectively.
The crystallite size of anatase TiO2 caculated by Scherrer
formula is to be ca. 11.2 nm. And the intensity of XRD peaks
of Fe3O4 has been decreased because there is some carbon
and anatase TiO2 coated on it. XRD results demonstrate that
the crystalline anatase TiO2 and Fe3O4 coexist in Sample B.

3.2. Morphology and EDS Analysis. The morphologies of the
selected samples are revealed by TEM (Figure 3) and SEM
(Figure 4). The Fe3O4 crystallites are ultrafine as observed
in Figure 3(a) and connect tightly to one another to form
spheres. And the diameter of the aggregated particles is
around 200 nm (Figure 4(a)). Figure 3(b) shows that amor-
phous carbon and well-crystallized anatase TiO2 formed on
the surface of Fe3O4 microspheres, and the amorphous car-
bon shell is compact while polycrystalline titania shell is
around the carbon shell. The carbon content in the Fe3O4/C
nanocomposites and Sample B is measured to be 4.4 wt.%
and 2.8 wt.%. The crystallite sizes of Fe3O4 and anatase TiO2

are around 15 and 12 nm, which is in agreement with the
calculation of XRD. The distances marked in the pattern
(Figure 3(c)) between (101) plane of anatase and (311) plane
of Fe3O4 are 0.35 nm and 0.25 nm, respectively. A well-de-
fined core/multishell structure with Fe3O4 as core, carbon
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Figure 3: TEM images of (a) Fe3O4, (b) Sample B, HRTEM image (c), and EDS result (d) of the selected area in image (b).

as intermediate shell, and anatase as outer shell is indeed
formed by the evidence of TEM images (Figures 3(b) and
3(c)). The direct contact between Fe3O4 and TiO2 was inhib-
ited. The EDS results of the selected area in Figure 3(b) are
given in Figure 3(d). Ti, Fe, and some C elements come from
Sample B; Cu and C come from copper grid and carbon film
for TEM analysis. Figure 4 gives the SEM images of the select-
ed samples. It provides more structural information about
the three-dimensional morphology of the product. A large
quantity of as-prepared Fe3O4, carbon-coated Fe3O4, and
core/multi-shell-structured Fe3O4/C/TiO2 with narrow dis-
tributions has been synthesized. As shown in Figure 4(b),
the greater crosslinking degrees and slickness of the Fe3O4/C
surface can be seen compared with Figure 4(a) due to the
amorphous carbon. Because the small anatase TiO2 crystal-
lite is coated on the surface of Fe3O4/C particles, the result
that the surface of Sample B becomes rough can be obtained
from Figure 4(c). Up to now, the core/multishell-structured

Fe3O4/C/TiO2 composite is confirmed by the evidence of
SEM and TEM analysis.

3.3. Magnetic Study. The magnetic property of as-prepared
Fe3O4, Fe3O4/C and Fe3O4/C/TiO2 is investigated with vi-
brating sample magnetometer at room temperature. Figure 5
gives the magnetization-hysteresis loops of samples with dif-
ferent composition. It shows that the magnetic saturation
value of samples is closely related with the thickness of non-
magnetic shells in given external magnetic field [8]. The
magnetic saturation values are 75.1 emu/g for Fe3O4 [30],
65.1 emu/g for Fe3O4/C, and 56.1 emu/g for Fe3O4/C/TiO2

particles. The decrease of saturation magnetization is most
likely attributed to the existence of nonmagnetic C and TiO2

shells on the surface of Fe3O4 as shown in curves b and c.
Because of the magnetic core, it is notable that these mag-
netic photocatalysts could be easily recycled from solution
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Figure 4: SEM images of (a) Fe3O4, (b) carbon-coated Fe3O4 microspheres and (c) Sample B.
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Fe3O4/C; c: Sample B; Sample B separated from aqueous solution
by an external magnetic field (inset).

after treatment by external magnetic field. The inset is the
image of Sample B separated from aqueous solution by an
external magnetic field (inset). The magnetic photocatalyst
(Sample B) is recycled by attracting towards the magnet

located in right-hand side of sample vials over a short per-
iod, demonstrating the high magnetic sensitivity of as-syn-
thesized magnetic photocatalyst.

3.4. Nitrogen Adsorption-Desorption Analysis. The N2 ad-
sorption-desorption isotherm (Figure 6(a)) of all four sam-
ples presents type-IV-like curve with an H3 hysteresis loop,
characteristic of mesopores in the spherical cores and shells.
Comparing with Sample H, the hysteresis loop of Sample F is
shifted to low P/P0 direction relatively because small crys-
tallite stacking small intraparticles pores on the surface of
Fe3O4/C spheres. The hysteresis loops of Sample B, G are
also shifted to low P/P0 direction, but it is not obvious in
the Figure 6(a). The hysteresis loop of Samples F, B, and G
illustrates the fact that the larger crystallite stacking larger
intraparticles pores at elevated temperature. The pore size of
Sample F is smaller than that of Sample B. It can be explained
that the anatase crystallite prepared under 100◦C is ultrafine
and cumulates small pores. Figure 6(b) gives the pore-size
distribution curves of different samples, confirming a pre-
ferred porous structure with pore volumes (Vp) 0.36, 0.32,
0.40, and 0.42 cm3/g and average pore diameters 68.1, 4.7,
9.5, and 81.5 nm corresponding to Samples H, F, B and
G, respectively. The high specific surface area of Sample F
(155 m2/g) is the result of fine anatase crystalline prepared
under this temperature. Such a porous structure can promote
more adsorption of pollutants.
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3.5. Photocatalytic Activity . Different catalysts are suspended
into the MB solution for 30 min in the dark as the adsorption
experiment. Figure 7 indicates that the concentration of MB
solution is almost no any change (3.33%) in commercial
TiO2 suspension. In contrast, the adsorption of Sample B
reaches 12.5%. This adsorption property could increase the
local concentration of MB near the titania layer and en-
hance the photocatalysis efficiency [33]. Figure 8(a) shows
the photocatalytic activities of Sample B and commercial
anatase TiO2 in photocatalytic decomposition of MB under
ultraviolet light irradiation. As shown in Figure 8(a), the
decolorization ratio of MB (control) was less than 20% [34]

after 180 min irradiation due to the photodecomposition.
Because of the anatase TiO2 located on the outsurface of
Fe3O4/C/TiO2 microspheres, it can utilize the light effectively
than solid TiO2 sphere. The TiO2 content in Sample B is 37%,
so the photocatalytic activity of Sample B is relatively higher
than that of commercial anatase TiO2. If the iron oxide
directly contacts with a crystalline titanium dioxide phase,
electronic interactions between the titanium dioxide coating
and the iron oxide core, when the photogenerated electrons
in the titanium dioxide phase are transferred into the lower
lying conduction band of the iron oxide phase. It is these in-
jected electrons which lead to the reduction of the iron oxide
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Figure 8: Photocatalytic efficiency of commercial anatase TiO2 and Sample B to methylene blue (MB); (b) the long-term photocatalytic
activity of Sample B.

core, with Fe ions are being formed and migrating to the
solution through the porous titanium dioxide coating [24,
33]. So the protection role of intermediate carbon layer is
to avoid the direct contact between Fe3O4 and titania. Due
to the compacted coating with intermediate carbon layer, it
can be avoided the electron interaction or photodissolution
of Fe3O4 probably occurrence of at the point of contact. The
long-term photocatalytic activity of Sample B is showed in
Figure 8(b). MB is removed completely from the solution in
every cycle and photocatalytic degradation efficiency is not
varied. Owning to the regenerative property of magnetic
photocatalyst and relatively high photocatalytic activity, the
Fe3O4/C/TiO2 hybrid spheres are well likely to be promising
catalyst in the near future.

4. Conclusions

In summary, the core/multi-shell-structured Fe3O4/C/TiO2

magnetic photocatalyst has been prepared via a vapor phase
hydrolysis process, and the thickness of TiO2 shell can be
tuned from monolayer to several hundred nanometers by
varying the TBOT content. The size and crystallinity of
anatase TiO2 crystallite in the shell could be tuned by tem-
perature and duration. The photocatalytic activity of Fe3O4/
C/TiO2 photocatalyst has relatively higher activity than com-
mercial anatase TiO2 in photocatalytic degradation of meth-
ylene blue (MB) but its recycling property is improved large-
ly. The intermediate carbon layer can avoid the electron in-
teraction or photodissolution of Fe3O4 probably occurring at
the point of contact effectively.
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A method is proposed that uses electrophoretic deposition (EPD) to fabricate the titania (TiO2) photocatalyst filter and then
successfully modifies it by lithium nitrate (LiNO3) to be visible light responsive such that the modified photocatalyst filter
effectively degrades gaseous formaldehyde. The performance of degrading gaseous formaldehyde is evaluated in the photocatalytic
circulation reactor for different temperature and light sources. The results show that the modified TiO2 photocatalyst filter has
much better degradation performance for gaseous formaldehyde than the original TiO2 photocatalyst filter regardless of light
source, and the performance is better at the higher ambient temperature. The best total average degradation performance of the
modified photocatalyst filter is about 9.2% and 16.3% higher than the original photocatalyst filter (P-25, Degussa) for the UVA
and visible irradiation, respectively, at 26◦C.

1. Introduction

With the growth of the global economy, the kinds of the
material used in interior decorating are gradually diversified.
The woods and paints widely used in interior decorating
usually contain organic solvent such as formaldehyde, and
the solvent gradually volatilizes into the air to degrade the
quality of the indoor air. When people require higher quality
of the indoor air, how to eliminate the volatile organic
gaseous pollution becomes an important research topic in
the recent year. With the development of nanotechnology,
utilizing degradation reaction by photocatalyst to eliminate
the organic pollution is a hot topic [1–3]. The research topic
on eliminating the organic pollution by the photocatalyst
includes how to coat the photocatalyst material and how to
excite photocatalytic reaction by visible lights. To coat the
photocatalyst material firmly on the substrate is the first
step to apply the photocatalyst material in HVAC (heating,
ventilation, and air conditioning) system and air cleaning
[4, 5]. The coated material must not peel off to result in
the second pollution for the long time use and even can be

reusable after wash. Further, if the material can be modified
to be responsive to visible light (visible light responsive)
instead of being only responsive to ultraviolet light (UV
light responsive), the material can be used as photocatalyst
indoors with no need of the extra UV or even artificial light
source and thus can be more widely and practically used.

Photocatalytic film can be fabricated in many ways,
but the most popular methods are sputtering [6], chemical
vapor deposition (CVD) [7], sol-gel [8], spin coating [9],
and electrophoretic deposition (EPD). The EPD method
is low cost and can easily form thin films with different
materials on irregular-shaped objects just by a simple setup
[10–14]. Many researchers use organic solvent suspensions,
such as acetylacetone and isopropanol as the working fluids
in the EPD process [15–18]. Using organic solvents can
prevent bubble formation during water electrolysis and
suppress the Joule heating effect and electrochemical attacks
on the electrode [19]. Due to the recent awareness of envi-
ronment protection, some other studies report that aqueous
suspensions are used as electrophoretic working fluids. In
recent years, several researchers have already proposed some
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practical techniques to solve the above problems of water
electrolysis. These studies also report the successful fabri-
cation of TiO2 nanophotocatalytic films [20, 21] and other
materials coating [22, 23]. Although aqueous suspensions
in EPD process have some disadvantages including cracks,
unevenness, and holes in the deposited film, the EPD has
advantages of low cost and relatively less pollution. The
poor quality of the film caused by bubbling during the EPD
process can be improved by adding surfactants or dispersants
[24, 25].

As the main excitation light source for TiO2 photocatalyst
is UV light, and the UV and visible light share 4% and
43%, respectively, in the solar spectrum, it results in decline
in the pracitcality of TiO2 photocatalyst [26]. Therefore,
it is an important research direction to modify the TiO2

photocatalyst to be excited under the visible light irradiation.
The main two ways to modify TiO2 photocatalyst to be
visible light responsive are as follows: first, add metal ion to
modify the TiO2 photocatalyst, which can effectively degrade
the phenol, 2,4-dinitroaniline, Malachite green oxalate, 4-
hydroxybenzoic acid, benzamide, rhodamine B (RhB), and
formaldehyde under the visible light irradiation [26–30].
Second, add nonmetallic materials to modify TiO2 photocat-
alyst, which can effectively degrade the nitrogen monoxide
(NO), acetone, and formaldehyde and be used for water
treatment under visible light [30–35]. Except for the kinds of
the adding material, concentration, shape, and structure of
TiO2 also have effects on the degradation of pollutants [27–
29, 36]. Furthermore, the spectra of the exciting light source
also affect photocatalytic degradation of pollutants [31].

The gaseous formaldehyde is the most common indoor
pollutants. Regarding decomposition of the TiO2 photocata-
lyst for gaseous formaldehyde, the main kinds of the related
research are described as follows: first, increase the specific
surface area and porosity of TiO2 to promote the utilization
of light irradiation and adsorption to enhance the effect of
TiO2 on decomposing gaseous formaldehyde. The related
methods include mixing TiO2 with the porous material,
activated carbon [37] or zeolite [38], to enhance the effects
on adsorbing and decomposing gaseous formaldehyde.
Moreover, the chemical precipitation-peptization method
was used to produce TiO2 hydrosols with an anatase crystal
structure which had smaller particle sizes, higher surface
areas, larger porosity, and higher transparence to enhance
the effect on decomposing gaseous formaldehyde [39].
Second, produce Pt/TiO2/Al2O3 photocatalyst on an anodic
alumite plate by the electrodeposition technology to increase
adsorption of oxygen which is activated and quickly formed
into O : Ptsurface species at ambient temperature for further
photocatalytic decomposition of formaldehyde [40]. Third,
dope other materials to lower the energy gap and make the
TiO2 photocatalyst to be visible light responsive in order to
increase utilization of the light spectrum and performance
of decomposing gaseous formaldehyde. The doped materials
include Cr ion to form Cr/TiO2 [30]; N, and S to form N,
S codoped TiO2 [32]; C, N and S to form C, N, S tridoped
TiO2 powders [33]; N and F to form N-F-TiO2 [41]. All the
above doped material can greatly aid decomposing gaseous
formaldehyde.

100 nm

Figure 1: TEM images of TiO2 nanoparticles.

From the above literatures and discussion, one can find
that the TiO2 photocatalyst has excellent degradation perfor-
mance for many pollutants, and several techniques can mod-
ify TiO2 photocatalyst that is originally UV light responsive
to be visible light responsive. In this study, the photocatalyst
was coated on a stainless steel plate with holes to form
the photocatalyst filter by EPD. The working fluid of EPD
was TiO2/water nanofluid prepared by two-step synthesis
method. Alginate was added as an anionic dispersant to
change the zeta potential of TiO2 particles, and thus the TiO2

nanoparticles that originally deposited on the cathode would
change to deposit on the anode, which could effectively
reduce the bubble problem in water electrolysis leading to a
poor film deposition. The photocatalyst filter was modified
by LiNO3 and evaluated for the performance of degrading
gaseous formaldehyde in the photocatalytic circulation reac-
tor under different temperature and light sources.

2. Experimental

2.1. Materials. The phase of the TiO2 nanoparticles (P-25,
Degussa) consists of 70% anatase and 30% rutile. Figure 1
shows transmission electron microscope (TEM, H-7100,
Hitachi) image of the particles with an average particle
size of about 20∼40 nm. In order to confirm the material
of the sample used in this study again, X-ray diffraction
(XRD, D8 Advance, Bruker) using CuK (λ = 0.15418 nm)
radiation at 295 K was used for this purpose. All peaks were
measured by XRD and assigned in comparison with those
of the joint committee on powder diffraction standards data
(PCPDFWIN 2.4) [42]. Figure 2 confirms that the major
material used in this study was anatase TiO2.

2.2. Preparation of Working Fluid for EPD. The TiO2/water
nanofluid was fabricated by the two-step synthesis method
in this study. First of all, we prepared a bulk liquid by adding
0.2, 0.4, and 0.6 wt.% of anionic dispersant (alginate, Alfa
Aesar) to distilled water. This anionic dispersant reinforced
the dispersion of TiO2 nanoparticles and changed the
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Figure 2: XRD patterns of TiO2 nanoparticles.

deposition direction of TiO2 nanoparticles [25]. The TiO2

nanoparticles were then measured by a precise electronic
balance (XT-620 M, Precisa) and were added to the bulk
liquid by several times to form the TiO2/water nanofluid
with a concentration of 1.0 wt.%. In this nanofluid synthesis
process, an electromagnetic stirrer, homogenizer, and ultra-
sonic vibrator were used to reinforce the dispersion and
suspension effects. After preparation, the nanofluid was kept
still for 24 hours. If no obvious deposition was observed,
the fluid was used as the EPD process working fluid. The
surface charge of the TiO2 nanoparticles was measured
by a zeta potential analyzer (SZ-100, Horiba) to examine
the effect of the added anionic dispersant on depositing
on the anode. As shown in Figure 3, the measured zeta
potential of the TiO2 nanoparticles without the anionic
dispersant was about 28 mV, while that with the anionic
dispersant was about−58∼66 mV. These results indicate that
the zeta potential of the TiO2 nanoparticles changes from
positive to negative after adding the anionic dispersant to
the TiO2/water nanofluid, which effectively deposits the TiO2

nanoparticles on the anode.

2.3. EPD Process. Figure 4 shows the EPD setup adopted
in this study. To fix the electrophoretic electrode distance
(20 mm), a 304 stainless steel EPD electrode was vertically
fixed on a polypropylene (PP) holder. The stand was then
placed in a glass beaker to form an EPD setup. The size of
the flat electrodes 304 stainless steel plates was all 60 mm ×
10 mm × 0.3 mm. The length of the electrode actually
immersed in the working fluid was 45 mm. The EPD process
in this study adopted various constant current power supply
(EV243, Consort) levels (3, 5, 7, and 9 mA) and various
process durations (3, 5, and 7 min.) for TiO2/water nanofluid
for each concentration of alginate.
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Figure 4: Experimental setup for EPD process.

2.4. Analysis and Modification of TiO2-Deposited Film. A film
thickness meter (MiniTest 730, ElektroPhysik) with accuracy
of ±0.75% was used to measure the average thickness of
the film made by EPD at 5 points of each sample for
different experimental parameters on side A and side B of
electrode plates. In order to keep the photocatalyst filter
from peeling off to result in pollution in application, so we
checked the samples and selected the process condition for
producing the smoothest and cracks-free deposited film as
the optimal EPD parameter by an optical microscope (BH2-
UMA, Olympus). Moreover, the surface of deposited film
on the sample made at the optimal process parameter was
checked again in higher magnification through a scanning
electron microscope (SEM, JSM-6360, JEOL). The samples
of the optimal photocatalyst deposition parameter were
sintered by 300∼700◦C/2 hr in a high-temperature furnace,
and then their crystalline state was, respectively, analyzed by
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XRD in order to determine the optimal sintered temperature
for manufacturing the photocatalyst filter. Next, the photo-
catalytic material was coated on a stainless steel plate (#304,
80 mm × 73 mm × 0.3 mm) with holes (φ = 5 mm) by EPD
to produce the photocatalyst filter at the optimal photocata-
lyst deposition parameters. Further, the photocatalyst filter
was immersed in 0.1 M lithium nitrate (LiNO3) aqueous
solution for 20 seconds and through the drying process at
50◦C in order to modify the original TiO2 photocatalyst
filter to be visible light responsive [28, 29]. Because the
photocatalyst film deposited by EPD had porous structure,
it easily adsorbed the dopant when it was immersed in
LiNO3 aqueous solution. The main reason for using LiNO3

to modify the photocatalyst is that Li ion can reduce the
energy gap of the TiO2 and thus make TiO2 responsive to
the lights of longer wavelength. Further, LiNO3 is not a toxic
chemical, so it is very suitable to be adopted in modifying
photocatalyst for indoor air quality improvement.

2.5. Assess Degradation Performance for Gaseous Formalde-
hyde. The installation of photocatalytic circulation reactor
is shown as Figure 5. The photocatalyst reactor consisted of
the six photocatalyst filters (each dimension of photocatalyst
filter was 80 mm × 73 mm × 0.3 mm) on the holder and five
lamps. Types of the five lamps were T5/8W of UVA lamps
(F8T5/BL, GOODLY) or fluorescent lamps (TL8W/840,
Philips) for different condition. Among the five lamps, three
lamps were put toward the A-side of photocatalyst filter
and the other two lamps toward the B-side. The gaseous
formaldehyde was obtained by heating 0.5 μL of 35 wt.%
formaldehyde aqueous solution to evaporate at 40◦C. In
order to maintain steady circulation of the gaseous formalde-
hyde in the photocatalytic circulation reactor, the air-cooled
heat exchanger with a fan was installed in front of the reactor
to maintain a constant wind speed and ambient temperature.
Ambient temperature was set, respectively, at 26 and 22◦C
according to ASHRAE standard summer and winter [43].
The concentration of gaseous formaldehyde was measured by
gaseous formaldehyde analyzer (YES plus, Critical Environ-
ment Technologies) for every 20 minutes. The formaldehyde

analyzer measured the gaseous formaldehyde in the range of
0 to 10 ppm with an accuracy of 0.05 ppm. The measurement
for formaldehyde gas started at 10 minutes after instillation
of formaldehyde aqueous solution and turned on the light
source at 40 minutes after the measurement started in
order to ensure that the measurement for the concentration
change of the fully evaporated formaldehyde is mainly due to
photocatalytic degradation.

In order to accurately determine the actual performance
of the photocatalyst filter for degrading gaseous formalde-
hyde, the background absorption test is necessary. As the
equipments also adsorb gaseous formaldehyde, one must
measure the trend of the concentration of the gaseous
formaldehyde as the experimental background value for the
different photocatalyst filters with the light source being
turned off. The test of background value for the original
photocatalyst (nonmodified) filter is named “background 1”,
and the test for the modified photocatalyst filter is named
“background 2” for the different light sources. The actual
performance of the photocatalyst filter for degrading gaseous
formaldehyde is evaluated by comparing the experimental
measured value to the corresponding background value. All
experimental parameters of this study are summarized in
Table 1.

2.6. Data Analysis. In this study, for easy comparison of the
actual performance of the photocatalyst filter for degrad-
ing gaseous formaldehyde, the “total average degradation
performance (ηd)” is introduced. The background values
are used as baseline (Db,avg), and all the experimental
data obtained for the different experimental parameters are
compared with the corresponding baseline values. Moreover,
the concentration of gaseous formaldehyde (Dd,k) in the
reactor is measured for every 20 minutes after the light is
turned on. The ηd is defined as

ηd =
[

1−
[∑n

k=1 Dd,k
]
/n[∑n

k=1 Db,k
]
/n

]
× 100%. (1)
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Table 1: List of the experimental parameters.

Fabrication of TiO2-deposited film by EPD

Concentration of TiO2 (wt.%) 1.0

Concentration of alginate (wt.%) 0.2, 0.4 and 0.6

Working current (mA) 3, 5, 7 and 9

Sintered temperature (◦C) 300, 400, 500, 600 and 700

Concentration of LiNO3 for modification (M) 0.1

Photocatalytic degradation for gaseous formaldehyde

Light source/power (W) UVA and visible light (fluorescent lamps) × 5/8

Filter type
Original TiO2 filter (P-25) × 6 (background 1)
Modified TiO2 filter (P-25 + LiNO3) × 6
(background 2)

Ambient temperature (◦C) 22 and 26

Volume of test pollutant (μL) 0.5 (35% formaldehyde aqueous solution)

Heating temperature for test pollutant (◦C) 40
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Figure 6: Deposited film thickness on side A varies with the work-
ing currents dispersant for different concentration and durations.

3. Results and Discussion

3.1. Characterization of the TiO2-Deposited Film Fabricated
by EPD. Figures 6 and 7 show the variation of the thickness
of deposited film on side A and side B, respectively, for
different working currents, dispersant concentration, and
working durations. Both the figures show the film thickness
generally trends up with increase in the working current,
dispersant concentration, and working duration. However,
in Figure 6, the deposited film thickness in some case is
not proportional to the working current for the working
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Figure 7: Deposited film thickness on side B varies with the work-
ing currents dispersant for different concentration and durations.

duration of 3 minutes. This phenomenon is mainly because
the deposited film on the sample is prone to peel off due
to its poor adhesion when the sample is removed from
the working fluid if the deposition time is short. As the
dispersant (alginate) increases the electric conductivity of the
work fluid and thus increases the deposition rate, the film
thickness is still roughly proportional to the working current
even for the short working duration. Further, the longer
working duration also increases the deposited film thickness
and strengthens the deposited film. The above-mentioned
problems can be resolved when the dispersant concentration
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Figure 8: SEM photograph of the TiO2-deposited film at the optimal parameter of EPD, (a) side A, (b) side B.

and working duration are raised up to 0.4 wt.% and five min-
utes, respectively. Furthermore, for the same experimental
parameters, the thickness of the film on side A is greater
than side B. As the working current increases, the difference
becomes more obvious. This phenomenon is mainly because
the electric field is stronger as the current increases and thus
the nanoparticles in the suspension more easily deposit on
side A through the shorter path. Therefore, thickness of the
deposited film on side A is thicker than side B for the same
parameters of EPD.

The optimal EPD parameters for manufacturing the pho-
tocatalyst filter are determined by checking the smoothness,
uniformity, and crack of the deposited film through an
optical microscope. The optimal process parameters of EPD
in this study are as follows: 1.0 wt.% TiO2, 0.4 wt.% alginate,
9 mA, and 5 minutes. With checking the samples through the
optical microscope, one can find that the surface of deposited
film is bumped and uneven when the deposition rate is too
low, and the cracks appear when the deposition rate is too
high. The SEM images of the deposited film made at the
optimal EPD process parameters are shown in Figure 8. In
Figure 8, one can find that either surface of side A or B is
smooth and crack-free. Moreover, the surface roughness of
side B is less than side A due to the lower deposition rate on
side B.

In order to increase the strength and adhesion of the
deposited film, the samples made at the optimal parameters
were sintered by 300◦C∼700◦C for 2 hours. Figure 9 shows
the XRD patterns of the deposited film made at the optimal
parameters for different sintered temperatures. In Figure 9,
one can find that the crystalline state of rutile (hkl = 110)
has no significant growth when the sintered temperature
is less than 600◦C, but has significantly grown when the
sintered temperature reaches 700◦C. Regarding the surface
condition, the cracks appear when the sintered temperature
is above 500◦C. With considering the effect of photocatalyst
and strength of the deposited film, the sintered temperature
and duration for the deposited film of the photocatalyst in
this study were set at 400◦C for 2 hours.
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Figure 9: XRD patterns of the TiO2-deposited film sintered at
different temperatures.

3.2. Effect of Various Parameters on Photocatalytic

Degradation for Gaseous Formaldehyde

3.2.1. UVA Light Irradiation. Figures 10 and 11 illustrate
the degradation for gaseous formaldehyde in the cases with
different temperature and types of photocatalyst filter under
UVA light irradiation. In those figures, one can find that the
highest concentration of the gaseous formaldehyde appears
at 100 to 120 minutes after the circulation reactor starts. It is
mainly because the drops of formaldehyde aqueous solution
have been completely vaporized at that moment to reach the
peak concentration. In addition, the UVA lights are turned
on at 40 minutes after the circulation reactor starts and thus
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Figure 10: The degradation performance for gaseous formaldehyde
under irradiation of UVA lamps at 26◦C.
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Figure 11: The degradation performance for gaseous formaldehyde
under irradiation of UVA lamps at 22◦C.

the reduced concentration is compared with the background
test. Therefore, the photocatalyst filter is proved to effectively
degrade the gaseous formaldehyde through photocatalytic
reaction. By the way, the concentration in the background
test for the modified photocatalyst filter (background 2)
is higher than that for the original photocatalyst filter
(background 1). This phenomenon is mainly because the
surface of the photocatalyst filter modified by immersing
in LiNO3 aqueous solution is finer and smoother such that
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Figure 12: The degradation performance for gaseous formaldehyde
under irradiation of visible light lamps at 26◦C.

the capacity of adsorbing gaseous formaldehyde is lower.
Further, the background concentration at higher ambient
temperature is higher because the gaseous molecules more
easily vaporize and more dramatically move to lead hardly
condensing on the wall of the equipment at higher temper-
ature. From the experimental results, one can find that the
higher ambient temperature can enhance the degradation
of the photocatalyst filter for the gaseous formaldehyde,
and the modified photocatalyst filter has better degradation
performance than the original photocatalyst filter for the
same test parameters under UVA light irradiation.

3.2.2. Visible Light Irradiation. Figures 12 and 13 illustrate
the degradation for gaseous formaldehyde in the cases with
different temperature and types of photocatalyst filter under
visible light (fluorescent lamps) irradiation. The overall
trends of the results in Figures 12 and 13 are substantially
consistent with those in Figures 10 and 11, respectively.
However, one can find that the degradation of original
photocatalyst filter for gaseous formaldehyde is significantly
lower than the modified photocatalyst filter under the visible
light irradiation. Similarly, the degradation for gaseous
formaldehyde is better at the higher ambient temperature
under the visible light irradiation. Moreover, the background
concentration for the visible light is slightly higher than
the UVA light. As the background test is executed in an
enclosed space without lights, the background concentration
has nothing to do with the illumination wavelength. This
phenomenon might be due to the difference in surface
adsorption of the lamps. In this study, the performance of
degrading gaseous formaldehyde is evaluated as compared
with the background test for the same photocatalyst filters
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Figure 13: The degradation performance for gaseous formaldehyde
under irradiation of visible light lamps at 22◦C.
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Figure 14: The total average degradation performance for gaseous
formaldehyde.

and ambient temperature, so the difference in the back-
ground value has no effect on evaluating performance.

3.2.3. Comparison of Degradation Performance. All the exper-
iment results in Figures 10 to 13 are summarized in
Figure 14. In Figure 14, one can find that the modified
photocatalyst filter has much better total average degradation
performance for gaseous formaldehyde than the original

photocatalyst filter in all the cases. The total average deg-
radation performance of the original photocatalyst filter
under visible irradiation is much lower than that under the
UVA irradiation. By contrast, the total average degradation
performance of the modified photocatalyst filter has little
difference between the two light sources. The modified
photocatalyst filter has the best performance at 26◦C, and the
performance is 9.2% and 16.3% higher than that of the
original photocatalyst filter for UVA and visible irradiation,
respectively. The relevant experimental results confirm that
the method proposed in this study to use EPD to fabricate
the photocatalyst filter and then modify it by LiNO3 can suc-
cessfully produce the visible light responsive photocatalyst
filter with better performance to effectively degrade gaseous
formaldehyde.

4. Conclusions

The method to fabricate the photocatalyst filter by EPD
and modify it by LiNO3 to be visible light responsive is
proposed in this study, which can provide the modified
photocatalyst filter with higher degradation performance for
gaseous formaldehyde than the original photocatalyst filter
in a low-cost and practical way. Through the related tests
on the degradation performance for gaseous formaldehyde
in all the cases with different ambient temperature, types of
filter, and light sources, one can find that the degradation
performance of the modified photocatalyst filter for gaseous
formaldehyde is much higher than the original photocatalyst
filter in all the cases. The best total average degradation
performance of the modified photocatalyst filter for gaseous
formaldehyde is about 9.2% and 16.3% higher than the
original photocatalyst filter for UVA and visible irradiation,
respectively, at 26◦C. Finally, the related achievements can
be also applied to design the photocatalytic air cleaner with
visible light responsive function to make the related products
be used more efficiently, conveniently, and widely.
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composition of 2, 4-dinitroaniline on Li/TiO2 and Rb/TiO2

nanocrystallite sol-gel derived catalysts,” Journal of Molecular
Catalysis A, vol. 167, no. 1-2, pp. 101–107, 2001.

[29] Y. Bessekhouad, D. Robert, J. V. Weber, and N. Chaoui, “Effect
of alkaline-doped TiO2 on photocatalytic efficiency,” Journal of
Photochemistry and Photobiology A, vol. 167, no. 1, pp. 49–57,
2004.

[30] R. C.W. Lam, M. K. H. Leung, D. Y. C. Leung, L. L. P. Vrijmoed,
W. C. Yam, and S. P. Ng, “Visible-light-assisted photocatalytic
degradation of gaseous formaldehyde by parallel-plate reactor
coated with Cr ion-implanted TiO2 thin film,” Solar Energy
Materials and Solar Cells, vol. 91, no. 1, pp. 54–61, 2007.

[31] S. Yin, P. Zhnag, B. Liu et al., “Microwave-assisted hydrother-
mal synthesis of monoclinic nitrogen-doped titania photocat-
alyst and its DeNOx ability under visible LED light irradia-
tion,” Research on Chemical Intermediates, vol. 36, no. 1, pp.
69–75, 2010.

[32] J. Yu, M. Zhou, B. Cheng, and X. Zhao, “Preparation,
characterization and photocatalytic activity of in situ N,S-
codoped TiO2 powders,” Journal of Molecular Catalysis A, vol.
246, no. 1-2, pp. 176–184, 2006.

[33] M. Zhou and J. Yu, “Preparation and enhanced daylight-
induced photocatalytic activity of C,N,S-tridoped titanium
dioxide powders,” Journal of Hazardous Materials, vol. 152, no.
3, pp. 1229–1236, 2008.

[34] J. A. Byrne, P. A. Fernandez-Ibañez, P. S. M. Dunlop, D. M. A.
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Well-aligned TiO2 nanotube arrays were fabricated by anodizing Ti foil in viscous F− containing organic electrolytes, and the crystal
structure and morphology of the TiO2 nanotube array were characterized and analyzed by XRD, SEM, and TEM, respectively.
The photocatalytic activity of the TiO2 nanotube arrays was evaluated in the photocatalytic (PC) and photoelectrocatalytic (PEC)
degradation of methylene blue (MB) dye in different supporting solutions. The excellent performance of ca. 97% for color removal
was reached after 90 min in the PEC process compared to that of PC process which indicates that a certain external potential bias
favors the promotion of the electrode reaction rate on TiO2 nanotube array when it is under illumination. In addition, it is found
that PEC process conducted in supporting solutions with low pH and containing Cl− is also beneficial to accelerate the degradation
rate of MB.

1. Introduction

Photocatalysis of the TiO2 semiconductor has received
increasing attention for the application of degrading a great
variety of organic contaminants in water, and the interest lies
in the simplicity and low cost of the photocatalytic system
which is mainly composed of an ultraviolet or a visible light
source and the TiO2 [1–9]. Up to now, improving the photo-
catalytic efficiency of TiO2 thin-film photoreactors remains
a major task in achieving maximum potential in commercial
applications. Fortunately, this task can be fulfilled to a great
extent by (1) using nanoporous TiO2 films to increase the
active surface area for photoreactions; (2) applying a positive
potential bias on TiO2 photocatalysts to suppress markedly
the recombination rate of photogenerated electrons and
holes. Under potential bias conditions, the photocatalytic
reactions on TiO2 surface may be considered as special elec-
trode reactions involving electron-hole (e-h) pairs on TiO2

photoelectrode/liquid interface. Inspired by the concept of
achieving charge separation in a semiconductor system with
an electrochemical bias introduced by Fujishima and Honda
[10], an externally applied anodic bias is induced to the field

of photocatalysis to improve the degradation efficiency and
received satisfying results [11–14].

A new form of photocatalyst, TiO2 nanotube arrays
possessing higher quantum efficiency, less grain boundaries,
and more excellent adsorption ability derives from its specific
structure than compact or nanoporous films comprised
of randomly oriented nanoparticles, has demonstrated its
potential in environmental applications and exhibited a
remarkably improved photocatalytic activity as compared to
traditional films [15–22]. However, few studies have been
intentionally reported dealing with the possibility to use
in situ photoelectrogenerated active chlorine to improve
pollutants degradation rate [23, 24]. Therefore, in this
study, we have examined the effects of applied potentials,
electrolyte, and pH value on the photoelectrocatalytic (PEC)
degradation of MB over TiO2 nanotube array, and the
effect of in situ generated active chlorine during the PEC
degradation of MB was also evaluated. The motivation of
this work is to gain an insight into the photoelectrocatalytic
degradation characteristics of organic matters by TiO2

nanotube arrays, and to offer fundamental information for
the practical application of PEC in wastewater treatment.
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2. Experimental

2.1. Synthesis of TiO2 Nanotube Arrays. TiO2 nanotube
arrays were synthesized by anodic oxidation of titanium foil
(0.1 mm thick, 99.6% purity). The titanium foil surface was
treated before oxidation as follows: degrease in acetone, etch
in mixed acid of HF and HNO3 (concentrated solution,
volume ratio 1 : 9), and rinsed with deionized water followed
by drying in a cold air stream. The anodic oxidation was
carried out in a two-electrode cell, with a platinum plate as
the counter electrode. The electrochemical treatment con-
sisted of potential ramping from the open-circuit potential
to the target potential and then being held for a specified
time period. The electrolyte was NH4F (0.5 wt %) in mixed
solvent of glycol and deionized water with a volume ratio of
9 : 1; the oxidation potential and period were 50 V and 0.5 h.
After anodic oxidation, the samples were rinsed in deionized
water and dried in a cold air stream. A subsequent thermal
annealing of the oxide layer was carried out at 500◦C in
N2 for 1 h using a heating rate of 10◦C/min and cooling
naturally in order to convert the amorphous oxide into
anatase phase.

2.2. Characterization of Photocatalysts. X-ray diffraction
(XRD, Bruker D8 Advance) was used to examine the crystal
structure of the nanocomposites. The morphologies of the
samples were examined by field emission scanning electron
microscopy (FESEM, Hitachi S-4800), and transmission
electron microscope (TEM, JEOL 2010F) was used for
investigating the microstructure of the samples. Photoelec-
trochemical measurements were performed with an IM6ex
Potentiostat.

2.3. Photoelectrocatalytic Activity Tests. All the electrochem-
ical measurements were carried out with a universal elec-
trochemical interface and an impedance spectrum ana-
lyzer Zahner IM6e. The instrument was connected with a
conventional three-electrode system (TiO2 nanotube array
with effective electrode area of 1 cm2, a saturated calomel
electrode (SCE) and a Pt foil served as the working electrode,
reference electrode, and counter electrode, resp.) which
was established on a quartz beaker containing 600 mL test
solution. For the experiments of PC and PEC oxidation,
the TiO2 nanotube array electrode (4 cm2) were used as
the photoanode, while a Pt electrode and a saturated
calomel electrode (SCE) were used as counter and reference
electrodes, respectively. All voltages reported are versus
SCE unless otherwise noted. About 100 mL of 10 mg L−1

aqueous MB solution was served as target pollutant, in which
0.1 M NaCl and 0.1 M Na2SO4 was added as supporting elec-
trolyte, respectively. The solution pH value was adjusted by
adding a small quantity of HCl, H2SO4, or NaOH. Both the
PC and PEC oxidation reactions were carried out in a certain
photoreactor system, and 250 W metal-halogen lamp (CMH-
2500) with intensity of 100 mW/cm2 was used as simulated
solar light and the visible wavelength was controlled through
a 400 nm cut filter. The MB concentrations were measured
using UV-2100 spectrophotometer (SHIMADZU, Japan).

3. Results and Discussion

3.1. Characterization of TiO2 Nanotube Array. Figure 1 shows
FESEM images of TiO2 nanotube arrays formed by anodiza-
tion. It is clear that TiO2 layer consists of nanotube arrays
with a uniform tube diameter of 100 nm, a wall thickness of
25 nm, and the thickness of the layer is approximately 2.6 μm.
It is also apparent that pore mouths are open on the top
of the layer while on the bottom of the structure the tubes
are closed. As shown in Figure 1(c), the magnified top-view
image of the TiO2 nanotube array after annealing indicates
the TiO2 layer retained its structural integrity. Figure 2 shows
XRD patterns of the TiO2 nanotube array before and after
annealing in N2 at 500◦C for 1 h. It is apparent that as-
anodized TiO2 shows only the peaks from a Ti substrate,
while the annealed sample shows clearly the crystalline
signature of anatase, in other words the as-anodized TiO2

exhibits an amorphous structure.

3.2. Photoelectrochemical Characterization of TiO2 Nanotube
Array. The photoelectrochemical current density reflects
the generation, separation, and transfer efficiency of pho-
toexcited electrons from the valence to the conduction
band of TiO2. Photocurrent-potential curves under dark
conditions (curve I) and under illumination, both in
0.1 mol L−1 Na2SO4 (curve II) and NaCl (curve III) are
compared to each other in Figure 3. According to the
literature [25], by illuminating the semiconductor with light
energy greater than that of the band gap, electron-hole
pairs are generated at the electrode surface. A bias potential
positive to the flat-band potential produces a bending of the
conduction band causing a more effective charge separation
and increases the photocurrent (iph) that begins to flow
and likely promotes a better oxidative degradation process.
As expected, Figure 4 shows that, under illumination, TiO2

photoelectrode gives rise to a photocurrent in Na2SO4 at
−0.20 V, but in NaCl media the onset potential shifts to a less
positive potential of−0.38 V, both at pH = 6.0. In addition to
this shift in potential, photocurrent in NaCl media was also
higher than in Na2SO4 electrolyte.

In comparing curves II and III in Figure 3, one can
notice that the nature of the electrolyte could affect the pho-
tocurrent intensity. The photocurrent intensity obtained for
sulphate solutions corresponds simply to the contribution
from the injection of electrons in the conduction band and
hole transfer rate scavenged by OH−. On the other hand,
it is assumed that chloride ions might be oxidized at a
less positive potential under photoelectrocatalytic conditions
compared to that of electrochemical conditions as denoted
by the following [24, 26]:

TiO2-hvb
+ + Cls

− −→ TiO2-Cls
• (1)

2Cls
• −→ Cl2 (2)

Cl2 + H2O −→ Cl− + HClO + H+ (3)

The dependence of photocurrent and dye discoloration
rate on chloride concentration may be attributed to the
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Figure 1: FESEM top-view images (a) and cross-section (b) of TiO2 nanotube arrays and the magnified image of the TiO2 nanotube arrays
after annealing (c). TEM images of a typical annealed single TiO2 nanotube (d) and high magnification image showing a lattice spacing of
0.35 nm, corresponding to anatase phase (inset).
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Figure 2: XRD patterns of as-prepared TiO2 nanotube arrays before
and after annealing in N2 stream at 500◦C for 1 h.

improvement of Cl− adsorption on the electrode surface
under conditions of high concentrations of chloride [19]. At
higher adsorption conditions, electron/holes generated at a
steady rate or OH• radicals are more easily transferred to

the Cl− ions improving the photocatalysis process due to the
minimization of charge recombination.

Besides, the small visible light response, as shown in
the inset of Figure 3, may indicate a slight modification
of TiO2 bandgap derived from carbon incorporation in
our experiment. Considering the TiO2 nanotube array was
prepared in organic electrolytes, it is assumed that organic
residue (glycol) might provide carbon source to react with
the TiO2 matrix to form TiO2-xCx at high temperature under
inert atmosphere [27], and the EDX analysis demonstrated
that the sample which contained a small fraction of carbon
remains (2.79 wt%) after annealing. The bandgap reduction
extends the utilization of solar energy to visible light
region while the intragap band introduction allows the
absorption of visible photons of even lower energy and
the carbon-doping enables the TiO2 nanotubes to absorb
longer wavelength light which is further verified by UV-Vis
spectra shown in Figure 4. The strength of photoresponse
depends on the density of states in the bands, and the
increase of carbon-doping density in the TiO2 thin films
increases the density of states of the valence band edge and
the intragap band, thereby enhancing the photoresponse of
TiO2 nanotubes [28]. However, the reactivity of the holes
generated in the intragap band toward oxidation of MB
is assumed to be low because the density of states in the
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Figure 4: UV-Vis diffuse reflectance spectrum (DRS) for TiO2

nanotube array.

intragap band is much smaller than that in the valence and
conduction bands [29].

The evaluation of the stability of the above TiO2

nanotube arrays is carried out by potentiostatic (current
versus time, I-t) measurements. Figure 5 shows the I-t curve
obtained from the PEC cell containing Pt as the cathode and
TiO2 (4 cm2) as a photoanode. It shows about 1.0 mA/cm2

current density when an external bias of +0.6 V electrode is
applied to the TiO2 nanotubes electrode. The photocurrent
value goes down to zero as soon as the illumination of light
on the photoanode is stopped, and the cell is run inter-
mittently for 25 min without sacrificing the photocurrent.
This result suggests that the photogenerated charge carriers
transfer effectively from the working electrode to the counter
electrode and the great activity of TiO2 nanotube array in the
photocatalysis process.

3.3. Comparison of Rate Constants for PC or PEC Processes.
The UV spectra of MB in the PEC process (biased at +0.6 V)
at various reaction intervals are presented in Figure 6. The
reduction in absorbance is likely due to the degradation
of the MB chromophore, and the peak shift is due to
demethylation occurring both at the catalyst surface and bulk
solution [30]. It is well documented that the MB degradation
meets the first-order photoelectrocatalytic reaction rate and
its kinetics can also be expressed as ln(C/C0) = kt, where k
is the apparent rate constant, t is the illumination time, and
C and C0 are the actual reaction and initial concentration
of MB solution, respectively. Figure 7 shows the degradation
kinetic curves as a function of time recorded for the TiO2

nanotube array by PC and PEC, respectively. In the case of
PEC, applied potentials ranged between 0 and +0.6 V and
absorbance decay at 664 nm was monitored over 15 min of
the experiment, an almost completed degradation (96.74%)
was observed around 90 min at a low bias level of +0.6 V,
while the MB degradation ratio for PC process only achieves
to 26.32% and reaction rate constant is 0.00297 min−1.
It is evident that the degradation efficiency of PEC is
considerably higher than that of PC at the same time and it
increases with the applied potential bias; the corresponding
reaction rate constants are 0.00933 min−1, 0.02298 min−1,
0.03501 min−1, 0.04747 min−1 for external bias potential at
0 V, 0.2 V, 0.4 V, and 0.6 V, respectively. These results clearly
demonstrate that the degradation rate increases as a function
of applied potential up to E = +0.6 V. It was reported that
further increases in potential lead to a slight reduction in
degradation. The reason should be attributed mainly to the
evolution of the oxygen bubbles at the surface of the TiO2

nanotubes which hinders electrode reaction.
As calculated from onset potential measurements

(Figure 3), the flat-band potential for TiO2 at pH = 6.0 in
0.1 mol L−1 NaCl media is about 0.38 V. All of the applied
potentials employed in this study are positive of this flat-
band potential. Therefore, there is always a potential gradient
over the TiO2 film, resulting in an electric field, which
keeps photogenerated charges apart. Since the magnitude of
the limiting current is a measure of the overall photoelec-
trocatalytic performance of an electrode, theoretically, the
degradation rate of PEC should reach its maximum when
the photocurrent is in saturation; however, the overall MB
degradation efficiency still maintains an increasing trend
despite the photocurrent being almost constant when the
bias potential is higher than +0.2 V, as seen in Figure 3,
and the plausible explanation of the phenomenon may be
ascribed to that more positive potential bias favors the
specific adsorption of Cl− on the surface of TiO2 nanotube
array electrode; therefore in situ photoelectrochemically
generated active chlorine that can diffuse into bulk solution
to react with MB, differing from OH• radicals that usually
only survive in the region of interface is responsible for
the further enhancement of degradation rate of MB with
increasing positive bias potential.

3.4. Effect of Supporting Electrolyte. The supporting elec-
trolyte also plays an important role in a photoelectrocatalytic
process, and the effect of the supporting electrolyte on the
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performance of TiO2 nanotubular arrays was tested moni-
toring the degradation of 10 mg L−1 of MB in 0.1 mol L−1

of Na2SO4 and NaCl. Figure 8 shows the influence of
the type of electrolyte on the removal of color investi-
gated through experiments conducted with 10 mg L−1 MB
in 0.1 mol/L NaCl and 0.1 mol/L Na2SO4, respectively. The
higher degradation rate is observed in chloride media,
indicating that the mechanism of MB degradation in NaCl
solution is different than that operating in the other non-
chloride containing supporting electrolytes. Obviously, the
result is in line with the photocurrent difference between
curves II and III in Figure 3; one can notice that the
nature of the electrolyte affects the photocurrent response. It
seems that the photocurrent intensity obtained for sulphate
solutions corresponds simply to the contribution from the
injection of electrons in the conduction band and hole
transfer rate scavenged by OH− [31]. Nevertheless, it is
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Figure 7: MB degradation kinetic curves of TiO2 nanotube array
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Figure 8: The comparison of degradation efficiency via PEC route
in 0.1 M NaCl and Na2SO4, bias at 0.6 V.

known that chloride ions are commonly electrochemically
oxidized to chlorine at potentials over +1 V, and as stated
above, chloride ions could be oxidized to form some
active chloride species at a less positive potential under
photoelectrocatalytic conditions which was confirmed by the
more detailed studies of Hepel and Hazelton [32]. Therefore,
the comparing experiment illustrates that the selection of
suitable supporting electrolyte also favors the improvement
of degradation efficiency in photoelectrocatalytic system.

3.5. Effect of Solution pH Value. The influence of pH on the
discoloration rate of MB is presented in Figure 9. Initial
degradation rates are plotted as function of different pH
values (C0 = 10 mg L−1, E = +0.6 V, and 0.1 mol L−1 NaCl).
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Figure 9: Effect of solution pH on photoelectrocatalytic degrada-
tion of MB.

It can be seen that the degradation rate is highest over the
pH range 4∼6 and decreases noticeably at higher pH. These
results show that color removal is to a great extent faster at
acidic medium but mineralization could be preponderant at
pH � 6. In all further investigations pH = 6.0 was selected
as the optimum pH to investigate the dye degradation using
chlorine medium, where mineralization and color removal
are favorable. Since TiO2 usually has an isoelectric point at
a pH 5.7, it would seem that at pH values higher than the
isoelectric point, negative ions (e.g., Cl−) are repelled from
the TiO2 surface leading to lower degradation efficiencies. As
a consequence, both the percentage of chlorine generation
and the adsorption of the dye are diminished in conditions
where the pH of the solution is higher than the pH of
isoelectric point [33]. In alkaline solutions, the formation of
OH• radicals is predominant over Cl• radicals and Cl2 but
the kinetics of MB degradation is still slower than in acidic
media. In addition, it should be noted that the noticeable
change of the degradation efficiency at pH = 9 during
the PEC process is considered to be due to the constantly
decreased concentrations of the OH−, which is responsible
for hydroxyl radical generation and the degradation of the
MB during the photocatalytic oxidation process [34].

4. Conclusion

The photocatalytic degradation efficiency of methylene blue
(MB) in aqueous solutions showed a remarkable increase
by means of illumination with electroassisted way in the
presence of TiO2 nanotube array electrode. The rate constant
of photoelectrocatalytic degradation was greater than that
of photocatalytic processes either in isolation or as a sum
of individual processes, indicating an obviously synergistic
effect among photo- and electroprocesses. In addition, low
pH and high concentration of Cl− solutions are beneficial
to the degradation rate of MB. In situ photoelectrocatalytic
generated active chlorine that can diffuse into the bulk

solution should be responsible for the enhancement of
degradation rate of MB. Hence, the photoelectrocatalytic
process with in situ generated active chlorine will be an
attractive method in the treatment of wastewater.
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Mesoporous Au-TiO2 nanocomposite plasmonic photocatalyst with visible-light photoactivity was prepared by a simple spray
hydrolytic method using photoreduction technique at 90◦C. The prepared samples were characterized by X-ray diffraction,
scanning electron microscopy, transmission electron microscopy, and N2 adsorption-desorption isotherms. The formation of
hydroxyl radicals (•OH) on the surface of visible-light illuminated Au-TiO2 nanocomposites was detected by the luminescence
technique using terephthalic acid as probe molecules. The photocatalytic activity was evaluated by photocatalytic decolorization
of Rhodamine-B (RhB) aqueous solution under visible-light irradiation (λ > 420 nm). The results revealed that the TiO2 could
be crystallized via spray hydrolysis method, and the photoreduction technique was facilitated to prepare Au nanoparticles in
the mesoporous TiO2 at 90◦C. The light absorption, the formation rate of hydroxyl radicals, and photocatalytic decolorization of
Rhodamine-B aqueous solution were significantly enhanced by those embedded Au nanoparticles in the Au-TiO2 nanocomposites.
The prepared Au-TiO2 nanocomposites exhibit a highly visible-light photocatalytic activity for photocatalytic degradation of
RhB in water, and their photocatalytic activity is higher than that of the pristine TiO2 nanoparticles due to the surface plasmon
resonance.

1. Introduction

Since the discovery of photocatalytic water splitting on
TiO2 single-crystal electrodes by Fujishima and Honda in
1972 [1], nanosized TiO2 semiconductor has been always
regarded as one of the most promising photocatalysts in
practical applications, especially water cleaning and removal
of volatile organic compounds (VOCs) in air, due to its
high photocatalytic activity, chemical stability, low cost, and
nontoxicity [2–12]. Recently, highly dispersed noble metal
nanoparticles with desirable morphologies have attracted
great attention due to their unusual catalytic, electric,
optical properties and surface plasmon absorption, and their
widespread potential usefulness in diverse fields such as
biomedicine, photocatalysis, energy conversion, and storage
and nanodevices [13–19]. Some investigations have indicated
that nobel metal Au nanoparticles deposited on TiO2 surface

can obviously enhance the photocatalytic performance via
suppressing the recombination of electron-hole pairs, and
also extending the light response in the visible region
[14, 20, 21]. However, the practical applicability of such a
composite structure is limited owing to exposing both the
Au nanoparticles to reactants and the surrounding, while
the corrosion or dissolution of the Au nanoparticles during
the photocatalytic reaction is likely to limit the usage of
Au, especially for long-term working [13]. To overcome this
shortcoming, the Au nanoparticles embeded or enwrapped
by the TiO2 aggregates have attracted considerable attention,
and significant advances have been made in recent years. The
TiO2 aggregates offer protection for Au nanoparticles against
dissolution, photocorrosion, and chemical corrosion under
extreme conditions, as well as being used for decomposition
of dye wastewater. Among the various phases of TiO2,
anatase has proven to be the most suitable one due to its
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two distinctive performances. One is that the photogenerated
electrons of anatase can rapidly reduce Au ions at interface
[22]. The other is that the conduction band of anatase can
transfer the photogenerated electrons of the excited Au to
adsorbed O2 and then to form active superoxide radical
anions [23–25].

Several techniques, such as sol-gel method, chemical va-
por deposition, laser vaporization, modified impregnation,
precipitation-reduction, and photoreduction, have been
developed to design and modulate the Au-TiO2 composite
nanoparticles. The preferred and versatile method is the
sol-gel process, which has many advantages, such as simple
equipment required, flexible control of pore structures,
and the concentration of Au [26–30]. Usually, the TiO2

aggregates obtained by this method are amorphous in nature
and calcination temperatures higher than 400◦C are required
to realize the phase transformation from amorphous to
anatase. However, such high calcination temperatures will
not only lead to the increase of crystallite size and the
decrease of specific surface areas and pore volume, but also
induce the heat-aggregation of Au nanoparticles. Generally,
the Au particles have exhibited highly catalytic activity only
with smaller nanoscale size [31–34]. So, in order to obtain
crystallized Au-TiO2 composite nanoparticles with higher
specific surface areas and pore volume, the temperature of
phase transformation from amorphous to anatase must be
lowered.

In this paper, a novel and simple method, a low-tem-
perature spray hydrolysis assisted with photoreduction tech
nique, was proposed for the synthesis of Au-TiO2 nanocom-
posites. The Au nanoparticles (Au colloids) were prepared
by photoreduction technique using a 350 W xenon lamp as
a light source. Au-TiO2 nanocomposites were prepared by
spraying the mixed solution of Ti(OC4H9)4 and EtOH into
hot distilled water in the presence of Au nanoparticles (ca.
90◦C). The formation of hydroxyl radicals (•OH) on the
surface of visible-light illuminated Au-TiO2 composite sam-
ples was detected by the photoluminescence technique using
terephthalic acid as probe molecules. The photocatalytic
activity of the Au-TiO2 composite samples was evaluated by
photocatalytic decolorization of RhB aqueous solution under
visible-light irradiation (λ > 420 nm).

2. Experimental

2.1. Preparation of Au Nanoparticles. All the involved chem-
icals in this study were purchased from Shanghai Chemical
Reagent Co., Ltd, and used without further purification. Typ-
ically, 10 mL aqueous solution of sodium citrate (38.8 mM)
was added into 100 mL aqueous solution of HAuCl4·4H2O
(1 mM) under vigorous stirring. A 350 W xenon lamp was
used a light source to irradiate the mixed solution during the
reduction process. The color of the solution was gradually
changed from light-yellow to fuchsia. After irradiation for
another 30 mins, it was cooled to room temperature.

2.2. Preparation of Au-TiO2 Composite Nanoparticles. In a
typical synthesis [35], 10 mL of mixed solution of Tetrabutyl

titanate (TBOT) and ethanol (volume ratio of TBOT to
ethanol, 1 : 4) was sprayed into a 250 mL beaker containing
200 mL hot distilled water (90◦C), in which the added above
Au nanoparticles was used as Au source. The corresponding
nominal atomic ratio of Au to Ti, which hereafter was
designated as RAu, was 0.003, 0.006, 0.015, 0.030, and 0.060
nominal atomic % (at. %). After further stirring for 2 h
at 90◦C, the resultant mixed solution was aged for 2 h at
90◦C. The aged wet precipitates were filtrated, rinsed with
distilled water and absolute alcohol for two times. Then the
precipitates were dried in a vacuum oven at 80◦C for 10 h
and finally ground to obtain Au-TiO2 composite samples.
As a control experiment, the pristine TiO2 product was also
prepared under the same condition but without adding Au
nanoparticles.

2.3. Characterization. X-ray diffraction (XRD) patterns ob-
tained on a D/Max-RB X-ray diffractometer (Rigaku, Japan)
using Cu Kα irradiation at a scan rate (2θ) of 0.05◦ s−1 were
used to determine the phase structure of the obtained sam-
ples. The average crystallite sizes of anatase were determined
according to the Scherrer equation using the full width at half
maximum (FWHM) data of anatase phase after correcting
the instrumental broadening. Morphology observation was
performed on a S-4800 field emission scanning electron
microscope (FESEM, Hitachi, Japan). Transmission elec-
tron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) observation were conducted
using a JEM 2100F microscope at an accelerating voltage
of 200 kV. The Brunauer-Emmett-Teller surface areas (SBET)
of the samples were analyzed by nitrogen adsorption in a
Micromeritics ASAP 2020 nitrogen adsorption apparatus
(USA). All the samples were degassed at 80◦C prior to
nitrogen adsorption measurements. The BET surface area
was determined by a multipoint BET method using the
adsorption data in the relative pressure (P/P0) range of
0.05 to 0.30. Desorption isotherm was used to determine
the pore size distribution via the Barret-Joyner-Halender
(BJH) method, assuming a cylindrical pore modal [36].
The nitrogen adsorption volume at the relative pressure
(P/P0) of 0.994 was used to determine the pore volume
and average pore size. UV-visible absorbance spectra of Au-
TiO2 composite nanoparticles were obtained for the dry-
pressed disk samples with a UV-visible spectrophotometer
(UV-2550, Shimadzu, Japan). BaSO4 was used as a absorp-
tion standard in the UV-visible absorbance experiment. X-
ray photoelectron spectroscopy (XPS) measurements were
performed on a Kratos XSAM800 XPS system with Cu Kα
source. During the experiments the pressure in the chambers
was about 10−7 Pa. All the binding energies were referenced
to the C1s peak at 284.8 eV of the surface adventitious
carbon.

2.4. Analysis of Hydroxyl Radical (•OH). The formation of
hydroxyl radical (•OH) on the surface of photoirradiated
Au-TiO2 is detected by photoluminescence (PL) technique
using terephthalic acid as a probe molecule. Terephthalic acid
readily reacts with •OH to produce highly fluorescent prod-
uct, 2-hydroxyterephthalic acid [37, 38]. This technique has
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been widely used in radiation chemistry, sonochemistry, and
biochemistry [37–39] for the detection of •OH generated in
water. The intensity of the PL peak of 2-hydroxyterephtalic
acid is in proportional to the amount of •OH radicals
produced in water [37–39]. The optimal concentration of
terephthalic acid solution was about 5 × 10−4 M in a diluted
NaOH aqueous solution (2× 10−3 M). This method relies on
the PL signal at 425 nm of the hydroxylation of terephthalic
acid with •OH generated at the water/TiO2 interface. The
method is rapid, sensitive, and specific, only needs a simple
standard PL instrumentation.

In order to measure the concentration of hydroxyl radical
(•OH) of the prepared samples, the typical experimental
procedures are as follows Au-TiO2 composite samples were
weighed and then uniformly dispersed into 20 mL distilled
water under 10 min ultrasonic shaking to form TiO2 suspen-
sion. The photocatalyst was prepared by coating the above
aqueous suspension of TiO2 samples onto one dish with
a diameter of about 9.0 cm. The weight of catalysts used
for each experiment was kept 0.10 g. The dishes containing
composite powders were dried in an oven at 80◦C for
about 2 h to evaporate the water and then cooled to room
temperature before being used. A 20 mL of the 5 × 10−4 M
terephthalic acid aqueous solution with a concentration of 2
× 10−3 M NaOH was added into the coated dish, which was
then irradiated with a 15 W daylight lamp. In order to ensure
only the visible light irradiation, each dish was covered
with an ultraviolet cutoff filter (λ > 420 nm). PL spectra
of generated 2-hydroxyterephthalic acid were measured on
a fluorescence spectrophotometer (F-7000, Hitachi, Japan)
using a 315 nm excitation wavelength at a scan speed of
1200 nm min−1 with the PMT voltage of 700 V. The width
of excitation slit and emission slit were 1.0 nm.

2.5. Photocatalytic Activity. The visible-light photocatalytic
activity of the Au-TiO2 composite samples was evaluated by
photocatalytic decolorization of RhB aqueous solution. The
detailed procedure was similar to our previous works [40].
Here, the weight of the photocatalyst used was kept at about
0.1 g. A 15 W daylight lamp (6 cm above the dishes, just
mentioned above) was used as a light source and each dish
was covered with an ultraviolet cutoff filter. The absorbance
of RhB was determined by a UV-visible spectrophotometer
(UV2550, Shimadzu, Japan). The concentration of RhB (c)
was in proportion to the light absorbance (A) at 550 nm
according to Beer-Lambert law. As for the Rhodamine-B
aqueous with a concentration of 1 × 10−5 M, its photocat-
alytic decolorization is a pseudofirst-order reaction and its
kinetics may be expressed as [41, 42]:

ln
A0

At
= kt, (1)

where k is the apparent rate constant, and A0 and At are the
initial and reaction absorbance of RhB aqueous, respectively.

3. Results and Discussion

3.1. Phase Structures. XRD was used to investigate the
changes of phase structure of the as-prepared Au-TiO2 nano-
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Figure 1: XRD patterns of the Au-TiO2 composite powders pre-
pared with different RAu: (a) 0, (b) 0.003, (c) 0.006, (d) 0.015, (e)
0.030, and (f) 0.060.

composites and pure TiO2. Figure 1 shows the effects of RAu

on phase structures of the Au-TiO2 composite powders. It
can be seen that the diffraction peaks of all samples were
indexed with the anatase phase of TiO2, which was consistent
with our previous work [35]. With increasing the RAu, the
intensities of anatase peaks steadily become weaker and the
width of the diffraction peaks (2θ = 25.3◦) of anatase slightly
became wider. This was probably due to the fact that Au
nanoparticles suppress the crystallization of TiO2 xerogel
powders. However, the XRD diffraction peaks of Au could
not be seen in the Figure 1, which was attributed to the fact
that the content of Au was so low that it could not be detected
by XRD diffractometer.

The microstructure of the Au-TiO2 composite powder
was further studied by TEM and HRTEM. Figure 2(a) shows
the TEM image of the RAu-0.060 composite sample. It can be
observed from Figure 2(a) that the nanocrystallite appears as
an agglomerated status, and mesoporous structures without
a long-range order. The size of the primary particles
estimated from the TEM image was about 6 ± 1 nm, which
was in accord with the value of crystallize size (6.0 nm)
calculated from XRD pattern using the Scherrer equation
(as shown in Table 1). Figure 2(b) shows the corresponding
HRTEM image of the RAu-0.060 composite powder. Further
observation shows that all the particles are crystallized as
evidence from the well-resolved Au (111) (0.25 nm) and
TiO2 (101) (0.35 nm) crystalline lattices as shown in the inset
of Figure 2(b) [42–44].

Effects of the RAu on the surface morphology of the
prepared Au-TiO2 composite powders were characterized by
FESEM. Figure 3 illustrates FESEM images of all the Au-TiO2

composite powders, indicating their nonuniform growth and
particle size distribution in spherical morphology, which
changed slightly with the different Au modification. This
agglomeration process was attributed to Van der Waals
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Figure 2: TEM (a) and HRTEM (b) images of the RAu-0.060 composite powder.
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Figure 3: FESEM images of the Au-TiO2 composite powders prepared with different RAu: (a) 0, (b) 0.003, (c) 0.015, and (d) 0.060.
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Figure 4: UV-Vis absorbance spectra of the Au-TiO2 composite
powders prepared with different RAu and (inset) high-resolution
XPS spectrum of Au 4f of the RAu-0.060 sample.

forces. In order to reduce the surface energy, the primary
particles have a tendency to form an agglomerate, by forming
nearly spherical or equiaxed agglomerates, in a minimum
surface-to-volume ratio and hence minimum surface free
energy can be achieved. All the Au-TiO2 composite powders
are composed of such nanoscale particles, indicating that
the composite powders prepared by this low-temperature
spray method possess large specific surface area and the high
volume fraction of atoms located both on the surface and
at the grain boundaries. Therefore, this Au-TiO2 composite
nanocrystalline can provide more active sites for catalysis.
Furthermore, all the Au-TiO2 composite powders have
roughness surface accompanied with many mesopores. In
general, such nanoscale particles with such diameter will
be more promising because light harvesting can be further
enhanced. In this respect, nanocrystalline Au-TiO2 com-
posite particles with this special morphology can enhance
the absorbance of the light resulting in the enhancement of
photocatalytic activity. Further observations indicated that
the powders without Au nanoparticles modification (pristine
TiO2) have large particles. With increasing the RAu, the
average size of aggregated particles decreases.

3.2. UV-Visible Absorbance Spectra. Figure 4 shows UV-Vis
absorbance spectra for the composite Au-TiO2 samples. A
significant increase at wavelengths longer than 400 nm could
be attributed to the plasmon resonance absorbance of the
Au nanoparticles [22, 44]. The Au-TiO2 composite powders
compared with the pristine TiO2 powders have a slight red
shift in the band gap transition. Moreover, a characteristic
absorbance signal at 530 nm give the valid evidence that the
Au phase existed in the products, though direct observation
by XRD failed [24, 33, 45–47]. Further observation indicates
that the intensity of the surface plasmon absorbance increase
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Figure 5: N2 adsorption-desorption isotherm and pore size distri-
bution curve (inset) of the RAu-0.015 composite powder.

with increasing RAu, which is probably due to the more Au
nanoparticles embeded in TiO2 aggregates. The enhanced
light absorption in the visible light region can therefore
increase the quantities of photogenerated electrons and
holes that participate in photocatalytic reactions. In order
to verify the chemical state of Au element in the Au-
TiO2 composite powders, the RAu-0.060 sample was also
characterized with XPS. High-resolution XPS spectrum
(inset in Figure 4) shows binding energy of Au4 f 7/2 at 84.0
and Au4 f 5/2 at 87.7 eV, which are significantly different from
Au+

4 f 7/2 (84.6 eV) and Au3+
4 f 7/2 (87.0 eV). The result suggests

that the Au species is in the metallic state [25, 44, 48, 49].

3.3. BET Specific Surface Areas and Pore Structure. All the
prepared Au-TiO2 composite powders have similar nitrogen
adsorption-desorption isotherms and pore size distribu-
tion curves. Therefore, Figure 5 only presents the nitrogen
adsorption-desorption isotherm and pore size distribution
(inset) of the RAu-0.015 sample. It can be seen that isotherm
was of types IV [36]. At high relative pressure range from
0.5 to 1.0, the isotherm exhibits a hysteresis loop of type
H2 associated with the ink bottle pores, indicating that
the powders contain mesopores due to the aggregation of
crystallites [4–6]. The corresponding pore size distribution
curve of the RAu-0.015 sample is also shown in inset of
Figure 5. It can be seen that the RAu-0.015 sample exhibits
a narrow pore size distribution with the average pore
diameters about 5.7 nm.

Table 1 shows the effects of RAu on the physical properties
of the Au-TiO2 composite powders. It can be seen that
all the prepared samples possess large specific surface area
(SBET > 200 m2/g) and big pore volume (Vp > 0.30 cm3/g).
With increasing RAu, the average pore sizes decrease from 8.1
to 5.4 nm while the specific surface area and pore volume
change slightly. Generally, the heterogeneous photocatalysis
is a surface-based process, and therefore a large surface
area has positive effects on such a process. A larger surface
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Figure 6: (a) Fluorescence spectral changes with irradiation time
on RAu-0.015 sample and (b) the dependence of the fluorescence
intensity on RAu at a fixed 120 min under visible-light irradiation.

area provides more surface active sites for the adsorption
of reactant molecules, which thus make the photocatalytic
process more efficient [50–53]. Moreover, the porous struc-
ture is believed to facilitate the transporting of reactant
molecules and products through the interior space due to the
interconnected porous networks, and it favor the harvesting
of exciting light due to enlarged surface area and multiple
scattering within the porous framework [54–56].

3.4. Hydroxyl Radical Analysis. The PL emission spectrum
excited at 315 nm of terephthalic acid solution was measured
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Figure 7: Dependence of apparent rate constants (k) of the Au-TiO2

composite samples on the RAu.

every 30 min under visible-light irradiation. Figure 6(a)
shows the changes of PL spectra of terephthalic acid solution
with irradiation time. It can be seen that a gradual increase in
PL intensity at wavelength range of 360–540 nm is observed
with increasing irradiation time. Moreover, the generated
spectra have the identical shape and peak position (at
425 nm). However, no PL increase is observed in the absence
of visible-light or TiO2 samples. This suggests that the signal
of PL is only caused by the reaction of terephthalic acid with
•OH formed on the interface of the Au-TiO2/water during
visible-light irradiation [37, 38].

Generally, the greater the formation rate of •OH radicals
is, the higher separation efficiency of electron-hole pairs
is achieved. So, the photocatalytic activity is in positive
correlation to the formation rate of •OH radicals, namely,
a faster formation rate of •OH radicals leads to a higher
photocatalytic activity [38]. Figure 6(b) shows the depen-
dence of PL intensity against irradiation time. It can be easily
seen that at a fixed time (120 min), the formation rate of
•OH radicals on the Au-TiO2 composite powders is larger
than that of the pristine TiO2. This implies that the Au-TiO2

composite powders have higher photocatalytic activity than
the pristine TiO2. Further observation shows that the order
of the formation rate of •OH radicals formed on the surface
of as-prepared samples is as follows: RAu-0.015 > RAu-0.006
> RAu-0.003 > RAu-0.030 > RAu-0.060 > RAu-0 (pristine
TiO2), which suggests that the RAu influences the formation
rate of •OH radicals and there is an optimum ratio of Au to
TiO2.

3.5. Photocatalytic Activity of the Au-TiO2 Composite Pow-
ders. The photocatalytic activity of the Au-TiO2 composite
powders was evaluated by photocatalytic decolorization of
Rhodamine-B aqueous solution under visible-light irradi-
ation (λ > 420 nm) at room temperature. Figure 7 shows
the relationship between the apparent rate constants (k) and
RAu. It can be seen that the RAu has a great effect on the
photocatalytic activity of the composite samples. Without
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Table 1: Effects of RAu on physical properties of the Au-TiO2 composite powders.

Sample (RAu) Phase content aCrystalline size/nm bSBET m2/g cVp cm3/g cPorosity (%) cAverage pore size/nm

0 Anatase 6.7 235.5 0.57 69.0 8.1

0.003 Anatase 6.7 208.4 0.46 64.2 7.5

0.006 Anatase 6.5 211.7 0.34 57.0 7.1

0.015 Anatase 6.5 205.0 0.43 62.6 5.7

0.030 Anatase 6.3 215.9 0.38 59.7 5.8

0.060 Anatase 6.0 212.4 0.34 57.0 5.4
a
: Average crystalline size of TiO2 was determined on the basis of the broadening of the anatase {101} diffraction peak using the Scherrer equation.

b: The BET surface area was determined by multipoint BET method using the adsorption data in the relative pressure (P/P0) range of 0.05–0.2.
c: Pore volume, porosity, and average pore size were determined by nitrogen adsorption volume at the relative pressure of 0.994.

Au modification, the prepared pristine TiO2 powders have
the poor visible-light photocatalytic activity presumably due
to the self-sensitization of RhB molecules, which extends
the absorption of titania into the visible-light region [57].
Importantly, the photocatalytic activity of all Au-TiO2 sam-
ples is higher than that of pristine TiO2. Further observation
shows the reaction rate increases with the increasing of Au
content when the value of RAu is below 0.015, and the RAu-
0.015 sample has the best photocatalytic activity among these
samples. Therefore, the appropriate modification of the gold
nanoparticles can enhance the photocatalytic activity of TiO2

remarkably, which is ascribed to the synergetic effect of the
dye-photosensitized and the surface plasmon resonance of
Au nanoparticles in the Au-TiO2 nanocomposites.

The possible photocatalytic enhanced mechanism of the
Au-TiO2 nanocomposite powders can be explained accord-
ing to the recently reported mechanism [4, 15, 22, 47]. The
noble metal nanoparticles can be photoexcited by the visible
light due to their plasmon resonance. Under visible-light
irradiation, the electrons and holes can be formed on the sur-
face of the Au nanoparticles, and then they are immediately
separated via the following processes. The electrons transfer
to the adsorbed oxygen molecules via the conduction band of
TiO2 and then are trapped through formation of superoxide
radical anions. The superoxide radicals and the trapped
electrons can combine to produce H2O2, finally forming
hydroxyl radicals. Both hydroxyl radical and superoxide
radical anions are strong oxidants which can oxidize the
organic molecules (RhB) on the surface of the composite
powders, resulting in the formation of intermediate organic
species and subsequently complete oxidation of these species
to water and carbon dioxide. These improvements would
be beneficial to the photooxidation of RhB using the Au
modified TiO2 under visible-light irradiation. When the
RAu reaches 0.030, the Au-TiO2 composite powders show
relatively lower photocatalytic activity, which is probably
due to the fact that more Au nanoparticles may act as the
centers of electron-hole recombination and reduce quantum
efficiency [44].

Figure 8 shows the change of absorption spectra of
RhB aqueous solution during its visible-light photocatalytic
decolorization using the RAu-0.015 sample as the photocat-
alyst. It can be seen that the absorption peak at λ = 550 nm
drops gradually with increasing visible-light irradiation time.
After visible-light irradiation for ca. 180 minutes, the absorp-
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Figure 8: The dependence of absorbance (A) of RhB aqueous
solution on the visible-light irradiation time.

tion peak of RhB aqueous solution is very weak and the color
of the RhB aqueous solution changes from orange to near no
color, indicating that the Au-TiO2 composite powders can
completely decolorize RhB aqueous solution under visible-
light irradiation. Usually, the complete decolorization of RhB
requires a long time due to the fact that its decolorization
goes through two different stages: the ring cleavage in
the initial photocatalytic degradation stage and subsequent
oxidation of the fragments in the latter stage [40, 58].
Therefore, these composite powders prepared by this method
could be useful for environmental applications such as
air purification, water disinfection and purification, and
hazardous waste remediation due to their cheap preparation
process, controllable structure, large specific surface area,
and high visible-light photocatalytic activity.

4. Conclusions

Au-TiO2 nanocomposites can be facilely prepared by a
simple spray hydrolytic method and assisted with pho-
toreduction technique at 90◦C. The light absorption, the
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formation rates of hydroxyl radicals, and photocatalytic
decolorization of RhB aqueous solution were significantly
enhanced by those embeded Au nanoparticles in the Au-
TiO2 nanocomposites due to surface plasmon resonance of
Au nanoparticles. The composite RAu-0.015 sample exhibited
the best visible-light photocatalytic activity for photocat-
alytic decolorization of RhB aqueous solution due to the
synergistic effects of the absorption shift into visible and
improved efficiency of interfacial charge transfer process.
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The nickel-containing titania was synthesized and employed in the photomineralization of NOx. A nickel-modified titania
photocatalyst was prepared by photodeposition method with using Degussa-P25 TiO2 particle and nickel chloride as raw materials,
respectively. The physical analyses were carried out using X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD),
transmittance electron microscope (TEM), and photoluminescence spectroscopy (PL), to observe changes in particles following
nickel modification. The results showed that Ni does not enter into the TiO2 crystal lattice and is dispersed onto the TiO2 surface
uniformly. Ni improved the intensity of PL spectra with an appropriate Ni content on the TiO2 surface. The modified titanium
dioxide with 0.1 mol% of nickel exhibited two times the NOx-removal activity of bare TiO2 under ultraviolet illumination. The
nickel content in this photodeposition process plays an important role in affinity to NOx molecules, recombination rate of electron-
hole pair, and content of active site on the TiO2 surface and therefore affects the optical and photocatalytic properties.

1. Introduction

Since the discovery of the photoelectrochemical splitting of
water using titanium dioxide electrodes [1–3], researchers
have extensively studied semiconductor-based photocataly-
sis. Today, titanium dioxide is a representative photocatalyst
material, due to its powerful redox properties and wide range
of applications, such as air purification, water purification,
deodorization, self-cleaning surfaces, antibacterial coating,
and so forth [1, 4–7].

The photocatalytic capacity of TiO2 powder heavily de-
pends on its microstructure and physical properties, which
are in turn determined by the preparation conditions [8–
10]. Several attempts have been made to increase the pho-
todegradation efficiency of TiO2, by either noble metal de-
position or ion doping [11–14]. For example, Pt-doped, N-
doped, C-doped, and S-doped TiO2 are applied as visible-
light-responsive photocatalysts [1, 12–14], and cocatalysts
and co-adsorbents, such as Ag, Au, activated carbon, and
carbon nanotubes (CNTs) [10, 15–17], are used for the
improvement of photocatalytic activity under UV illumina-
tion. However, in developing their widespread use for any
practical application, the cost and stability of the material
must be considered first. The anion and noble metal dopants
do not have much practicability due to their insufficient

stability, complicated preparation process, and expensive raw
material. In contrast, transition metal cations have been
found to be applied dopants and cocatalysts for the improve-
ment of photocatalytic activity [18–24]. Some researchers
report that the Ni2+ ion dopant improves the photocatalytic
activity of certain semiconductor photocatalyst because the
existence of Ni2+ suppresses recombination of electron-hole
pair on the TiO2 surface [18–20]. However, the raw material
and processes of these previous works, such as organic
precursors, sol-gel, and ion-implantation methods [18–22],
are not inexpensive enough for mass production. Herein, we
present a facile and cost-effective method for the preparation
of highly active nickel-containing TiO2 developed using TiO2

particle and nickel chloride.

2. Experimental Details

2.1. Preparation of Ni-TiO2 Particle. The nickel-containing,
nanostructured TiO2 particles were prepared by the photore-
duction process by using nickel chloride and Degussa P25 as
a nickel precursor and a pristine photocatalyst, respectively.
Ni-TiO2 was prepared by mixing 3 g of nonporous TiO2

(Degussa P25), 50 mL of ethanol, and certain amount
of NiCl2·6H2O in 200 mL of double-distilled water. The
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Figure 1: Schematic continuous flow reaction system for photocatalytic degradation of NO.

solution was well mixed by ultrasonic treatment for 1 h.
The initial pH value was adjusted to 8 with 0.1 M of NaOH
solution [23]. A nitrogen stream at the rate of 30 mL/min
was continuously introduced into the reaction chamber
to remove oxygen in the solution. The solution was then
irradiated with four UVC lamps (Philips TUV 10 W/G10 T8)
with an intensity of 2 mW/cm2 for 3 h. Ni ions were reduced
to nickel metallic nanoparticles by the photo-generated
electrons of TiO2, then deposited on the surface of TiO2.
The Ni-TiO2 particles were obtained by centrifugation at
10000 rpm, washing with DI water, and drying at 373 K
for 12 h. Sample nomenclature was defined as follows:
x% Ni/TiO2 photocatalyst prepared by the photodeposition
process with nickel content x mol%. The Ni/TiO2 molar
ratios were controlled at 0, 0.05, 0.1, 0.2, 0.5, 1, 2, and 4%.

2.2. Characterization. The photocatalyst crystal phase was
identified using X-ray diffraction with Cu Kα (λ = 0.154 nm)
radiation (Shimadzu Rigaku D/Max RCXRD 6000). Average
particle size and morphology was obtained by transmission
electron microscopy (TEM, Hitachi S600-100 KV). The
photoluminescence spectroscopy (PL) data were obtained on
a luminescence spectrometer (Jasco FP-6500LE) under exci-
tation with 325 nm irradiation. Material compositions were
determined by X-ray photoelectron spectroscopy (Perkin
Elmer SSI-M probe XPS system and S4800) and energy
dispersion spectroscopy (Horiba, EX-210).

2.3. Photocatalytic Activity. Figure 1 depicted the continuous
flow system used for NOx degradation over TiO2. A round-
shaped Pyrex glass vessel (φ × H, 10 cm × 4 cm) was used
as the photoreactor to conduct the degradation of NOx,
and a sample dish (φ, 7 cm) was located inside the vessel
containing the TiO2 powder. A black lamp provided a
UV light source with an intensity of 1 mW/cm2 (Sankyo
Denki FL 20SBLB, main peak located at 352 nm). The NOx

degradation was carried out at room temperature using
an air stream containing 1.0 ppm NO as feedstock. Two
mass flow controllers (MFCs) (Brooks 5850E) manipulated
relative humidity (RH = 50%) in the feeding stream. The

reaction gas in the feeding stream passed through the
vessel containing TiO2 powder (0.2 g) at a flow rate of 1
L/min. An on-line chemiluminescent NOx analyzer (Eco
Physics, CLD 700 AL) continuously monitored NO and NO2

concentrations for gas analysis in the outlet.

3. Results and Discussion

3.1. Photocatalytic NOx Degradation over Ni-TiO2. Many
researchers use NO oxidation to determine photocatalytic
reactivity in various TiO2 photocatalytic applications [11–13,
15, 25]. The electron-hole pair (e−-h+) generated upon light
excitation is trapped at the TiO2 surface as spatially separated
redox-active sites. The general mechanism of NOx oxidation
by photocatalyst is as follows. Hydrogen ions and hydroxide
ions are dissociated from water. The active oxygen species
are produced on the TiO2 surface. The nitric monoxide
is oxidized to nitric acid or nitrous acid by active oxygen
species. Based on the gas-phase chemistry of NOx [25, 26],
NO is converted to HNO3 as a consecutive photooxidation
via a NO2 intermediate:

O2 + e− −→ O2
− (1)

OH− + h+ −→ OH• (2)

H + O2
− −→ HO2

• (3)

NO + HO2
• −→ NO2 + OH• (4)

NO2 + OH• −→ HNO3 (5)

NO + OH• −→ HNO2. (6)

Finally, the nitric acid forms on the catalyst. Photocatalyst
activity will lessen as acid accumulates. To illustrate the
reaction behavior of NO photocatalytic oxidation, 0.2 g
of 0.1% Ni-TiO2 and 1 mW/cm2 of light intensity were
used to conduct the experiment. At first, a 1 ppm NO gas
stream was introduced into the photoreactor under dark
conditions. As shown in the Figure 2, in the beginning, the
NO concentration in the gas phase dropped rapidly without
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Table 1: The apparent quantum yields and selectivities of NO2 of various catalysts: catalyst loading: 0.2 g, intensity of irradiation: 1 mW/cm2,
inlet concentration of NO, 1 ppm, inlet flow rate, 1 L/min, relative humidity: 55%, reaction temperature, 26◦C.

Catalyst P25 0.05% Ni 0.1% Ni 0.2% Ni 0.5% Ni 1% Ni 4% Ni

Φ (%) 2.13 2.63 2.85 2.58 2.07 1.80 1.30

Sel.NO2 (%) 62.8 30.7 24.4 29.5 36.9 48.5 56.0
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Figure 2: Time-course of the changes in concentration of NO, NO2,
and NOx in the presence of 0.1% Ni-TiO2 under UV light, reaction
conditions as given in Table 1.

generation of NO2 due to NO adsorption on the TiO2. A few
minutes later (2–4 min), the NO was saturated on the TiO2

and in the photoreactor, and the NO concentration was thus
returned to 1 ppm. The UV lamps were turned on to start
this photocatalytic reaction. The steady state of this photo-
catalytic reaction was achieved as soon as the photocatalyst
was illuminated. The NO concentration decreased from 1 to
0.57 ppm, and the NO2 concentration increased to 0.1 ppm.
The NOx concentration, which represents the accumulated
mixture of NO and NO2, was maintained at 0.67 ppm under
UV illumination. The activities of these TiO2 samples do not
obviously decrease during 30 mins of operation, due to the
short reaction time.

Figure 3 shows the NOx removal and NO2 generation
rates obtained using various Ni-containing TiO2 particles
under UV irradiation. The NOx removal activity for these
samples with different Ni content decreased in the order:
0.1% Ni-TiO2 > 0.2% Ni-TiO2 > 0.05% Ni-TiO2 > 0.5%
Ni-TiO2 > 1% Ni-TiO2 > P25 > 4% Ni-TiO2, indicating
the optimal Ni content is 0.1 mol%. The 0.1% Ni-TiO2 has
two times the NOx-removal activity of P25 particle. Under
UV illumination, these Ni-containing photocatalysts exhibit
better activities in NOx mineralization than pristine TiO2,
except for 4% Ni-TiO2. The apparent quantum efficiency (Φ)
and selectivity of NO2 (Sel.NO2 ) further computed based on
the following equations [12, 13, 27] are listed in Table 1:

ϕ = mole of (NO + NO2) degraded
Einstein of incident photons

(7)

Sel.NO2 =
[NO2]generated

[NO]converted
. (8)

The order of apparent quantum efficiency (0.1% Ni-
TiO2 > 0.05% Ni-TiO2 > 0.2% Ni-TiO2 > P25 > 0.5% Ni-
TiO2 > 1% Ni-TiO2 > 4% Ni-TiO2) is not consistent with the
NOx removal activity. It indicates that the nickel content over
0.5% is excess to reduce the active area of TiO2, resulting in
the small quantum efficiency. When comparing the reaction
behaviours over P25 and 0.05–0.2% Ni-TiO2 samples, no
significant difference in the NO conversion was observed,
and the NO2 generation rates over these Ni-TiO2 samples
were much less than that over P25, resulting in the better
photocatalytic activity of the Ni-TiO2. The selectivity of NO2

of the photocatalyst has a great effect on the NOx-removal
activity, as shown in Table 1 and Figure 3. For example, the
NOx removal activity of 1% Ni-TiO2 is better than P25 even
if the quantum efficiency of P25 is larger than 1% Ni-TiO2.
It might be the Ni particle has a good affinity to NO2. The
platinum-modified TiO2 also has this property [16], and
Ni is much cheaper than Pt. It is a worthy property for
NO removal photocatalysis because NO2 is an undesired
intermediate in the consecutive oxidation of NO, where the
threshold concentrations of NO2 and NO are 3 and 25 ppm,
respectively, [12].

According to the reaction scheme of the photooxidation
of NO, the photocatalyst would be deactivated after long-
term operation due to the coverage of active sites by ad-
sorbed NO3

− ions at the catalyst surface. However, the
adsorbed NO3

− ions could be easily rinsed out with DI wa-
ter, enabling regeneration of the catalyst. Figure 3 also
indicates the removal rates of NOx over 1st-, 3rd-, and
5th-regenerated 0.1% Ni-TiO2 samples. The experimental
results indicate the photocatalytic activity will be gradually
decreased with the increase in operation and regeneration
times. The photocatalytic activity of 0.1% Ni-TiO2 sample
becomes stable after four reaction and regeneration cycles.
It showed that over 93% of the photocatalytic activity could
be recovered after multi-reaction-regeneration cycles. The
reason for the slight decrease of photocatalytic activity is that
the unstable nickel particles peel off from the TiO2 surface in
the regeneration procedure. It can be confirmed by checking
the nickel contents with using energy dispersive X-ray
analysis after the regeneration procedure. It indicates most
nickel particles on the TiO2 surface are quite stable. This
means that the prepared Ni-TiO2 could provide very good
stability for NOx degradation. As a result, good stability,
easy regeneration, and high reactivity will provide a great
opportunity for the application in air purification with using
nickel-modified photocatalysts.

3.2. Characterization of Ni-TiO2. Figure 4 illustrates the X-
ray diffraction patterns of the samples before and after
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Figure 3: Effect of Ni content and regeneration time on the removal
rate of NOx .

photodeposition treatment. The XRD pattern of the pre-
pared TiO2 powder in Figure 4 reveals the peaks of anatase
(101) and rutile (110) at 2θ = 25.4◦ and 27.5◦, respectively,
indicating that the bulk P25 TiO2 composition is a mixture
of rutile and anatase. Since all samples were dried at the
relatively low temperature of 373 K and only a small amount
of Ni salt was added, there were no significant differences
between the samples. No peaks corresponding to crystalline
phase of Ni metal and NiO were found due to small crystallite
size and low nickel content. According to Scherrer’s equation,
by using the full width at half maximum height of the main
peaks at 2θ = 25.4◦ and 27.5◦, respectively, for anatase and
rutile phases, the TiO2 anatase and rutile grain sizes of all
prepared samples were around 21 and 15 nm. The results
indicate that the addition of Ni salt produced insignificant
changes in the primary TiO2 particle size.

Figure 5 shows the morphology of the Ni-deposited
titanium oxide as captured by TEM. The deposited Ni
particles measuring approximately 1–3 nm were dispersed
on the surface of the P25. The pH value of the slurry
influences the morphology of deposited metal particles on
the TiO2 surface [28]. This study finds that the reduction
rate increases as the pH value increases. However, Ni particles
cannot adhere well on TiO2 when the pH value is higher
than 10. The optimal pH value for the photodeposition of
Ni in our study was found to be 8 [23]. The stability of Ni-
TiO2 was confirmed by checking their TEM images after the
photocatalytic reaction and regeneration procedure.

Element composition and chemical states on the sur-
face of prepared samples were determined by XPS high-
resolution scans over the Ti 2p and Ni 2p spectra regions.
Figure 6(a) shows the Ni 2p spectra of Ni-TiO2 samples. For
0.1–1% Ni-TiO2 samples, their spectra exhibit broad peaks
due to the small amount of Ni, and indicate the existence
of Ni(II) and Ni(III) in these TiO2 particles. However, the
plenty amount of Ni(0) is found on the surface of 4%
Ni-TiO2 particle. In the preparation of Ni-TiO2 via the
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Figure 4: XRD patterns of prepared TiO2 samples.

photodeposition process, the valence state of nickel on the
TiO2 surface should be zero because nickel ions are reduced
by the photo-produced electrons from the TiO2. The Ni
2p3/2 peaks of the samples assigned for Ni(0), Ni(II), and
Ni(III) of binding energy are 852.9, 854.3, and 855.9 eV,
respectively, [18–20, 23]. The compounds regarding Ni(II)
and Ni(III) are major in the forms of NiO and Ni2O3 because
the existence of Cl on the TiO2 surface is not observed.
The metal oxides could be resulted from the oxidation of
small nickel particles by heating in air [23, 29]. The Ni
content of 4% Ni-TiO2 should be much more than those
of other samples, and therefore partial nickel on the 4%
Ni-TiO2 are not oxidized. The relatively atomic ratios of
Ni(0), Ni(II), and Ni(III) species on the 4% Ni-TiO2 are
55 : 26 : 19, as estimated from XPS results. In Figure 6(b),
Ti (2p3/2,1/2) core level spectra confirm that the Ti(IV) is
indeed present in the pristine TiO2 sample. However, the Ti
2p3/2 peak becomes broad and asymmetric with increasing
Ni content. We interpreted the Ti 2p3/2 peak for the Ni-TiO2

sample as a combination of the Ti(IV) (peak at 458.7 eV)
and a Ti(III) (peak at 457.2 eV). The appearance of Ti(III)
is probably due to the loss of oxygen atoms from TiO2

during the oxidation of metallic nickel particles. Moreover,
following the Ar+ ion etching process of 4% Ni-TiO2, the
peak intensities associated with the Ti(III) species decreased;
after 90 s of etching (etching depth = 5 nm), the Ti(III)
species could not be observed on the TiO2. This shows that
the Ti(III) species exists predominantly on the surface, as
shown in Figure 6(b). It indicates the partial Ti(IV) species
on the surface is reduced to Ti(III) as the metallic nickel is
oxidized to nickel oxide.

The photoluminescence emission spectra were detected
for various photocatalysts, as presented in Figure 7, to elu-
cidate the fate of e−/h+ pairs in the semiconductor particles
(TiO2). As anticipated, the pristine TiO2 photocatalyst (P25)
shows a broad PL emission band, which is similar to the
results of the literature [30]. The P25 and Ni-TiO2 samples
exhibit similar excitonic PL emission band, demonstrating
that the nickel species does not cause the new PL phenomena.
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The spectrum exhibits a broad emission region from 350
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Figure 7: Photoluminescence spectra of prepared TiO2 samples.

the increase in the Ni content. A small amount of Ni gives a
higher PL intensity of the Ni-TiO2 particle than P25, but the
PL intensity of the Ni-TiO2 is smaller than that of pristine
TiO2 as the Ni content is more than 1%. It indicates that
Ni species in the higher concentration condition do not act
as a trapping site to capture photogenerated electron from
TiO2 conduction band, but it becomes the recombination
centre of electron-hole as its concentration is less than 0.5%.
The excitonic PL intensity of TiO2 decreases as the increase
in particle size, which is ascribed to the decrease in the
content of surface oxygen vacancy and defect with increasing
particle size [11, 30]. In this work, the TiO2 size effect
on PL intensity should be not significant here due to the
small difference in crystallite size between these samples
(see Figure 4). Therefore, the loss in PL intensities of 4%
and 1% Ni-TiO2 results from the active sites on the TiO2

surface are covered by the Ni species. The metal particles on
the TiO2 surface, such as Ag, Au, Pt, act as trapping sites
to capture photogenerated electron from TiO2 conduction
band, separating the photogenerated electron-hole pairs [14,
16]. The Ni species on the as-synthesized Ni-TiO2 particles
seems to be the recombination sites of the photogenerated



6 International Journal of Photoenergy

electron-hole pairs. It is probably as the metallic Ni and
Ni ions could capture photogenerated holes and electrons,
respectively. Thus, the recombination rate of photogenerated
electrons and holes increased, leading to an increase in the PL
signal. Some literatures report that the Ni dopant suppresses
recombination of electron-hole pair on the TiO2 surface
[18–20]. The different phenomena observed in the former
reports and this work are reasonably due to the different
preparation process and Ni content. The Ni content used
in the former works is 2–10 mol%, so the PL intensity of
TiO2 decreased obviously in the existence of large Ni content
[18, 19]. For the above reasons, the results indicate the 0.1%
Ni-TiO2 should exhibit the smallest photocatalytic activity.
However, the 0.1% Ni-TiO2 exhibits the highest removal rate
of NO under UV illumination than other samples. It reveals
there should be another factors influencing its activity. The
light absorbance is not the reason for good photoactivity
of Ni-TiO2 because the UV-vis diffuse reflectance spectra
of P25 and 0.1% Ni-TiO2 are the same (not shown here).
Thus, the nickel species exhibits a good affinity to NO and
NO2 molecules, so the photogenerated active oxygen species
on TiO2 particles could contact NOx molecules rapidly,
resulting in the enhancement of PL intensity and NOx

removal rate on the 0.1% Ni-TiO2.

4. Conclusions

In this study, the Ni-containing TiO2 particle was successfully
prepared via a photodeposition process. Characterization
results revealed that the particle size, crystal structure, and
light absorption were unchanged after modification with Ni
salt. PL spectra identified that the small amount of Ni on
TiO2 enhances the recombination of photogenerated elec-
trons and holes. The nickel species exhibits a good affinity
to NOx molecules, resulting in the increase in NOx removal
rate and the decrease in selectivity of NO2 over the TiO2.
The excess Ni content on TiO2 hinders reaction rate, due to
coverage effect of nickel species on the active site on TiO2

surface. Thus, 0.1 mol% Ni content is the proper content
to prepare the highly photocatalytic material for removal of
NOx. In conclusion, this simple and energy-saving process
for the production of Ni-containing photocatalysts can be
applied practically for removal of NOx.
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This paper embarks upon the three levels of analysis ranging from nanoscale materials synthesis to combination and functionality.
Firstly, we have prepared anatase TiO2 nanospindles with an even length of about 200 nm and a central width of about 25 nm
by hydrothermal synthesis method at 100◦C for 6 h. Secondly, we have dispersed TiO2 nanospindles on the surface of activated
carbon (AC) and fabricated TiO2/AC composite via a dip-coating method. Thirdly, the TiO2/AC composite has been studied as
the photocatalyst to remove the organic contaminants in the waste water and exhibits excellent degradation rate in comparison
with pure anatase TiO2 nanospindles.

1. Introduction

Up to date, titanium dioxide (TiO2) has attracted much at-
tention as heterogeneous photocatalyst and has been widely
applied in the environment science owing to its significant
advantages such as nontoxity, low cost, chemical stability,
and superior photoactivity over other semiconductors that
have been investigated [1–5]. People have fabricated a variety
of geometric structures of TiO2 nanoparticles that comprises
zero dimensional (0D) structure such as spheric nanoparticle
[6, 7] and one-dimensional (1D) structure as nanowire [8,
9], nanorod [10], nanobelt [11, 12], or nanotubes [13, 14].
The later is particularly useful in dealing with waste water
owing to the large surface to volume ratio which further
improves the photocatalytic activity comparing to spheric
particles under the irradiation of visible light. So far,
numerous efforts have been developed to the fabrication of
TiO2 nanoscale materials with special morphologies by some
traditional methods such as, sol-gel, micelle, and hydrother-
mal or solvothermal methods [15]. However, few studies
reported the synthesis of anatase TiO2 nanospindles by these
methods [16, 17]. Qiu et al. [18] had fabricated anatase
TiO2 nanospindles by a hydrothermal treatment method
and found they provided a good solution to the problems

of poor electron transport and severe aggregation of TiO2

nanoparticles.
In general, one main drawback of the TiO2 nano-

structures, when used in the practical application, comes
from their easy loss during the process of water treatment,
resulting in low utilization rate and high cost, which limits
their widespread use. Some attempts have been employed to
improve the reuse efficiency of TiO2, for example, the immo-
bilization of TiO2 nanoparticles onto some supports such as
carbon nanotube [19, 20], glass [21], ceramic [22], and acti-
vated carbon [23–27]. However, the current immobilization
techniques are still not stable enough to improve the reaction
efficiency for the reducing of TiO2 dispersion and introduc-
ing transfer limit of the mass. It has also been observed that
the lixiviation of TiO2 particles from the supports occurs
after running a period. However, among these supports, the
activated carbon (AC) particles were chosen broadly as the
support to increase remarkably the photoactivity of TiO2

because of the high adsorption capability of the AC [25, 28–
30], which was expected to solve above-mentioned problem.

In the present work, we are planning to report a novel
TiO2/AC composite photocatalyst by the coating of anatase
TiO2 nanospindles onto the surface of columniform AC par-
ticles, which showed a promising photocatalytic activity than
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pure TiO2 due to the synergistic effect between supporting
materials and TiO2 nanospindles. Most importantly, this
composite photocatalysts effectively reduced the lixiviation
of TiO2 from the surface of AC.

2. Experimental Procedure

2.1. Preparation of Anatase TiO2 Nanospindles. Firstly,
TiOSO4 powders (93 wt%, Liaoning Dandong Chemical
Company) with a weight of 3.00 g were dissolved into 350 mL
deionized water by a vigorous stirring for 0.5 h, and then
aqueous solution of NH3·H2O (28%, Nanjing Chemical
Company) with a concentration of 10 wt% was added drop-
wise into the above solution to adjust the pH value to 6.5.
After a continuous stirring of 0.5 h, the white precipitation
was obtained by a centrifugal separation. Secondly, the
obtained precipitation was mixed with 250 mL deionized
water with a vigorous stirring again. After that, a mixture
solution involving 2 g of sodium oxalate and 150 mL deion-
ized water was added slowly into the above solution. After
a vigorous stirring for 0.5 h, the precipitation was separated
by a centrifuge. Finally, the mixture including 4 g of H2O2

(30%, Guangdong Zhongcheng Chemical Ltd.) and 250 mL
deionized water was used as the react reagent, which was
reacted with the obtained products from step 2 for 12 h until
a brown transparent solution was produced finally, and then
it was kept heating at 100◦C for 6 h. The large scale of TiO2

nanospindles was formed and uniformly distributed in the
water.

2.2. Preparation of TiO2/AC Composite Photocatalyst. In a
typical procedure, 1 g of commercial granular AC particles
with an average diameter of 4 mm (Guangzhou Wuhuan
Activated Carbon Company, China) was suspended in the
above TiO2 suspension by continuous slow stirring for 1 h
and then kept at room temperature for 10 h. Thereafter, the
AC granular particles with the TiO2 coating were obtained
after a simple vacuum filtration process and then dried at
70◦C for 12 h. Finally, the prepared xTiO2/AC composite
photocatalysts with various content of TiO2 were formed by
repeating above experimental procedure, where x is 0, 0.5, 1,
1.5, and 2, representing the wt% of TiO2.

2.3. Characterization. The obtained TiO2 nanospindles were
characterized by XRD on a D/MAX-RC diffractometer oper-
ated at 30 kV and 100 mA with CuKα radiation. The anatase
crystallite size was obtained from the line broadening of the
200 diffraction peak and calculated by the Scherrer equation,
D = Kλ/β cos θ, where θ is a shape factor (K = 0.9 in this
work), λ is the wavelength of the incident X-rays, and β is
the broadening of the peak at half the maximum height (full
width at half-maximum) measured in radians. The surface
morphology and particle size of TiO2 nanospindles were
examined by means of transmission electronic microscopy
(TEM) on an FEI-XL30 transmission. The morphology of
the TiO2/AC composite was observed by a scanning elec-
tronic microscope (SEM, Hitachi S-2300) equipped with an
energy dispersive spectroscope using an accelerating voltage

of 200 kV. To obtain the cross section of the samples, we
broke the sample after being frozen in liquid nitrogen for 10
minutes. FTIR measurement of the sample was performed on
an Avatar FTIR equipment. The contact angle between water
and the external surface of AC was measured to evaluate the
hydrophilicity property using a contact angle meter (Motic
Images plus 2.0). The specific surface area of the samples
obtained was measured in a Gemini VII 2390 Series Surface
Area Analyzer (from Micromeritics) with the BET method.

2.4. Evaluation of Photocatalytic Activity. The photocatalytic
degradation experiments were carried out using a cylindrical
batch reactor opened at the air with 250 mL of capacity. A
175 W 365 nm commercial halogen lamp was used as the
visible irradiation source. The total UV intensity was 2.1-
2.2 mW/cm2 by turning on all the UV light. The UV emission
of the lamp was filtered to close to sunlight while avoiding
its variation with time and cloudiness [25]. Methylene
blue (MB) purchased from Aldrich was chosen as a model
molecule for the photocatalytic test. Each catalyst of 50 mg/L
was suspended in MB aqueous solution (0.05 mol·L) fol-
lowed by sonication for 15 minutes. Before the irradiation,
the suspension was maintained in the dark for 1 h to reach
complete equilibrium adsorption. After being irradiated
under the visible light, 2 mL of suspension was withdrawn
periodically and immediately centrifuged at 5000 rpm for
five times, and its absorbance at 664 nm was measured by
UV-Vis spectroscopy (1501, Shimadzu).

3. Results and Discussion

3.1. Morphology and Structure of TiO2 Nanospindles. In gen-
eral, TiO2 nanospindle was prepared by hydrothermal treat-
ment of Ti source precursor with NaOH solution or water/
alcohol mixture at a higher temperature (160◦C) [24]. How-
ever, herein we fabricated successfully the TiO2 nanospindle
particles after a desirable heating treatment at 100◦C. TEM
images (Figures 1(a) and 1(b)) clearly indicated the unique
morphologies of the assynthesized TiO2 nanospindles, which
have an even length of about 200 nm and a central width of
about 25 nm. XRD pattern in Figure 1(c) shows clearly that
the TiO2 nanospindle particles are anatase crystal structure
(JCPDS card no. 21-1272), and their crystal size of TiO2 is
about 6.5 nm, which is calculated according to the Sherrer
equation. This revealed that anatase TiO2 nanospindles were
directly produced after the continuous heating treatment
processing. It is suggested that the heating temperature of
the solution at 100◦C is feasible enough for the nucleation
of anatase from the amorphous crystal. In general, to
obtain anatase TiO2 nanospindle prepared by hydrothermal
method, the temperature is higher than 160◦C [28]. There-
fore, it is more practical to fabricate large-scale anatase TiO2

nanospindles in the current work for the easily synthetic
process and lower cost. FTIR spectra of nanospindle of
TiO2 are shown in Figure 1(d). The main absorption peaks
were located at 3420.7, 1622.3, and 520.1 cm−1. The band
at 3420.7 cm−1 was assigned to –OH stretching of surface
hydroxyl group and at 1622.3 cm−1 to –OH vibration of
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Figure 1: TEM images of the as-prepared large TiO2 nanospindles (a, b). XRD diffraction of as-prepared TiO2 nanospindles (c). FT-IR
spectrum of as-prepared TiO2 nanospindles (d).

physically adsorbed water. The band at 520.1 cm−1 was
ascribed to the Ti–O stretching vibration [31]. Weak bands at
2837.8 to 2921.4 cm−1 can be assigned to the O–H stretching
of H2O2 at the TiO2 surface.

3.2. Physical Properties of Nanospindles TiO2/AC Composite
Photocatalyst. The surface morphologies of TiO2/AC com-
posite catalysts were characterized by SEM with the result
shown in Figure 2. It is clearly found in Figure 2(a) that
the pure AC without TiO2 coating has a very rough surface
structure with plenty of small pores. The average size of
the pores was as large as approximately 3.5 μm, which has
enough space to accommodate TiO2 nanoparticles. With
the increasing content of TiO2 coating (see Figures 2(b)
and 2(c)), the surface of AC became more and more
smooth and expressly the sample with 1 wt% TiO2 coating
indicated a flattest surface structure. This indicated that this
concentration of TiO2 nanospindles coating on the surface
of AC produced an optimal layer. Most of TiO2 nanospindles
were entirely filled into the pores of AC, resulting in the
formation of glossy surfaces. However, it was discovered
that there were still a few pores on the surface which was

able to absorb some organic compounds. Further increase
of TiO2 coating such as 2 wt% TiO2 content, most of
TiO2 nanospindles were scattered on the top layer of AC
resulting in the formation of incompact and rougher external
structure on the surface. The result of increasing size of TiO2

was from the interaction between TiO2 and AC. It could be
found in Figure 2(e) that plenty of TiO2 nanospindles laid on
the surface of AC and produced a tight surface morphology
as the further increase of TiO2. Moreover, the BET surface
area of 1.5 wt% TiO2/AC, 2.0 wt% TiO2/AC composite, and
pure AC particles were 299.22, 250.01 and 372.02 m2 g−1,
respectively. The pore volumes of them were 0.15, 0.10,
and 0.20 cm3/g, respectively, which indicated that the surface
area of TiO2/AC was less than that of pure AC due to that
the coated TiO2 particles occupied the pores of granular
AC. Moreover, with the increasing of TiO2 nanospindles,
the surface area and pore volume of the catalysts decreased
gradually. This suggested that most of TiO2 nanospindles
were entirely filled into the AC pore as with the increasing
content of TiO2 coating and decreased the surface area.
The EDS analysis confirmed that the Ti elements with a
concentration of 19.74% were existed on the surface of AC,



4 International Journal of Photoenergy

10 μm

(a)

10 μm

(b)

10 μm

(c)

10 μm

(d)

10 μm

(e)

1000

500

0

O

2 4 6 8 10

KeV

Na

P Ti

TiSi

C
ou

n
ts

(f)

Figure 2: SEM image of AC without coating (a), with 0.5 wt% TiO2 coating (b), with 1 wt% TiO2 coating (c), with 1.5 wt% TiO2 coating
(d), with 2 wt% TiO2 coating (e), and EDS analysis of the sample with 1.5 wt% TiO2 coating (f).

but carbon element is almost not detected. This result further
revealed that the top layer on the surface of AC has been
occupied completely by TiO2. The contact angle data of
TiO2/AC composite catalyst is shown in the inset image of
Figure 2. The naked AC showed a high water contact angle
of 115 ± 2.5◦, which indicated that the pure AC had a
superior hydrophobicity. However, the contact angle of the
surface of the TiO2/AC composite catalyst was enormously
decreased compared to the naked AC. It was almost tiled
when the water droplet was contacted with the surface of
the sample with 1.5 wt% of TiO2 coating, suggesting that
the TiO2 nanoparticles changed significantly the polarity

of AC surface from hydrophobicity to hydrophilicity. The
images in Figure 3 exhibit the cross-sectional structures of
TiO2/AC composites photocatalysts. It was clearly observed
that the sample with 1.5 wt% of TiO2 was covered by a thin
layer of TiO2 coating with the thickness of about 5 μm when
compared to the naked AC.

The surface hydrophilicity of activated carbon plays an
essential role in degradation process of organic compounds.
In general, the higher hydrophilicity of surface is able
to induce stronger capability in absorbing more aqueous
organic molecules. This will be beneficial for the degradation
process of organic contaminants.
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Figure 3: SEM image of cross-sectional area of the samples ((a), naked AC; (b), 1.5wt% TiO2/AC).
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Figure 4: Photocatalytic degradation of methylene blue over TiO2

and xTiO2/AC ([MB] = 0.05 mol L−1; reaction time t = 180 min).

3.3. Photocatalytic Activity. To assess the photocatalytic ac-
tivity of the TiO2/AC samples, methylene blue (MB) was
used as a model organic substrate in the suspended TiO2/AC
reaction system under visible light irradiation as probe
reaction. As we know, the MB (initial absorbance 0.8–1.0)
owns two special absorption peaks separately located at
290 nm and 665 nm. The results of degradation experiment
displayed in Figure 4 show that the MB solution with 1.5%
TiO2/AC catalysts changed colour from blueness to almost
colorlessness within 180 minutes of irradiation. The UV-Vis
absorption spectra curves of MB studied at different times
of irradiation are detailedly showed in Figure 5, where the
photocatalytic degradation rate of MB on naked TiO2 in
this work was obviously lower than xTiO2/AC composite.
However, for these composite catalysts with various content
of TiO2, they showed the sharp reduce of degradation rate
in the initial 30 minutes which mainly resulted from the
adsorption of AC. However, after 30 minutes of irradiation,
these samples displayed gradual tendency of decreasing rate
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Figure 5: UV spectra of 1.5 wt% TiO2/AC sample suspended in
methylene blue solution ([MB] = 0.05 mol L−1).

which mainly caused by the photocatalytic degradation of
TiO2 catalysts. It is widely accepted that AC is able to adsorb
a wide range of synthetic organic compounds due to its
high porosity. Therefore, the harmful organic compounds in
the waster water will be moved easily to the surface of the
catalysts. The TiO2 nanospindle coating on the surface of
AC indicated excellent capability in photocatalytic degrading
organic compounds. These TiO2 nanospindles are capable of
prolonging the separation lifetime of photogenerated e−/h+,
resulting in the increasing rate of •OH radical generation by
the photocatalyst. Therefore, the synergistic effect between
AC and TiO2 nanospindles indicates greater degradation rate
than pure TiO2 nanospindles. Considering the immobiliza-
tion of TiO2 onto support, it is necessary to characterize the
reuse efficiency of these composite catalysts. The results of
the repetitive test on this sample with 1.5 wt% TiO2 showed
that degradation rate on MB is still greater than 90% after the
reuse of 15 times.

4. Summary

In this work, anatase TiO2 nanospindles with an even length
of about 200 nm and a central width of about 25 nm were
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fabricated by a simple hydrothermal treatment method. This
method is more available to produce large-scale anatase
TiO2 nanospindles for the easy process and lower cost.
We also prepared TiO2/AC composite catalysts by the dip
coating technique, where all the samples with TiO2 coating
indicated much better photocatalytic activity than naked
AC. The photocatalytic activity experiments discovered that
the sample with 1.5% TiO2 coating exhibited the highest
photocatalytic activity for the synergistic effect between AC
and TiO2 nanospindles.
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UVA irradiation of glass mounted dye-sensitized solar cells without UV filtration causes failure within 400 hours of light exposure.
The failure mode is shown to relate to consumption of I3

−, which is directly related to TiO2 photo-catalysis. The onset of failure is
easily determined from electrochemical impedance data where the recombination resistance of the TiO2/electrolyte back reaction
drops markedly prior to the onset of degradation. At the point of complete cell failure this impedance value then dramatically
increases as there is no longer an interfacial reaction possible between the TiO2 and the I3

− depleted electrolyte. Device failure
is most rapid for cells under electrical load indicating that the degradation of the electrolyte is related to photogenerated hole
production by excitation of the TiO2. Once depleted by UV exposure, the I3

− can be regenerated by simple application of a reverse
bias which can restore severely UV degraded devices to near original working conditions.

1. Introduction

As an alternative to conventional silicon solar cells, dye-
sensitized solar cells (DSCs) have been studied for some 20
years [1–3]. The photoelectrode most often used in DSCs is a
nanoporous layer of TiO2 sintered onto a conductive glass
or metal substrate. The photocatalytic properties of TiO2

are well documented [4–6], and photocatalytic reactions
may proceed via several steps [7], the most important of
which is the production of electron-hole pairs by direct
excitation of the TiO2 with UV light. This results in a
redox process, creating radicals which can ultimately result
in degradative attack on organic molecules in the vicinity of
the TiO2 [8]. Since both the DSC dye and the electrolyte
have organic components, both are potentially susceptible
to photocatalytic attack. It has been shown, however, that
modification of the crystal structure and polarity of the TiO2

surface can impart photocatalytic selectivity leading to the
possibility that one component could be degraded more
favourably over the other [9, 10].

Some notable works have been published on DSC
stability [11–19] as well as a comprehensive review published

in 2010 [20]. The degradation of cells exposed to UV irra-
diation has been noted many times, as has a corresponding
depletion in I3

− from the electrolyte. Depletion of I3
− has

been observed in DSC cells subjected to outdoor testing as
evidenced by an increase in the Nernst diffusion impedance
and changes to the cell’s Raman spectra [16], and it has been
shown that in extreme cases decreased I3

− concentration can
cause a reduction in JSC by diffusion limitation [21]. The
mechanism of I3

− depletion has been suggested as either
the sublimation of iodine [11] or perhaps the formation
of iodate by reactions with water or other impurities in
the electrolyte [22]. It appears, however, that I3

− depletion
could be as a result of a photoreactions as Sommeling et al.
demonstrated that electrolyte bleaching occurred rapidly in
illuminated cells held at 85◦ but did not occur in cells held at
85◦ and kept in the dark [13]. In DSCs, the photogenerated
hole in the TiO2 valence band is said to be quenched by the
iodide ion in the electrolyte [14]. However, DSC modules
can degrade quickly under UV illumination [23], and the
fact that filtering at λ < 384 nm improves the stability of a
DSC cell [24] suggests that the photocatalytic properties of
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the TiO2 contribute at least in part to the degradation of the
DSC.

A number of trends have been reported during long-
term and accelerated tests. These include an increase in
JSC and a decrease in VOC [18]. Electrochemical impedance
spectroscopy (EIS) has also been used to monitor degrada-
tion, and it has been shown that the modelled resistance
of the TiO2/electrolyte back reaction decreases concurrently
with the decrease in VOC and that the drop in VOC is
due to a positive shift in the TiO2 conduction band [25].
This can also explain the increase in JSC, as a positive shift
of the conduction band should increase electron injection
efficiency [24]. The Nernst diffusion impedance of I3

− has
been shown to increase as a result of the change of the
components of the electrolyte during long-term outdoor
testing [16]. It was our primary aim with this work to
examine the electrochemical and cell efficiency changes that
occur in the early stages of DSCs exposed to UV light in order
to determine whether failure was related to electrolyte or dye
degradation and whether this resulted from photocatalysis.
A key secondary goal was to determine if irradiation of
cells under load or at open circuit had an effect since,
in many cases, longevity testing is conducted in the latter
condition. In order to achieve these aims, we have developed
some rapid testing methods building on the electrochemical
methods proposed by others [13, 14, 18, 25] and using a
spectrophotometric method to determine degradation rates
of dye and electrolyte in situ without the need for destruction
of the cells. We have then used these systems to examine
the effectiveness of some UV filtration and in terms of a
potential method to revive cells that have been partially
photodegraded.

2. Experimental

2.1. Cell Preparation. The photoanode was prepared by the
doctor blading of a commercial TiO2 paste (DSL 18NRT
(Dyesol)) onto Solaronix TCO22-15 fluorine-doped SnO2

glass followed by sintering at 500◦C for 30 minutes giving
a 7 μm dry film thickness. The counter electrodes were
prepared by the deposition of 5 mM chloroplatinic acid
and heat-treated at 400◦C for 30 minutes. N719 dye was
prepared at 0.3 mM in a 1 : 1 acetonitrile/T-butanol solution.
Adsorption of the dye to the TiO2 was achieved by immersion
of the electrode in the dye solution over a period of 16–
20 hours. 50 μm Surlyn gaskets were used to separate the
electrodes and an electrolyte solution (0.8 M 1-propyl-3-
methylimidazolium iodide (PMII), 0.3 M benzimidazole,
0.1 M I2, and 0.05 M guanidinium thiocyanate dissolved in
N-methoxy propionitrile) was then introduced to the cell by
vacuum injection. All test cells were made with a working
electrode area of 1 cm2 except those cells used for UV-
Vis measurements which had a working electrode area of
6.25 cm2, and the larger cells were needed in order to com-
pletely cover the sample aperture of the spectrophotometer.

2.2. Measurements. Photovoltaic characterisation was car-
ried out using an Oriel Sol3A (94023A) utilizing a xenon arc

lamp, an AM 1.5 filter, and a Keithley 2400 source meter.
A reference measurement was provided using a monocrys-
talline silicon reference cell traceable to the National Renew-
able Energy Laboratory (NREL) that enabled adjustment of
the solar simulator to the standard light intensity of one sun
that is, 100 mW/cm2.

Impedance spectroscopy measurements were carried out
on a Solartron SI 1280 Electrochemical Measurement Unit
using ZPlot software. Cells were measured in a two-electrode
setup in the dark. All cell measurements in this study
were conducted with a bias potential of −0.68 V, and the
corresponding resistance values were averaged for the cell
sets in question. AC amplitude was±10 mV with a frequency
range of 20 kHz to 0.1 Hz.

UV exposure was conducted using a custom-made bank
of 6 × 8 W UVA lamps held 5 cm above the test cells.
Measured intensity of the UV lamps was 0.64 Wm−2 at a
λmax of 354 nm. This is of comparable UV intensity to ASTM
G173−03 (2008) which is given as 0.61 Wm−2 at 354 nm [26].

3. Results and Discussion

3.1. Effect of UV Exposure upon Cell Efficiency. Exposure
of unprotected DSCs to UV light induces failure which is
illustrated in Figure 1 for identical cells forward illuminated
and kept in the dark. After around 400 hours of exposure,
the efficiency of the UV-exposed cells falls off dramatically
whilst, in the dark, it is relatively constant. The change in effi-
ciency, however, follows on from measurable electrochemical
changes in the cell that occur well before the failure of the
device as determined by its overall cell efficiency.

3.2. IV Measurements at 120-Hour Exposure. Figure 2 shows
the typical I-V curves of a cell at 0-hour and 120-hour UV
exposures for the cells illustrated in Figure 1. After just 120-
hour exposure, well before detectable changes in efficiency,
it can be seen that VOC decreases whilst JSC increases. The
change in VOC has been attributed to UV exposure causing
a positive shift in the TiO2 conduction band. This would
explain the drop in VOC as this is given by the energy
difference of the TiO2 quasi-Fermi level and that of the redox
potential of the electrolyte [27]. The increase in JSC due to
UV illumination has been reported previously and has also
been attributed to the positive shift in the conduction band
[28].

3.3. EIS Measurements at 120-Hour Exposure. Figure 3 shows
illustrative EIS Nyquist and Bode phase angle plots of the
same cell type, again at 0-hour and 120-hour exposures. The
larger semicircle of the Nyquist plot (Figure 3(a)) represents
the impedance of the TiO2/electrolyte back reaction (RBR).
It is clear from the Nyquist plot that the cell experiences a
large decrease in RBR whilst the decrease in the phase angle at
lower frequencies shown in the Bode phase plot (Figure 3(b))
suggests that electron lifetimes in the TiO2 are reduced. Both
of these results can be explained by an increase in the rate
of the back reaction (1) [25]. This could arise from an initial
exposure of the TiO2 surface, possibly by detachment of dye
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Figure 1: The effect of UV exposure on the %η of DSC test cells
compared to that of cells kept in the dark (unexposed).
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Figure 2: I-V curves of a typical cell at 0-hour and 120-hour UV
exposures. It can be seen that VOC has decreased, whilst JSC has
increased; however, as can be seen in Figure 1, there is no observable
significant changes to cell efficiency.

ligands or by the initial removal of adsorbed organic species
from the electrolyte

e−[TiO2] + 1/2 I3
− −→ 3/2 I−. (1)

3.4. Longer-Term Testing of Cells Irradiated in Reverse and
under Load. Following these initial tests on forward illumi-
nated cells, a more systematic study was performed on a
wider range of conditions. Batches of 4 cells were irradiated
from the WE (Forward) side, and, from the CE (Reverse)
side, in addition, some were irradiated under a load provided
by 100Ω resistor. These are compared to cells that were kept
in the dark at 40◦C as this was the measured temperature
under the UV lamps. Figure 4 shows the mean efficiencies
and the VOC of the cells subjected to UV irradiation over
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Figure 3: Nyquist plot (a) and Bode phase diagram (b) of the same
cell as in Figure 2. These results are typical of all the cells exposed
during this experiment.

the time period shown. In Figure 4, it is clear that there is a
pattern in the relative rates of degradation of the cells tested.
First to fail are the cells irradiated under load followed by
cells irradiated from the WE side and then cells irradiated
from the CE side. Cells kept in the dark at 40◦C show
comparatively little sign of degradation, despite a gradual
decline in efficiency. This pattern is repeated when looking
at the drop in VOC values but, in this case, the drop in VOC

manifests itself much more quickly than the decline in effi-
ciency. This data illustrates some important points. Firstly,
the reverse illumination where photons travel through the
electrolyte reduces photodegradation considerably as the
electrolyte is acting as a filter. It does not, however, reduce the
rate to zero. Secondly, the cells under load fail more quickly
which suggests that the photogenerated electrons from the
dye activation have a role to play in reducing the rate of
failure when the cells are at open circuit.

Figure 5 shows the change in JSC and the change in
RBR over the exposure period. The value of RBR falls off
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Figure 4: Change in (a) %η and in (b) VOC over the UV-exposure
period. There is a clear order of cell degradation whereby cells under
load and illuminated from the WE side fail before those under
opencircuit (also illuminated from the WE side) which fail faster
than those under opencircuit and illuminated from the CE side.
Data is also shown for cells under opencircuit and kept in the dark
for the exposure period.

quite quickly for all the cells suggesting that there is an
increasing area of TiO2 in contact with the electrolyte
after the initial UV exposure. Cells that are continually
exposed to UV irradiation suffer a collapse in photocurrent
and simultaneously a large increase in RBR. The onset of
photodegradation also coincides with a loss of colour from
the electrolyte which is measured by UV-Vis and is noticeable
to the eye at the point of failure. This along with the
collapse in JSC and the large increase in RBR strongly suggests
that the cell degradation reaches a point where the I3

− has
been consumed until there are not enough charge carriers
available to give the cell a viable photocurrent.
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Figure 5: Change in JSC (a) and change in RBR (b) over the UV-
exposure period, showing the collapse in photocurrent at the point
of cell failure coinciding with a large increase in RBR. The order of
cell failure is the same as in Figure 4.

3.5. Triiodide Depletion Measured with UV-Vis. UV-Vis
spectroscopy is a useful method for analysing which of
the components in the DSC is failing since both the dye
and the electrolyte have absorbances which can be analysed
simultaneously and in situ without taking the cells apart.
The changing UV visible absorbance spectra for the forward
illuminated cells are shown in Figure 6. It can be seen that the
absorbance related to the adsorbed N719 dye (at ca 530 nm)
remains relatively constant and the main colour shift is at
much lower wavelengths where the electrolyte is absorbing.
This adds weight to the suggestion that it is the failure of
the electrolyte that is responsible for the failure of the cells,
despite the fact that it is the dye that is adsorbed on the TiO2.

This is more clearly illustrated in Figure 7 where the
absorbance of the cell at 531 nm (the λmax of the dye) and
450 nm (a representation of the electrolyte absorbance) is
plotted as a function of time. 450 nm was chosen to represent
dye colouration as the λmax of the I−/I3

− redox couple is
hidden by the large absorbance of the TiO2. Figure 7 shows
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that the electrolyte is clearly being degraded whilst dye
absorbance remains constant.

Having observed that the electrolyte was being degraded
it was desirable to work out the origin of the failure. It
could be that the electrolyte is directly attacked or that it
is related to TiO2 photoreactions. Figure 8 illustrates the
changes in electrolyte absorbance at 450 nm as a function
of UV exposure time for two model cells. The first model
cell was assembled from two counter electrodes (to examine
whether UV alone caused the failure). The second cell type
was essentially a full DSC assembly but without any dying
step.

It can be seen from the data in Figure 8 below that the
UV exposure alone does not cause failure but that having a
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Figure 8: Change in absorbance of model cells. The undyed cell
is essentially a complete DSC. The CE-CE cell consists of two
counter electrodes and the electrolyte. This clearly shows that TiO2

is required for electrolyte degradation under UV illumination.

TiO2 electrode causes very rapid failure. There is almost no
colour change in the CE-CE cell, and it could be argued that
the Pt is absorbing some of the UV light. Whilst this is true, it
has been shown in Figure 5 that cells exposed via the CE side
still degrade meaning that there is enough UV light reaching
the TiO2 to initiate consumption of the I3

−. If TiO2 was not
involved in I3

− consumption, then it would be expected that
there might be a colour change in the CE-CE cell despite the
UV absorbing properties of the Pt layer.

Comparing the data in Figure 8 with that from Figure 7
where the dye is included on the TiO2, the presence of the
dye dramatically slows the rate of cell failure. We believe this
is for two reasons. Firstly, the dye will have taken up sites on
the TiO2, and, secondly, it seems that at open circuit the dye
is able to inject electrons into the TiO2 (as evidenced by the
accelerated failure under load). Hence, it appears that it is
the TiO2 and photooxidation by photogenerated holes that
are the primary reason for attack on the electrolyte. Since it
appears that photocatalytic oxidation could be responsible
for the discoloration, the question remains what is the
oxidised iodine containing species. At this stage, we have not
been able to establish via chemical testing. One possibility
for oxidation would be the reverse of (1), but this would of
course give rise to a darker electrolyte. Since discolouration
is observed, it therefore seems likely that the oxidation yields
iodate as suggested in previous work [22]. Further work is in
progress to assess; it is potentially the case that by drying and
removing oxygen this pathway could be reduced although the
TiO2 surface will still have a large quantity of surface bound
hydroxyl groups that could lead to this.

3.6. UV Filtering. To investigate this further, a series of
cells was irradiated with UV in the presence and absence
of filters with certain wavelength cutoffs. The data shown
earlier shows that VOC changes are an early indicator of the
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Figure 9: VOC data for cells filtered at 385 nm, 400 nm, and 420 nm
over the exposure period compared to cells exposed without a UV
filter.

onset of cell degradation; for this reason, the change in VOC

was chosen as an indicator of the effectiveness of UV filters.
VOC data for these cells is shown in Figure 9. The initial
increase in the VOC of all the filtered cells is typical of cells
kept in the dark. It can be seen that the introduction of a
385 nm filter causes an initial increase in VOC, but, after some
time, the VOC begins to decline indicating, albeit delayed, the
onset of photodegradation. Using higher wavelength cut-off
filters of 400 and 420 nm appears to stop this photooxidation
completely (within our exposure times at least). This data
again points to the potential for TiO2 photocatalysis to
contribute to degradation since the TiO2 bandgap for direct
excitation is in the range 360–380 nm. The removal of
this range of photons clearly prevents cell failure occurring
rapidly.

3.7. Triiodide Regeneration by Application of a Reverse Bias.
During the course of these investigations, it was found
that UV-degraded and therefore I3

− depleted cells can be
regenerated by application of a reverse bias of around +1.3 V.
Figure 10 shows the IV curves of the same cell before UV
exposure, after UV exposure, and after electrolyte regenera-
tion treatment. It can be seen that the cell, having undergone
regeneration treatment, after a period of UV exposure, shows
no significant recovery in VOC but a partial recovery in
JSC, with increase being attributed to the regeneration of
I3
− charge carriers in the electrolyte. The production of

I3
− via application of reverse bias has been noted before

by Hauch and Georg [21], but it is not believed to have
been reported in connection with the regeneration of UV-
degraded DSCs. It was also found during these investigations
that the less severely UV degraded the cell, the more effective
the regeneration treatment is at recovering the cell to its
original properties. It may be possible that by refining this
treatment (in terms of the polarisation time, magnitude, and
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Figure 10: I-V curves of a typical photodegraded DSC cell before
UV exposure, after UV exposure, and after electrolyte regeneration
treatment.

its frequency of application) the regeneration of the devices
could be more effectively controlled. This is an attractive
solution to restoring device performance since it could be
periodically applied (e.g., at night) to maintain cell longevity.

4. Conclusion

Photocatalytic reactions instigated by UV irradiation are
detrimental to dye-sensitized solar cell performance, and this
study shows there are subtle changes that occur within a few
days of exposure that manifest themselves before changes in
cell efficiency are detected. The open circuit voltage, short
circuit current, and back reaction resistance (VOC, JSC, and
RBR) all change relatively rapidly, and these are therefore
potentially important indicators of cell degradation which
can be to quickly evaluate UV protection measures, such as
spectral cut-off filters. In addition, spectrophotometry is an
important and simple tool for evaluating which component
of the cell (dye or electrolyte) is under attack and enable
kinetics of the processes to be simultaneously evaluated.

The focus for degradation in cell performance in our
tests seems to be through TiO2 photocatalysed attack on
the electrolyte leading to consumption of the triiodide in
the electrolyte. This seems to come from an initial exposure
of TiO2 surfaces which is evidenced by a reduction in RBR.
The fall in RBR coincides with the onset of discolouration
of the electrolyte and is far more rapid in cells under load.
This indicates that, at open circuit, electrons injected into the
TiO2 by the dye are able to quench photogenerated holes as
there is no external transport mechanism. When an external
circuit is present, fewer TiO2 electron-hole pair recombina-
tions occur, leading to an increase in hole concentration and
an increase in the rate of I3

− consumption and therefore cell
degradation. In addition, removal of bandgap photons in the
range <400 nm stops the degradation of the electrolyte from
occurring. One reaction that could occur from the oxidative
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hole is the conversion of I− to I3
− resulting in increased

triiodide production and therefore an increase absorbance at
450 nm. Since this is not the case, then it could be possible
that the triiodide is oxidised to iodate. Work is continuing
in order to determine whether or not this is the case and
to establish if iodate is the reaction product and the nature
of the oxygen source (water or oxygen in the electrolyte or
directly from OH moieties on the TiO2 surface).

It seems that in the timescale of our irradiations, at least
the dye is not subject to degradation. Since it is the TiO2

photocatalysed oxidation that dominates, DSC stability can
be improved as would be expected by including appropriate
filters into the device to remove photons in the range of the
bandgap of the TiO2. In addition, application of a reverse
bias appears to regenerate depleted triiodide and restore
cell performance of UV-photodegraded DSCs. Work is also
continuing to establish whether a periodically applied reverse
bias to DSCs under UV and visible light soaking conditions
is an effective means of maintaining cell performance.

Acknowledgment

The authors would like to acknowledge support from
the Engineering Physical Science Research Council (EP/
E035205), the ERDF, through the Low Carbon Research
Institute, Tata Steel Europe, PV Accelerator, Shotton Works,
Deeside, and SPECIFIC at the College of Engineering,
Swansea University.

References

[1] M. Grätzel, “The advent of mesoscopic injection solar cells,”
Progress in Photovoltaics, vol. 14, no. 5, pp. 429–442, 2006.

[2] M. Grätzel and B. O’Regan, “A low-cost, high-efficiency solar
cell based on dye-sensitized colloidal TiO2 films,” Nature, vol.
353, no. 6346, pp. 737–740, 1991.

[3] M. K. Nazeeruddin, A. Kay, I. Rodicio et al., “Conversion of
light to electricity by cis-X2bis(2,2′-bipyridyl-4,4′-dicarboxy-
late)ruthenium(II) charge-transfer sensitizers (X = Cl-, Br-, I-,
CN-, and SCN-) on nanocrystalline TiO2 electrodes,” Journal
of the American Chemical Society, vol. 115, no. 14, pp. 6382–
6390, 1993.

[4] J. Li, L. M. Peter, and R. Potter, “Photoelectrochemical
response of TiO2 pigmented membranes,” Journal of Applied
Electrochemistry, vol. 14, no. 4, pp. 495–504, 1984.

[5] A. Mills, R. H. Davies, and D. Worsley, “Water purification by
semiconductor photocatalysis,” Chemical Society Reviews, vol.
22, no. 6, pp. 417–425, 1993.

[6] A. Wold, “Photocatalytic properties of titanium dioxide
(TiO2),” Chemistry of Materials, vol. 5, no. 3, pp. 280–283,
1993.

[7] D. F. Ollis, E. Pelizzetti, and N. Serpone, Photocatalysis: Fun-
damentals and Applications, John Wiley and Sons, New York,
NY, USA, 1989.

[8] A. J. Robinson, J. R. Searle, and D. A. Worsley, “Novel flat panel
reactor for monitoring photodegradation,” Materials Science
and Technology, vol. 20, no. 8, pp. 1041–1048, 2004.

[9] S. Liu, J. Yu, and M. Jaroniec, “Tunable photocatalytic selec-
tivity of hollow TiO2 microspheres composed of anatase
polyhedra with exposed 001 facets,” Journal of the American
Chemical Society, vol. 132, no. 34, pp. 11914–11916, 2010.

[10] Q. Xiang, J. Yu, and M. Jaroniec, “Tunable photocatalytic
selectivity of TiO2 films consisted of flower-like microspheres
with exposed 001 facets,” Chemical Communications, vol. 47,
no. 15, pp. 4532–4534, 2011.

[11] H. Matsui, K. Okada, T. Kitamura, and N. Tanabe, “Thermal
stability of dye-sensitized solar cells with current collecting
grid,” Solar Energy Materials and Solar Cells, vol. 93, no. 6-7,
pp. 1110–1115, 2009.

[12] M. Grätzel, “Photovoltaic performance and long-term stabil-
ity of dye-sensitized meosocopic solar cells,” Comptes Rendus
Chimie, vol. 9, no. 5-6, pp. 578–583, 2006.
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The diatomite-based porous ceramics was made by low-temperature sintering. Then the nano-TiO2/diatomite-based porous
ceramics composite materials were prepared by hydrolysis deposition method with titanium tetrachloride as the precursor of
TiO2 and diatomite-based porous as the supporting body of the nano-TiO2. The structure and microscopic appearance of nano-
TiO2/diatomite-based porous ceramics composite materials was characterized by XRD and SEM. The photocatalytic property of
the composite was investigated by the degradation of malachite green. Results showed that, after calcination at 550◦C, TiO2 thin
film loaded on the diatomite-based porous ceramics is anatase TiO2 and average grain size of TiO2 is about 10 nm. The degradation
ratio of the composite for 5 mg/L malachite green solution reached 86.2% after irradiation for 6 h under ultraviolet.

1. Introduction

Among various oxide semiconductor photocatalysts, titania
appears to be a promising and important prospect for using
in environment purification due to its strong oxidizing
power, photoinduced hydrophilicity, nontoxicity, consider-
ing cost, and chemical and photochemical stability [1–
3]. And its photocatalytic performance may be further
improved, through surface modification, or made into spe-
cial shape like nanotubular [4, 5]. But nano-TiO2 is not con-
venient to use and hard to recycle after using, so it has been
an important research direction for nano-TiO2-photo cataly-
sis that the nano-TiO2 is made to load on some porous mate-
rial, such as charcoal, silica, hierarchical flower-like boehmite
superstructures (HFBS), hierarchical flower-like β-Ni(OH)2

superstructures, montmorillonite, and diatomite [6–10].
The diatomite is a natural mineral materials with amor-

phous silica as main composition, which is low in bulk den-
sity, stable in chemical property, and large in specific area.
Many researchers have reported on the photocatalytic mate-
rial with diatomite as substrate. However, few were about the
loaded nano-TiO2 on the surface of diatomite-based porous
ceramics. In this paper, taking diatomite as base and adding

an amount of ultrafine tourmaline and sintering additive, we
prepared the diatomite-based porous ceramics by low-tem-
perature sintering and analyzed its characterization, and then
the nano-TiO2/diatomite-based porous ceramics composite
was made by hydrolysis deposition method with titanium
tetrachloride as the precursor of TiO2 and diatomite-based
porous as the supporting body of the nano-TiO2. The
photocatalysis property of the composite for the degradation
of malachite green was tested.

2. Experimental Section

The diatomite is from Linjiang Meston Powder Material Co.,
Ltd., whose main composition is SiO2 80.39%, Al2O3 4.07%,
and Fe2O3 1.87%. Its median particle size is 7.8 μm, specific
surface area 20.88 m2/g. Other materials are ultra-fine tour-
maline (median particle size 2.80 μm), sintering assistant,
cementing agent, and dispersing agent.

Titanium tetrachloride, ammonium sulfate, is from Bei-
jing Yili Fine Chemical Co., Ltd. Malachite-green is from
Beijing Beihua Chemical Co., Ltd. First, the diatomite, tour-
maline, sintering assistant with water, some dispersing agent,
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and cementing agent were mixed and milled to 1.2 μm aver-
age particle size in the sand mill Mini-Zeta and then dried in
oven at 105◦C and formed under 40 MPa, sintered at 960◦C.
The preparation route of the composite of nano-TiO2 sup-
ported on diatomite-based porous ceramic is as in Scheme 1.

The phase composition of the carrier and titanium diox-
ide thin membrane has been confirmed by Dutch X-ray
diffraction (tube voltage 40 kV, tube electric current 40 mA,
Cu target, length of stride A = 1.5406 λ, the rate of march
5◦/min, collects diffraction data scope 20◦∼80◦). The micro-
structure of porous ceramics composite was observed with
scanning electronic microscope (SEM, ST-2000).

Photocatalytic activity experiments of the nano-TiO2/
diatomite-based porous ceramics composites was carried out
in a photo-catalytic test equipment shown in Figure 1, taking
5 mg/L, 10 mg/L, and 20 mg/L malachite green solution as
initial density. First, the composites were soaked 24 h in the
malachite green solution then dried and put on the support
in the beaker (1 g sample for 100 g malachite green solution).
The position of the composites is 5 mm under the liquid
level, and the distance between the liquid level and ultraviolet
tube is 50 mm. The 5 mL reaction suspension sample was
taken in space for 30 min. The absorbency of suspension
in irradiated photo-catalytic degradation processing (in the
lens hood) was tested with a spectrophotometer (UV-2000,
Shanghai) at solution characteristic wavelength (malachite
green λmax = 618 nm). Photo-catalytic activity of the nano-
TiO2/diatomite-based porous ceramics composites was
characterized by malachite green solution degeneration rate
or decoloration rate. According to Langmuir law, there is a
linear relation between the absorbency and the density at the
characteristic wavelength. The decoloration rate calculates
as follows:

η = (A0 − At)
A0

× 100%. (1)

Herein, η stands for the malachite green solution decol-
oration rate, A0 stands for the absorbency of malachite green
solution, and At stands for the absorbency after illumination
t time.

3. Results and Discussion

Figure 2 shows the SEM photograph of diatomite-based
porous ceramics (Figure 2(a)) and the nano-TiO2/diatomite-
based porous ceramics composite (Figure 2(b)). As in
Figure 2(a), plentiful diatomaceous primitive hole and the
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Figure 1: The instrument of degradation on malachite-green 1-
Lens hood; 2-support; 3-malachite green solution; 4-magnetic force
stirrer; 5-high-pressure mercury lamp; 6-diatomite-based porous
ceramics loaded titanium dioxide; 7-cooling water; 8-roter.

crevice formed by the pellet stack in the diatomite-based
porous ceramics can be observed, the aperture of which is
tiny. As in Figure 2(b), on the diatomite-based porous ce-
ramics surface and the opening wall, the size of grain that
is dispersed evenly in the diatomite-based porous ceramics
surface and the passageway is about 10 nm. This kind
of microstructure is important to increase the active sites of
the photochemical catalysis and improve the photochemical
catalysis efficiency. And the BET surface area of composite is
28.9 m2/g.

The XRD patterns of samples of diatomite-based porous
ceramics and nano-TiO2/diatomite-based porous ceramics
composites are shown in Figure 3. The peaks at 2θ = 26.8◦,
36.8◦ are characteristic peaks of silica, which show that
silica is the primarily composition of diatomite-based porous
ceramics. For the nano-TiO2/diatomite-based porous ceram-
ics composite, the characteristic peaks of anatase crystal TiO2

have been shown at 2θ = 25.2◦ (101), 37.7◦ (004), 48.0◦ (200),
and so on, which explains that the tiny grain deposited on
surface of the diatomite-based porous ceramics was anatase.

By diffraction peak width B at half intension of
Figure 3(2), the average grain size of TiO2 calculated by
Scherrer’s formula is 10.6 nm, which is consistent with
Figure 2(b) observed.

Figure 4 is EDS spectra of diatomite porous ceramics and
nano-TiO2/diatomite-based porous ceramics composites. As
in Figure 4(a), diatomite-based porous ceramics is mainly
composed of Si, O, Al, K, Fe, Si, and so forth, and the Si, O
element content is outstanding, which is consistent with its
X-diffraction pattern of diatomite-based porous ceramics.
For the nano-TiO2/diatomite-based porous ceramics com-
posite, the Ti element peaks may be seen from Figure 4(b).
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Figure 2: SEM photograph of diatomite-based porous ceramics (a) and nano-TiO2/diatomite-based porous ceramics composite (b).
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Figure 3: XRD patterns of samples. 1: diatomite-based porous
ceramics. 2: nano-TiO2/diatomite-based porous ceramics compos-
ite.

Because of Ti element in surface layer of the diatomite-based
porous ceramics, Si, Al, and other elements peaks intensity
is obviously dropped. And the TiO2 concentration of the
composite obtained through EDS spectra is about 10.11%.

Figure 5 is the degradation rate curve of different initial
densities of malachite green solution with the illumination
time. The results indicate that degeneration rate rises grad-
ually with the illumination time. At first, the degradation
speed is quick, which slows down after 3 h. With illumi-
nation time increases, the intermediary products increase,
accumulate on the TiO2 film, and then reduce the active
sites participating in the response, which decrease the photo-
catalytic activity. The higher the initial density is, the lower
is the photocatalysis degradation rate. With the malachite
green density thickens, the solution light-admitting quality
drops as well as the ultraviolet light intensity which irradiates

to the film surface to stimulate photochemical catalysis
reduces. When initial density of the malachite green solution
is 5 mg/L, the degradation rate of it is at its maximum, which
reaches 82.4% and is higher than pure TiO2 (74.5%) in 6 h.

Nano-TiO2/diatomite-based porous ceramics compos-
ites can improve the photocatalysis effect for malachite
green solution, which is related to the properties of support
material. Firstly, the porous ceramics surface and the opening
wall are quite rough, the specific surface area is high, and
the physical adsorption force between ceramics and the
TiO2 particles is strong. Once they contact, opposite electric
charges will accumulate in the contact surface for electron
transporting, which attract mutually, and strengthen the
adsorption of TiO2 thin film to carrier. Secondly, the pore
structures of the diatomite-based porous ceramics provide
more surface activity sites and increase illumination area of
TiO2 thin film and the number of the catalyst granule, which
is advantageous to improve the photocatalysis efficiency. The
primary cause of low nano-TiO2 photocatalysis quantum
efficiency is when the valence band electrons jump to
conduction band after absorbed proper photon, lots of
electrons in conduction band will return and recombine with
holes in valence band. Electrons and holes will be excitated,
when nano-TiO2 loaded on diatomite-based porous ceram-
ics contact with light. Although the photocatalyst of the inner
pore cannot obtain illumination, which is advantageous to
the electron transporting. It will reduce the recombination
probability of surface layer holes and electrons and improve
the photocatalysis activity.

Moreover, the ultrafine tourmaline introduced in the di-
atomite-based porous ceramics will increase the photo-
catalytic activity of the material. The tourmaline itself in the
diatomite-based porous ceramics has permanent electrode,
and strong electric field (superficial field intensity achieves
107 V/cm3) existing on the surface will affect nano-TiO2

under ultraviolet illumination. The conduction band elec-
trons stimulated by high-energy photon are shifted to other
mediums or the tourmaline-positive electrode in the tour-
maline electric field, which reduces the compound probabil-
ity of the holes and the electrons and raises the photoproduc-
tion hole applying factor.
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Figure 4: EDS spectra of diatomite-based porous ceramics (a) and Nano-TiO2/diatomite-based porous ceramics composite (b).
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Figure 5: Photocatalysis degeneration curves of malachite green.
1 : 5 mg/L; 2 : 10 mg/L; 3 : 20 mg/L.

4. Conclusions

Taking diatomite as the main material with same ultrafine
tourmaline powders and sintering additive added, the porous
ceramics with tiny apertures has been made by sintering at
low temperature.

Nano-TiO2 diatomite-based porous ceramics composites
with titanium tetrachloride as the precursor has been made
by hydrolysis deposition. TiO2 thin film loaded on the
surface of diatomite-based porous ceramics is anatase TiO2

crystal, and the average grain size of TiO2 is about 10 nm.
Using the nano-TiO2 diatomite-based porous ceramics

composites to catalyze the malachite green, the degradation
ratio of the malachite green reached 86.2% after irradiation
6 h under ultraviolet with initial density of malachite green
solution 5 mg/L.
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Titanium dioxide (TiO2) doped with neodymium (Nd), one rare earth element, has been synthesized by a sol-gel method for the
photocatalytic degradation of rhodamine-B under visible light. The prepared samples are characterized by X-ray diffractometer,
Raman spectroscopy, UV-Vis diffuse reflectance spectroscopy, X-ray photoelectron spectroscopy, and Brunauer-Emmett-Teller
measurement. The results indicate that the prepared samples have anatase and brookite phases. Additionally, Nd as Nd3+ may enter
into the lattice of TiO2 and the presence of Nd3+ substantially enhances the photocatalytic activity of TiO2 under visible light. In
order to further explore the mechanism of photocatalytic degradation of organic pollutant, photoluminescence spectrometer and
scavenger addition method have been employed. It is found that hydroxide radicals produced by Nd-doped TiO2 under visible
light are one of reactive species for Rh-B degradation and photogenerated electrons are mainly responsible for the formation of
the reactive species.

1. Introduction

Dye wastewater discharged into nature mainly by dyestuff,
textile industry, and some artificial way causes severe eco-
logical problems. These compounds are highly colored and
can heavily contaminate water source. Chemical oxidation
method for dye wastewater treatment is too costly and
physical adsorption method often results in secondary pol-
lution [1]. Many attempts have been carried out to develop
efficient biological methods to decolorize these effluents
but they have not been very successful. Semiconductor
TiO2 as a photocatalyst has been deeply investigated and
can successfully degrade various organic pollutants [2–6].
However, the overall efficiency achieved so far with TiO2-
based systems is not sufficiently high to enable practical
applications. This low efficiency is mainly due to the fast
recombination of charge carriers produced by irradiated
TiO2 and thus the low quantum yield in the generation of

reactive species for organic degradation [7, 8]. Moreover, due
to its large bandgap (∼3.2 eV), all photo-driven applications
of TiO2 require ultraviolet light excitation. As a consequence,
TiO2 shows photocatalytic activities under only a small
fraction (<5%) of solar irradiation [9], limiting its practical
applications. Therefore, the modification of TiO2 to enhance
light absorption and photocatalytic activities under visible
light has been the subject of recent research [10].

Many factors that influence the photodegradation effi-
ciency of organic pollutants over TiO2 have been reported
during the past 30 years. The main focus is the phys-
ical properties of TiO2, including crystal phases, crystal
facets, crystallinity, particle size, surface area, porosity, and
morphology. It is not easy to make a reliable correlation
between the structure and photoactivity of TiO2 because
the solid physical properties often affect one another. In
general, anatase is considered to be much more active than
rutile, while a mixture of anatase and rutile, like Degussa
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P25, is claimed to be more active than anatase. So far,
TiO2 with anatase and brookite phases as a photocatalyst
has been rarely studied because brookite TiO2 has no
activity for organic pollutant degradation and it needs higher
temperature to prepare. Moreover, there has been little report
about brookite TiO2 preparation at low temperature.

The investigations about introducing foreign species are
in progress for improving the photocatalytic activity of TiO2

and broadening its absorption to solar spectrum. Among
them, titania doped with metals or metallic cations such
as transition metallic cations, rare metal cations, and noble
metal have been widely explored [11, 12]. On one hand,
these doped metallic cations tend to serve as recombination
centers. As a result, in most cases, photoexcited charges
are recombined by the sites of doping metallic cations
[13]. On the other hand, it has been reported that suitable
amount of metallic cation doping can promote the sepa-
ration of photogenerated electrons for the improvement of
photocatalytic activity [14, 15]. It is obvious that there is
conflict. So, although there are quite a few publications about
metal-doped TiO2, the mechanism for the improvement of
photocatalytic activity has not been clear so far. It needs
explore in detail.

In this paper, to explore the mechanism of photodegrada-
tion of organic pollutant by rare earth element-doped TiO2,
neodymium (Nd) ion was selected as a TiO2 dopant due
to its stability to form complexes with various Lewis bases
in the interaction of these functional groups with f-orbitals
of neodymium metal [16]. Thus, incorporation of Nd ion
into a TiO2 matrix could provide an effective method to
concentrate the organic pollutant at semiconductor surface.
Here, Nd-doped TiO2 samples were prepared by sol-gel
method together with pure TiO2 for comparison. The char-
acteristics and properties of these photocatalyst were studied.
The photocatalytic activity was evaluated by measuring
photodegradation efficiency of rhodamine-B (Rh-B) under
visible light. The photocatalytic mechanism of Nd-doped
TiO2 was also investigated in detail by photoluminescence
spectrometer (PL) [17] and scavenger addition method [18].

2. Experimental Section

2.1. Materials. The chemicals used in this experiment except
P25 were all analytical reagent and purchased from Shanghai
Guoyao Chemical Co. Pure TiO2, P25, was commercial
product from Germany. The used water throughout the
whole research was double-distilled water.

2.2. Experimental Procedure. Neodymium-doped TiO2 sam-
ples (Nd-doped TiO2) were prepared by sol-gel method.
First, 5 mL of TiCl4 was dissolved and hydrolyzed with
200 mL distilled frozen water (0◦C). Second, Nd2O3 with cer-
tain amount required for doping was suspended into a small
amount of ethanol and then added to the above solution to
produce transparent Nd3+ aqueous solution under vigorous
stirring. Third, 10 M NaOH aqueous solution was added
dropwisely into the transparent TiCl4 aqueous solution with

Nd3+ to obtain a grey precipitate with an ultimate suspension
of pH = 10.

In order to remove residual Na+ and Cl− ions, the pre-
cipitate was adequately washed with deionized water till the
pH value of filtrated water was below 7. Then, the amor-
phous Nd-doped TiO2 was well dispersed into 400 mL of
water, and chloride acid (20%) was added with correspond-
ing amount. The above suspension was adjusted to pH 1.5,
stirred for 4 hours at room temperature, and then had
been aged at 70◦C for 24 h in airproof condition. Finally,
Nd3+-modified TiO2 sol was formed with uniform, stable,
and semitransparent characteristics. The obtained sol can
maintain homogenous distribution for a long time without
sedimentation and delamination. Powder sample was pre-
pared by aging, gelation, and vacuum-drying treatment of
the above sol at 70◦C for 8 hours. TiO2 sample was also
prepared by the same procedure without the addition of the
neodymium oxide suspension. The pure TiO2 and Nd-doped
TiO2 samples were annealed in air at 400◦C for 3 hours and
ground to fine particles for different analysis.

2.3. Characterization of Photocatalysts. The crystalline phases
of the synthesized TiO2 and Nd-doped TiO2 catalyst were
analyzed by a Y-2000 diffractometer (D/max 30 kV) using
graphite monochromatic copper radiation (Cu Kα) (λ =
0.154178 nm) at a scan rate of 0.06◦ 2θ·s−1 at 40 kV, 40 mA
over the diffraction angle range of 10 ∼ 60◦. Raman spectro-
scopy measurements were performed by using a Jobin Yvon
Lab RAM HR 800UV micro-Raman system under an Ar+

(514.5 nm) laser excitation. UV-Vis diffuse reflectance spec-
tra (DRS) were recorded with a PerkinElmer Lambda 35
Spectrophotometer. X-ray photoelectron spectra (XPS) mea-
surements were performed in a PHI Quantum 2000 XPS
system with a monochromatic Al Kα source and charge
neutralizer to analyze surface chemicals and evaluate the
amount and states of Nd atoms in the prepared samples.
Nitrogen adsorption/desorption isotherms and Brunauer-
Emmett-Teller (BET) specific surface area (SBET) were
recorded on a Micrometrics ASAP 2010 analyzer (accelerated
surface area and porosimetry system). All the samples were
treated at 100◦C prior to BET measurements. Barret-Joyner-
Halender (BJH) method was used to determine pore size
distribution. The formation of hydroxyl radicals (•OH) on
the surface of prepared samples under visible light was
detected by a terephthalic acid (TA) probe method [17].
The PL spectra of generated 2-hydroxyterephthalic acid
(TAOH) were measured by using a PerkinElmer Lambda 55
fluorescence spectrophotometer.

2.4. Photocatalytic Activity Measurement. The photocatalytic
activities of the prepared samples were examined by the
degradation of Rh-B under visible light. A 350 W Xenon
lamp (Lap Pu, XQ) was used as a light source with a
420 nm cutoff filter right above the reactor to provide visible-
light irradiation. The experiments were performed in self-
constructed beaker-like glassware reactor with double walls
for cooling system. 0.1 g of prepared sample was dispersed in
100 mL Rh-B solution with concentration of 10 μM. Prior to
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irradiation, the solution was stirred in dark for 30 minutes
to reach an adsorption/desorption equilibrium. Then, the
solution was exposed to light while stirring. 1 mL suspension
was collected every 30 minutes and was centrifuged for
solid-liquid separation. Rh-B residue concentration was
determined by measuring characteristic absorption intensity
of Rh-B absorption spectrum over a Shimadzu UV-1700 UV-
vis spectrophotometer.

Scavenger addition method [18] was used to explore the
mechanism of photodegradation of Rh-B over Nd-doped
TiO2. The whole process was almost the same as that of the
above photocatalytic activity measurement except with the
presence of different scavengers: sodium oxalate (Na2Cr2O4)
as hole scavenger, KI as hole, and •OH scavenger and
K2Cr2O6 (Cr (VI)) as electron scavenger.

3. Results and Discussion

3.1. Characterization of TiO2 and Nd-Doped TiO2 Photocata-
lysts. The degree of crystallinity and crystal structure of the
prepared TiO2 and Nd-doped TiO2 samples were examined
by XRD. The diffractograms recorded are shown in Figure 1.
It reveals that the samples had anatase and brookite phases,
a mixture of crystal structure. The phase content for the
prepared samples is displayed in Table 1. With the increase in
Nd doping amount, brookite phase content increased. In this
study, the addition of NaOH to reaction solution increased
pH value, leading to the increase of OH− concentration. This
might promote the formation of brookite phase because its
complex consumed the amount of OH− twice as much as
rutile’s one. However, too much NaOH could result in the
formation of amorphous TiO2 which contained much more
OH− than brookite complex [19–22]. The grain sizes of the
prepared TiO2 and Nd-doped TiO2 powders were calculated
using Scherrer equation:

D = Kλ

β cos θ
, (1)

where D is crystalline size, λ the wavelength of X-ray
radiation (0.1541 nm), K the constant usually taken as 0.89,
and β the peak width at half-maximum height and θ
diffraction angle. The obtained crystalline sizes are shown in
Table 1. There was almost no change for crystallite size when
Nd was incorporated (20.32 nm for pure TiO2 and 20.35 nm
for Nd-doped TiO2 with Ti : Nd = 11 : 1). The phase content
of TiO2 can be calculated from the integrated intensities of
anatase (101), rutile (101), and brookite (121) peaks with the
following formulas [23]:

WA = kAAA

kAAA + AR + kBAB
,

WR = AR

kAAA + AR + kBAB
,

WB = kBAB

kAAA + AR + kBAB
,

(2)

where WA, WR, WB represent the weight fractions of anatase,
rutile, and brookite, respectively. The other symbols AA, AR,

and AB are the integrated intensities of anatase (101), rutile
(110), and brookite (121) peaks, respectively. The variables
kA and kB are two coefficients and their values are 0.886 and
2.721, respectively. The calculated data are shown in Table 1.

Substantially, the enlarged peaks at (101) (JCPDS num-
ber: 21-1272) and (121) plane for the three samples (Figures
1(B) and 1(C)) showed a slight shift to smaller angles with
Nd incorporation. It indicates that Nd ion could enter into
TiO2 lattice or interstitial site. We know that the difference in
ionic radius between neodymium ion (Nd3+ = 0.11 nm) and
titanium ion (Ti4+ = 0.064 nm) is large. Without calcination
treatment in high temperature, neodymium ions introduced
by the coprecipitation-peptization method would unlikely
enter into TiO2 crystal structure. Actually, during TiCl4
hydrolysis and peptization reaction, neodymium and oxygen
ions could form Nd-O oxide on the superficial layer of TiO2

[19, 20] particle by chemical bonding process and Nd3+

ions mainly existed as Nd–O–Ti in Nd-doped TiO2 mixture
[25]. So, the conversion from amorphous to well-crystalline
structure usually requires high annealing temperature of at
least 400◦C.

The XRD studies revealed the anatase and brookite
structure of the prepared samples. The formation of the
structure was further confirmed by Raman spectroscopy.
In Figure 2(A), Raman spectra of pure TiO2 and Nd-
doped TiO2 are shown. It can be seen that the peaks ob-
served at around 144.86, 398.17, 515.33, and 637.86 cm−1

were attributed to anatase TiO2. The strongest Eg mode at
144.86 cm−1 arising from the external vibration of the
anatase structure was well resolved, which indicates that
anatase phase was formed in the as-prepared nanocrystals
[24]. Its amplified figure is shown in Figure 2(B). It can be
found that there was a distinct shift to high wave number
after Nd doping, which is also an evidence to verify that
Nd may be introduced into the lattice or interstitial site of
titania. Additionally, there were three weak peaks at 240.22,
317.01, and 360.44 cm−1 attributed to vibration modes for
brookite phase of TiO2 in Figure 2(A). The absence of the
characteristic vibration modes of Nd or Nd2O3 in the Raman
spectra suggests that there was no Nd2O3 segregation into
TiO2.

The UV-Vis diffuse reflectance spectra (DRS) for the
doped and the undoped TiO2 nanoparticles samples are
presented in Figure 3. Modification of TiO2 with Nd sig-
nificantly affected the light absorption property of the photo-
catalysts. A red shift of the absorption edge toward the visible
region was observed for Nd-doped TiO2 compared with
pure TiO2. From XRD and Raman data, we can see that Nd
doping led to a little change of TiO2 crystal structure and
there was a little shift for the main peaks. The change of
TiO2 crystal structure may be due to the incorporation of
Nd ion into TiO2 lattice. It can result in new energy level
in the bandgap and charge transfer between TiO2 valence
band and Nd ion doping level [21]. As a result, the Nd-
doped TiO2 had lower bandgap and the presence of Nd in
the doped photocatalyst facilitated visible-light absorption.
By plotting (αE)1/2 versus E with α the absorption coefficient,
the bandgap was calculated to be 3.11 eV for pure TiO2,
2.57 eV for Nd-doped TiO2 with Ti : Nd = 23 : 1 and 2.33 eV
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Figure 1: (A) XRD patterns of pure TiO2 (a), Nd-doped TiO2 with Ti : Nd = 23 : 1 (b), and Nd-doped TiO2 with Ti : Nd = 11 : 1 (c). ∗anatase,
#brookite. (B) The enlarged peak at (101) plane and (C) enlarged peak at (121) plane.

Table 1: Summary of the physicochemical properties of TiO2 and Nd-doped TiO2 composites.

Sample
Average size

crystalline size (nm)a

Phase contentb (%) BET surface area
(m2·g−1)

Pore size (nm)c Total volume pore
(cm3·g−1)

Bandgap (eV)
Anatase Brookite

Pure TiO2 20.32 13.97 86.02 72.46 3.54 0.172 3.11

Nd-doped TiO2

(Ti : Nd = 23 : 1)
20.32 9.500 90.49 67.18 2.40 0.0830 2.57

Nd-doped TiO2

(Ti : Nd = 11 : 1)
20.35 7.660 92.35 59.54 2.76 0.0831 2.33

a
Determined by XRD using Scherrer equation based on (121) peak.

bCalculated using the formula in [24].
cCalculated from SBET.
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Figure 2: (A) Raman spectra of pure TiO2 (a), Nd-doped TiO2 with Ti : Nd = 23 : 1 (b), and Nd-doped TiO2 with Ti : Nd = 11 : 1 (c). (B)
The enlarged peak at 144.86 cm−1.
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Figure 3: UV-Vis diffuse reflectance spectra of pure TiO2 (a), Nd-
doped TiO2 with Ti : Nd = 23 : 1 (b), and Nd-doped TiO2 with
Ti : Nd = 11 : 1 (c).

for that with Ti : Nd = 11 : 1. So, with the presence of Nd
ion in TiO2 lattice, the bandgap of the materials decreased
distinctly. Additionally, with the increase of Nd doping
amount, the bandgap decreased gradually. It indicates that
the Nd-doped TiO2 samples may have the higher ability to
absorb visible light.

XPS technique is used to investigate chemical component
at the surface of a sample. Figure 4 shows high-resolution
XPS spectrum for Nd in the doped TiO2 sample. Although
the peak for Nd was not so distinct, it can be confirmed
that Nd was present in the doped sample. Figure 5 shows
the high-resolution XPS spectrum for Ti 2p in pure TiO2

and Nd-doped TiO2 (Ti : Nd = 11 : 1) samples. The binding

1035 1020 1005 990 975

Binding energy (eV)

Figure 4: High-resolution XPS spectrum of Nd 3d for Nd-doped
TiO2 with Ti : Nd = 11 : 1.

energy had 0.49 eV shift for Ti 2p3/2 and 0.65 eV for Ti
2p1/2, indicating the presence of Ti4+ and Ti3+. Besides, the
graph of doped sample was fitted by three subpeaks with
the binding energy of 460.05, 458.86, and 458.27 eV, which
indicates the presence of Ti4+, Nd–Ti, and Ti3+, respectively.
So, the complete incorporation of Nd into TiO2 lattice can be
verified. The XPS spectra of the O 1s region of the pure TiO2

could be fitted into two subpeaks at 529.36 and 531.08 eV
(Figure 6(a)), corresponding to the Ti–O bond in TiO2 and
hydroxyl groups on the surface, respectively. However, the
O 1s peak for Nd-doped TiO2 was located at 530.21 eV and
board. It could be fitted into three subpeaks at about 530.21,
531.34, and 532.84 eV (in Figure 6(b)), which can be ascribed
to Ti–O, Nd–O, and hydroxyl group, respectively [26–28].
Therefore, three types of oxygen existed on the photocatalyst



6 International Journal of Photoenergy

470 468 466 464 462 460 458 456

Binding energy (eV)

464.1 458.27
458.86

460.08 458.76

Ti 2p3/2

Ti 2p1/2

464.75

(a)

(b)

(a) Pure TiO2
(b) Ti : Nd = 11 : 1
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Figure 6: High-resolution XPS spectra of O 1s for pure TiO2 (a)
Nd-doped TiO2 with Ti : Nd = 11 : 1 (b).

surface, including Ti–O in TiO2, Nd–O, and hydroxyl group.
These hydroxyl groups as hole trapped sites may inhibit the
simple recombination of electron hole [29].

Surface textural characteristics of the samples pure TiO2

and Nd-doped TiO2 are derived from N2 adsorption analysis.
Specific surface area (SBET) by BET method, total pore
volume calculated at P/P0 = 0.99, and average pore diameter
values are presented in Table 1. The adsorption isotherms
(Figure 7) of the samples showed type IV behaviour with
the typical hysteresis loop. This hysteresis is characteristic of
mesoporous materials [30, 31]. The pore size distributions
for the pure TiO2 and Nd-doped samples are shown in
Figure 8, which confirms the mesoporous nature of the
samples. It can be seen in Table 1 that the doped sample had
lower surface area and narrower average pore size distribu-
tion than the undoped one. This might be due to the slight
increase of crystalline size for the doped titania mentioned in
XRD pattern.

3.2. Photocatalytic Activity of Prepared Samples. The photo-
catalytic property of titania is known to depend on several
factors like crystallinity, phase assemblage, and surface area
[32]. The photocatalytic activity of neodymium-doped and
undoped titania was studied through Rh-B degradation
under visible light in comparison with commercial product
P25. Figure 9 shows the variations of Rh-B concentration
against irradiation time with the presence of photocatalysts.
It can be seen that the concentration of Rh-B decreased
gradually with the exposure time for the pure and doped
TiO2 samples. Without the presence of photocatalysts,
almost no Rh-B could be degraded. The results illustrate
that all of the prepared samples had the ability for Rh-
B degradation under visible light even for pure TiO2 and
P25. Additionally, with the increase of Nd doping amount,
the photocatalytic activity for the Nd-doped TiO2 increased.
However, when the amount of Nd in the doped TiO2 was too
much (Ti : Nd ≥ 6 : 1), the activity was even lower than that
of pure TiO2 and P25. So, there is an optional Nd doping
amount, which is in accordance with the published studies
[14, 33]. Nevertheless, the optional Nd doping amount is
0.5% [14] and 1∼ 3 wt% [33] in the two papers. The amount
calculated by raw reagents for the formation of Nd-doped
TiO2 samples was about 9%, which is much higher. In fact,
there should not be so much Nd incorporated into TiO2 in
this case. The measurement of actual Nd amount in TiO2 is
in progress.

3.3. Mechanism for Photocatalytic Activity Improvement by
Nd Doping. From Figure 9, we can see that even pure TiO2

could degrade Rh-B under visible light. It is known that Rh-
B can be excited by visible light and inject electrons to the
conduction band of TiO2. So, the injected electrons react
with O2 molecules adsorbed on TiO2 surface to yield •O2

−

radical anion and subsequently HO• radical by protonation
[34]. So, in this case, Rh-B can be degraded in even undoped
TiO2 and P25 systems although their photodegradation
efficiency is not high.
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Figure 7: N2 adsorption/desorption isotherms of pure TiO2 (a) and Nd-doped TiO2 with Ti : Nd = 11 : 1 (b).
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From Table 1 and Figure 7, we can see that the surface
area of Nd-doped samples was lower than that of pure
TiO2 although all of them had mesoporous structure. So,
based on dye and O2 adsorption, there is no advantage for
Nd doped samples compared with pure TiO2. As discussed
in the XRD patterns and XPS spectra, there is Nd which
may substitute titanium in the lattice and exist as the state
of Nd3+ although the ion radius of Nd3+ is much larger
than that of Ti4+. The doping energy level of Nd3+/Nd2+

is −0.4 eV [35], which is more positive than the potential
of conduction band of TiO2 particles {Ecb = −0.5 eV
versus NHE (normal hydrogen electrode) at pH = 1} [36].
Therefore, after Nd doing, the electrons can be excited from
valance band to the Nd3+/Nd2+doping energy level under
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and (f) over P25.

visible light. The UV-Vis spectra verifies that the Nd doped
TiO2 had lower bandgap than TiO2 and was responsive to
visible light (Figure 3). Besides, the energy of Nd3+/Nd2+ is
below the conduction band of TiO2, so that it is easy for Nd3+

to capture injected electron by Rh-B from the conduction
band. The electrons on the Nd3+/Nd2+ level can react with
O2 adsorbed on TiO2 surface to yield •O2

− radical anion
and subsequently HO• radical by protonation, just as the
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electrons generated by Rh-B do. So, with the presence of
part Nd in the lattice of TiO2, there are more photogenerated
electrons which participate in the formation of •O2

− radical
anion and subsequently HO• radical by protonation for dye
degradation.

It can be seen from Figure 9 that the Nd-doped TiO2 with
Ti : Nd = 6 : 1 shows a negative effect on the photodegrada-
tion of Rh-B. In fact, metal ion dopant can act as a mediator
of interfacial charge transfer or act as recombination center.
So, there is an optimal value for dopant concentration [37].
Here, the doping energy level of Nd3+/Nd2+ has three func-
tions: firstly, it can capture electrons from the conduction
band of TiO2 that injected from the dye, and thus the number
of hydroxide radicals is reduced; secondly, electrons can be
excited to the Nd3+/Nd2+ energy level from the valence band
of TiO2, and then the holes leaving on the valance band
can degrade dyes; thirdly, Nd3+/Nd2+ energy level can be
the recombination center if the dopant concentration is not
proper. These three processes compete with each other, so
it is critical to find an optimal dopant concentration. In our
experiment, from the result of photocatalytic activity, we can
deduce that Nd doping concentration of 4∼ 9 at. %, resulting
in the good photocatalytic performance of Nd-doped TiO2.

From the discussed above, we know that Nd doping
level exists between bandgap of TiO2 and is close to the
conduction band, which corresponds to the calculation
results [14]. So, with Nd-doped TiO2 as a photocatalyst
irradiated under visible light, there are photogenerated holes
and electrons which participate in the Rh-B degradation.
It is well known that in liquid photocatalysis system, hole
may oxidize organic pollutant directly or form hydroxide
radical for degradation, and photogenerated electron can
form •OH through the reaction with adsorbed •O2

−. In
order to explore which, photogenerated hole or electron, is
mainly responsible for Rh-B degradation, some scavengers
were used to investigate the specific reactive species that may
play important roles in this process [18]. Na2Cr2O4 was used
as hole scavenger, KI as the scavenger for hole and •OH, and
Cr (VI) for electron. Figure 10 shows the photodegradation
efficiencies of Rh-B over Nd-doped TiO2 (Ti : Nd = 11 : 1)
in the presence of the scavengers under visible light. It can
be seen that when Na2Cr2O4 was used as diagnostic tool for
suppressing the hole process, the photocatalytic degradation
of Rh-B was inhibited but not down close to zero as shown in
Figure 10. From this inhibited effect, it can be deduced that
photogenerated holes played a role in the photodegradation
of Rh-B under visible light. In the presence of KI as hole
and •OH scavenger, the removal efficiency of Rh-B was
almost the same as that Na2Cr2O4. It indicates that •OH
played a significant role in the system since the inhibition
effect of •OH can be regarded to be close to 100% after
the deduction of hole effect. The addition of Cr (VI) as
electron scavenger resulted in the degradation of only 6%
of Rh-B after 90 min, which means that there was almost
no activity for the photocatalyst with electron inhibition
effect in the system. So, photogenerated electrons played a
very important role in the degradation system. We know
that the electrons resulted from Nd-doped TiO2 and excited
dye have strong reductive ability and they can reduce the
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adsorbed oxygen into •O2
− and then •OH formation by

protonation. These •OH and •O2
− on the surface of the

photocatalyst can degrade the adsorbed Rh-B [38]. From
Figure 10, it can be concluded that •O2

− and •OH are major
reactive species for the photocatalytic degradation of Rh-
B, and photogenerated electrons from Nd-doped TiO2 are
responsible for the improvement of photocatalytic activity of
the Nd-doped TiO2.

In order to verify that •OH is present in the photodegra-
dation system, the changes of PL spectra of terephthalic
acid solution with irradiation time were recorded and the
data is shown in Figure 11. It can be seen that a gradual
increase in PL intensity at about 430 nm was observed with
the increase of irradiation time. However, no PL increase
was observed in the absence of visible light or Nd-doped
TiO2 sample. This suggests that the fluorescence is from
the chemical reaction between terephthalic acid and •OH
formed via photogenerated holes and electrons. Usually, PL
intensity is proportional to the amount of produced hydroxyl
radical over the photocatalyst [38]. So, the amount of formed
hydroxyl radical gradually increased for Rh-B degradation
under visible light with the increase of time.

Moreover, since the radius of Nd3+ is much larger than
that of Ti4+, it will be difficult for all of Nd ions added to enter
into TiO2 lattice. So, the presence of Nd3+ or Nd metal on
nanoparticle surface may also promote the charge separation
to improve photocatalytic activity of Nd-doped TiO2, which
has been described by many published papers [14, 39–43].

4. Conclusion

In summary, a simple sol-gel method has been used for
the preparation of Nd-doped titania nanoparticles with
anatase and brookite phases. The prepared samples can
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achieve photocatalytic degradation of dye (Rh-B) under
visible light, and Nd-doped TiO2 has better activity than
pure TiO2 and P25. The enhanced activity is related to the
change of crystalline structure of TiO2. Partial Nd enters
into TiO2 lattice for the formation of doping level, which
makes TiO2 responsive to visible light. In Rh-B degradation
system, hydroxide radicals as one of the reactive species are
mainly produced by photogenerated electrons both from
dye and Nd-doped TiO2 excitation and they are responsible
for Rh-B degradation. The contribution from hole is not
as pronounced as electron for the formation of hydroxide
radials. This study may shed light on the improvement of
photocatalytic activity of TiO2 under solar light by using
metal doping method.
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Undoped and nitrogen-doped Bi12TiO20 materials were synthesized by urea addition sol-gel method. By adding urea, undoped, and
N-doped gel-type precursors were synthesized by low-temperature dehydrolyzation. Nitrogen-doped and undoped nanocrystalline
Bi12TiO20 were prepared by annealing at 600◦C for 30 minutes. From UV-Vis absorption and diffuse reflection spectrum, the
absorbing band shifted from 420 to 500 nm by nitrogen doping. The bonds of Ti–N and N–O were identified by XPS spectra
from the prepared materials, and the enhancement of visible light absorption was attributed to nitrogen’s substitution of oxygen.
Photocatalytic properties of prepared materials were characterized by the decomposition of Rhodamine B illuminated by whole
spectra of 300 W Xe light. The photocatalyst Bi12TiO20−yNy (y = 0.03) with N/(N+O) mole ratio about 3% shows better
performance than that of heavily doped Bi12TiO20−zNz (z = 0.06), undoped Bi12TiO20, and light-doped Bi12TiO20−xNx (x = 0.01)
photocatalysts due to its better crystalline morphology.

1. Introduction

Environmental and energetic problems are great challenges
for human beings now. The photosensitized electrolytic oxi-
dation [1] and the electrochemical photolysis of water [2] on
TiO2 electrode performed by Fujishima and Honda offered
some solutions. In recent years, TiO2 and other photocata-
lysts have been extensively studied for environmental pollu-
tant treatment [3] such as water disinfection [4].

However, wide bandgap semiconductor photocatalysts,
such as TiO2, can only absorb UV light, which only take 4%
of the whole solar spectra owing to the wide bandgap. In
order to expand the absorption spectra region of TiO2, dop-
ing with nonmetallic atoms, such as nitrogen, fluorine and
sulfur has been developed [5–18]. The conventional doping
processes reported were commonly by the annealing of pre-
pared TiO2 materials in NH3 or other dopant atmospheres
[5–8]. Rengifo-Herrera et al. have reported N, S codoped
commercial TiO2 powders [17] which were doped by the
decomposition of thiourea as a nitrogen and sulfur source.
Effects of calcination temperatures [19], morphologies [20],
and composite [21] on photocatalytic activity were also
studied.

Recently, photocatalysts containing ion units of
(Bi2O2)2+, such as Bi2WO6 [22, 23] and bismuth titanate
were extensively studied for the photocatalytic splitting of
water and the photodegradation of organic pollutants. Bis-
muth titanate was a wide bandgap semiconductor with sever-
al crystal phases: ferroelectric perovskite phase (Bi4Ti3O12),
dielectric pyrochlorite phase (Bi2Ti2O7), refractive sillenite
phase (Bi12TiO20), and so forth. Kudo and Hijii have studied
bismuth titanate as potential photocatalyst [22]. Yao et al.
[24–27] and other groups [28–36] explored nano crystalline
materials of Bi12TiO20 as visible light photocatalysts, and
the as-prepared materials showed high photocatalytic activi-
ty for decomposing organic dyes under ultraviolet light irra-
diation. The further expansion of Bi12TiO20 material’s ab-
sorption to visible region is very important for the visible
light responsive photocatalytic activity, because Bi12TiO20

can only absorb light with wavelength below 420 nm
(about 2.9 eV) [21–24]. Little work has been performed for
nonmetallic (such as nitrogen and carbon) doping of bis-
muth titanate crystals, though the doping of Bi12TiO20 nano-
or single crystals with metal element [25, 26] and non-
metallic element such as P for the influence of refractive
optical properties has been studied [37].
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Figure 1: XRD spectrum of bismuth titanate: Bi12TiO20, Bi12TiO20−xNx (x = 0.01), Bi12TiO20−yNy (y = 0.03), and Bi12TiO20−zNz (z =
0.06).

In this paper, nitrogen-doped bismuth titanate powders
and films were prepared by sol-gel method and dip-coating
method, respectively, the nitrogen dopant was introduced by
the adding of urea in precursor solutions as additives, which
is widely used as fertilizer. Urea can be dissolved in water
and other polar solvents, and can release free NH2

• radi-
cals as nitrogen sources during thermal decomposition. Aft-
er preparation of urea included sol-gel precursors, high-tem-
perature annealing was applied to undoped and doped
Bi12TiO20 precursors for crystallization and also for the in-
place nitrogen doping by urea decomposing. The results
of whole-spectra photocatalytic activities of nitrogen-doped
and undoped Bi12TiO20 were presented by the photodegra-
dation of rhodamine b (RB) solutions.

2. Experimental Details

Undoped and nitrogen-doped Bi12TiO20 nanocrystalline
powders and films were prepared by sol-gel method and
dip coating. Chemical agents of analytical grade were used
in the experiments, such as acetic acid, Bi(NO3)3·5H2O
and Ti(OC4H9)4. Reagents were dissolved in ethylene glycol
monomethyl ether solution while urea was used as nitrogen
additive. Crystalline materials of undoped and nitrogen-
doped Bi12TiO20 were prepared by annealing of the sol-gel
precursors at temperature of 600◦C for about 30 minutes.

2.1. Preparation of Bi12TiO20 and Nitrogen-Doped Bi12TiO20

Crystalline Materials. The mole ratio of reagents
Bi(NO3)3·5H2O and Ti(OC4H9)4 was 12 : 1 in the precur-
sor solution for preparation of Bi12TiO20 and
Bi12TiO20−xNx (x = 0.01), Bi12TiO20−yNy (y = 0.03), and
Bi12TiO20−zNz (z = 0.06) sol-gel precursors, with addition-
al urea added for nitrogen-doped materials (molecule ratio
of NH2

• : Bi3+ about 0 : 1, 1 : 1, 2 : 1, and 3 : 1 in sol-gel). The
reagents were blended in acetic acid and ethylene glycol mon-
omethyl ether solutions, and were dried by infrared light
to get the gel. Bi12TiO20 and Bi12TiO20−xNx (x = 0.01),
Bi12TiO20−yNy (y = 0.03), and Bi12TiO20−zNz (z = 0.06)
sillenite phase crystalline powders were obtained by anneal-
ing the gel precursors at 600◦C for about 30 minutes.

2.2. Preparation of Bi12TiO20 Crystalline Films for UV-Vis
Absorption Characterization. Crystalline films of Bi12TiO20,
Bi12TiO20−xNx (x = 0.01), Bi12TiO20−yNy(y = 0.03), and
BBi12TiO20−zNz (z = 0.06) were prepared by dipping glass
chips into the prepared sol-gel precursor solutions, and then
were dried by infrared light, and annealed at 600◦C for 30
minutes in nitrogen atmosphere.

2.3. Characterization Methods. The crystal phases of pre-
pared powders were identified by X-ray diffraction (XRD,
Cu Kα, D/max-ra X-ray). Morphology of the doped and
undoped Bi12TiO20 nanocrystals was characterized by scan-
ning electron microscopy (SEM, JEOL JSM6700F). The
compositions and the electron bonding states of nitrogen-
doped Bi12TiO20 were characterized by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250 of Thermal Fisher Sci-
entific). To study the red shift of absorption wavelength
of nitrogen-doped materials, UV-Vis absorption spectra of
Bi12TiO20 crystalline films were performed by UV-Vis spec-
trophotometer (U-3500, 187 nm–3500 nm). The UV-Vis dif-
fuse reflection spectra of doped and undoped Bi12TiO20

powders were characterized by UV/Vis spectroscopy (UV-
2550, Shimadzu). Photocatalytic activity of undoped and ni-
trogen-doped Bi12TiO20 was characterized by the photodeg-
radation of rhodamine b (RhB) solutions under the irradia-
tion of 300 W Xe arc lamp (focused through a shutter win-
dow). The efficiency of the degradation processes was evalu-
ated by monitoring the dye decolorization at the maximum
absorption around 557 nm as a function of irradiation time
in the separated RhB solution with a UV-vis spectrophotom-
eter (UV-7502PC, Xinmao, Shanghai).

3. Results and Discussion

3.1. X-Ray Characterization. The crystal phases of synthe-
sized doped and undoped nano crystalline materials were
identified by X-ray diffraction. The XRD spectra of annealed
Bi12TiO20, Bi12TiO20−xNx (x = 0.01), Bi12TiO20−yNy (y =
0.03), and Bi12TiO20−zNz (z = 0.06) were shown in Figure 1.
No phase transformation of Bi12TiO20 structure (JCPDS
no.78–1158) was observed by adding of urea as nitrogen
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Figure 2: Morphologies of annealed undoped and nitrogen-doped Bi12TiO20 micro- and nano crystals observed by SEM: (a) Bi12TiO20; (b)
Bi12TiO20−xNx (x = 0.01); (c) Bi12TiO20−yNy (y = 0.03); (d) Bi12TiO20−zNz (z = 0.06).

additive. The slight shift and broadening of XRD peaks
showed the effect of nitrogen doping in Bi12TiO20 structure
materials. From Figure 1, the sharp diffraction peak and
strong intensity of Bi12TiO20 indicates good crystallinity;
while after nitrogen doping, the diffraction peak intensity be-
came weaker and the peaks broadened slightly. The (310) and
(222) peak split into two peaks and shifted to lower angles
with the increase of nitrogen dopant, which shows us there
must be an increase for the interlamellar spacing of (310) and
(222) crystal facets as nitrogen is doped in Bi12TiO20.

3.2. Morphology of Nanocrystalline Bismuth Titanate
Materials. Morphologies of undoped and nitrogen-doped
Bi12TiO20 materials prepared by sol-gel synthesis and
annealing were characterized by SEM as show in Figure 2.
The undoped Bi12TiO20 microgel like bulks dotted with
nanoflakes were observed in Figure 2(a), with few holes
due to the decomposition and elution of sol-gel precursor.
With addition of urea in precursors, the decomposition
eluted more gas and the microbulk became fractal bulks
piled up as shown in Figures 2(b), 2(c), and 2(d); while
with too much urea added, there are only fractal bulks and
few nanoflakes, which may decrease the surface and refrain
the photocatalytic performance of heavily nitrogen-doped
Bi12TiO20−zNz (z = 0.06). The morphology of proper
nitrogen-doped material is Bi12TiO20−yNy (y = 0.03), as
shown in Figure 2(c), which is composed of separated nano
bulks dotted with nanosheet-like crystals. The morphology
of Bi12TiO20−yNy (y = 0.03) has more nano crystalline

facets and larger surface areas than other samples, which
would show better photocatalytic performance than the
other samples.

3.3. Element Content and Doping of Nanocrystalline Bismuth
Titanate Materials. The chemical bonding states of as-pre-
pared materials were characterized by XPS as shown in
Figure 3. As shown in Figure 3(a), the XPS peaks of Bi4f, C
1s, N 1s, and Ti 2p were detected. The split of nitrogen 1s
peak and carbon 1s peak shown in Figures 3(b) and 3(c)
indicate the variety of bonding states. The split of N1s
peaks in Figure 3(b) was assigned to N 1s peaks of N–O
bond (401.6 eV) [38] and N–Ti bond (396.4 eV) [39, 40].
The N/(N+O) molar ratio calculated from the XPS peak is
about 3%. The broadening and split of C 1s peak shown
in Figure 3(c) were assigned to CO/Bi2O3 (286.6 eV) and
CO/TiO2 (288.5 eV) physical absorb circumstances [41]. So
most carbon in the sample is absorbed CO, and the visible
light absorption enhancement is attributed to the doping of
nitrogen.

3.4. UV-Vis Absorption Enhancement of Nitrogen-Doped
Bismuth Titanate Nanocrystalline Films. The UV-Vis absorp-
tion spectra of bismuth titanate nano crystalline films
with different nitrogen doping ratios were characterized in
Figure 4(a). The absorption spectra of undoped bismuth
titanate were broadened successfully by urea-assisted sol-gel
growth of nitrogen doping as shown in the UV-Vis absorp-
tion spectra of Bi12TiO20 and Bi12TiO20−xNx (x = 0.01)
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Figure 3: XPS absorption spectra of bismuth titanate Bi12TiO20−yNy (y = 0.03): (a) the whole spectrum of Bi12TiO20−yNy (y = 0.03); (b)
spectrum of doped nitrogen; (c) spectrum of doped carbon.
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Figure 4: (a) Absorption spectra of films of bismuth titanate (Bi12TiO20, Bi12TiO20−xNx (x = 0.01) and Bi12TiO20−yNy (y = 0.03)) and (b)
UV-Vis diffuse reflection spectra of powders Bi12TiO20, Bi12TiO20−xNx (x = 0.01), Bi12TiO20−yNy (y = 0.03), Bi12TiO20−zNz (z = 0.06), and
TiO2-P25.
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Figure 5: Photocatalytic decomposition of RhB by undoped and nitrogen-doped Bi12TiO20 photocatalysts: (a) absorption spectra decay of
RhB via time; (b) decomposition activity of samples.

and Bi12TiO20−yNy (y = 0.03) films by sol-gel deposition
with and without nitrogen doping. The UV-Vis absorption
spectra band edge of Bi12TiO20 shifted from 400 nm to about
470 nm of nitrogen-doped Bi12TiO20−yNy (y = 0.03 with

NH2
• : Bi3+ about 1 : 1 solution, and N/(N+O) mole ratios

about 3%). The absorption spectra’s broadening of nitrogen-
doped Bi12TiO20 was attributed to the doping of nitrogen’s
substitution of oxygen site that induced the narrowing of the
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bandgap. There was an additional absorption peak at 580 nm
wavelength that was attributed to the deep-level nitrogen
dopant.

The UV-Vis diffuse reflection spectra of nitrogen-doped
and undoped Bi12TiO20 powders were characterized as
shown in Figure 4(b), P25 was also used as a reference.
TiO2-P25 materials have intensive UV absorption and the
absorption edge line at about 380 nm, while all Bi12TiO20

of nitrogen-doped and undoped have less UV absorp-
tion but longer bandgap-related wavelength about 450 nm.
The bandgap of nitrogen-doped Bi12TiO20 versus undoped
Bi12TiO20 in DRS spectra varied about 20 nm, from 440 nm
to 460 nm. The red shift of absorption edge wavelength
of nitrogen-doped Bi12TiO20 powders in DRS spectra is
less than that in absorption spectra of nitrogen-doped
Bi12TiO20 films, which we attribute to the variation of
N/(N+O) ratios from inner to the outer layer. As known,
the absorption spectra of films show the absorption of whole
bulk materials, while the DRS spectrum more attribute to
materials’ surfaces. While annealing, there may be more
nitrogen dopant in inner part and more oxygen in surfaces,
so the absorption spectra edge of whole film materials will
show more red shift than the diffuse reflection spectra edge
obtained only from powders’ surface.

The absorption band edge of Bi12TiO20 films and UV-
Vis diffuse reflection band edge of Bi12TiO20 powders
were successfully expanded to visible light region of solar
spectra by urea-assisted sol-gel method, which would greatly
enhance the utilizing ratio of visible light region of solar
spectra in photocatalysis and solar cell researches.

3.5. Influence of Photocatalytic Capability of Bi12TiO20 by
Nitrogen Doping. To study the relationship of photocatalytic
property with nitrogen doping of bismuth titanate, photo-
catalysis of rhodamine b (RhB) by undoped and nitrogen-
doped bismuth titanate was performed. The photocatalytic
activity was characterized by the decomposition of 10 mg/L
rhodamine b (RhB) solution, with 100 mg of photocatalyst
added to 100 mL of rhodamine b (RhB) solution. The
reaction system was irradiated by 300 W Xe lamps.

The photocatalytic ability of undoped Bi12TiO20 materi-
als had been studied by Yao et al. [24–26] and other groups
[28, 29, 31, 33, 34]. Here we are concerned with relationship
of photocatalytic ability of undoped and nitrogen-doped
Bi12TiO20 materials with different amount of urea added
in precursors (NH2

• : Bi3+ about 0 : 1, 1 : 1, 2 : 1, and 3 : 1).
Different amount of urea added in precursor solution
deduced to the different amount of nitrogen dopant in the
Bi12TiO20 photocatalysts. All samples were annealed at 600◦C
for 30 minutes.

As shown in Figure 5, the performance of catalyst
Bi12TiO20 and Bi12TiO20−yNy (y = 0.03) have better per-
formance than other catalysts. The undoped and nitrogen-
doped Bi12TiO20−yNy (y = 0.03) catalysts with N/(N+O)
mole ratio about 0% and 3% were prepared by NH2

• : Bi3+

about 0 : 1 and 2 : 1 in the precursor solutions, respectively.
The velocity constants of catalyst Bi12TiO20 (k = 5.26 ×

10−3 min−1) and catalyst Bi12TiO20−yNy (y = 0.03; k =
6.07 × 10−3 min−1) are about 1.5-times the velocity constant

of catalyst Bi12TiO20−zNz (z = 0.06; k = 4.03 ×
10−3 min−1). So the nitrogen-doped Bi12TiO20−yNy (y =
0.03) photocatalyst with N/(N+O) mole ratio about 3%
have better performance than undoped Bi12TiO20, light-
doped Bi12TiO20−xNx (x = 0.01), and heavily doped
Bi12TiO20−zNz (z = 0.06) photocatalysts.

The variation of whole spectra photocatalytic perfor-
mance of undoped and nitrogen-doped Bi12TiO20 was
attribute to the morphologies as observed by SEM in
Figure 2. Bi12TiO20−yNy (y = 0.03) have more crystalline
nano crystal facets and larger surface areas than other
samples, which lead to better photocatalytic performance
than other samples. But a high level of nitrogen-doped
(above 6% of N/(N+O)) would lead to the formation of more
defects in nano crystals of prepared catalysts, and would
influence the transportation of photogenerated electrons and
holes. Though high level of nitrogen doping can effectively
expand the visible light absorption, a high defects density
would lead to poor photocatalytic activity.

4. Conclusions

In conclusion, by urea-assisted sol-gel method, undoped
and nitrogen-doped Bi12TiO20, Bi12TiO20−xNx (x = 0.01),
Bi12TiO20−yNy (y = 0.03), and Bi12TiO20−zNz (z = 0.06)
powders were prepared. After annealing, the morphologies of
as-synthesized samples exhibit sheet-like morphologies. And
by controlling the amount of urea added in the precursor
solutions, photocatalyst with sheet-like morphologies with
good crystalline facet and larger surface area can be synthe-
sized.

The absorption spectra of nitrogen-doped
Bi12TiO20−xNx (x = 0.01), Bi12TiO20−yNy (y = 0.03),
and Bi12TiO20−zNz (z = 0.06) films were successfully
expanded from about 400 nm of Bi12TiO20 to about 500 nm,
also from DRS spectra the band edge were successfully
expanded from about 420 nm to about 460 nm, which would
greatly enhance the utilization ratio of visible light in solar
spectra. The expanded visible light can be attributed to
the doping of nitrogen substituting of oxygen in Bi12TiO20

crystal lattice. Photocatalytic performance of nitrogen-
doped Bi12TiO20−yNy (y = 0.03) with N/(N+O) mole
ratio about 3% is better photocatalytic activity than that
of undoped, light-doped (below 1%), and heavily doped
Bi12TiO20−zNz (z = 0.06) photocatalysts.
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The purpose of this paper is to determine the experimental parameters of TiO2 preparation for optimizing the removal rate of
benzoic acid by magnetic photocatalytic oxidation process. Therefore, this paper intended to prepare a magnetic photocatalyst
(TiO2/SiO2/Fe3O4) that can be recycled using an external magnetic field. Magnetic photocatalysts are characterized by X-ray
diffraction (XRD), vibrating sample magnetometry (VSM), and Fourier transform infrared (FTIR) spectroscopy. The optimal
the experimental parameters of TiO2 preparation for the removal rate of photocatalysts were concluded as pH is 3, weight ratio of
TiO2/SiO2(Fe3O4) is 1, and calcined temperature of TiO2/SiO2/Fe3O4 is 350◦C. Furthermore, the paramagnetic behaviors of the
prepared TiO2/SiO2/Fe3O4 gave rise to the magnetic photocatalyst, which could be separated more easily through the application
of a magnetic field for reuse.

1. Introduction

Benzoic acid is one of the oldest chemical preservatives
used in food, cosmetics, and drugs. Benzoic acid can also
be detected in car exhaust gases, cigarettes, phytochemi-
cally degraded benzoic acid esters in fragrance ingredients,
wastewater from wood production industries, foundry waste
leachates, and ashes from municipal incinerators [1]. A
common objective of AOPs [2–5] is to produce a large
amount of radicals (especially OH), in order to oxidize
organic matter. Semiconductor photocatalysis has become an
increasingly promising technology in environmental reme-
diation [6–8]. Various types of photocatalysts, titanium
dioxide is now under intensive investigation for practical
application in antimicrobial, deodorization, air and water
purifications, and wastewater treatment due to its favorable
physical/chemical properties, low cost, ease of availability,
and high stability [9]. Typically, catalytic ozonation and
photocatalytic oxidation are conducted in a suspension
of submicrometer-sized particles [3, 4, 10] and, therefore,
requires an additional separation step to remove the catalyst
from treated water, which presents a major drawback in the
application of UV/TiO2 processing for treating wastewater.

One approach in overcoming this drawback has been the
development of a magnetic photocatalyst that allows for easy
catalyst removal by using an external magnet, simplifying
the downstream recovery stage [11, 12]. Fe3O4 has been
generally used as a very important ferromagnetic material
for wide application (pigment, recording materials, cataly-
sis, magnetocaloric refrigeration, and drug-delivery carrier)
due to its low cost, good hydrophilic and biocompatible
properties. [4, 12–14]. However, a direct contact between
magnetic iron oxide and TiO2 photocatalyst usually gives
rise to an unfavorable heterojunction, leading to an increase
in electron-hole recombination and photodissolution [15].
Therefore, it is necessary to shield the magnetic iron oxide
from direct contacts with titania by introducing a barrier
layer. Silica is one of most commonly used support material
in catalysis due to the stability, protection of core (iron oxide)
and surface modification [15, 16]. Thus, this study investi-
gates the reaction behavior of photocatalytic processes with
magnetic photocatalyst (Fe3O4 core and TiO2/SiO2 shell) in
treating wastewater to enhance the activity of the prepared
magnetic photocatalyst and recover the photocatalyst.

There have been many parameters, such as pH, weight
ratio, and calcined temperature, related to the Taguchi
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method [17, 18] to removal rates. Efficiently determin-
ing the critical factors can improve the efficiency of the
photocatalysts. The traditional trial-and-error method lacks
proper overall planning of experimental parameters, thus,
while it could acquire the most comprehensive experimental
data, discussion and analysis of the correlation between
experimental parameters was lacking. An experiment that
tests all parameters takes an excessive amount of time and
the photocatalysts conditions are difficult to control. This
research has, therefore, applied the Taguchi method [19–
22] to the removal rate of benzoic acid by a UV/magnetic
photocatalyst process and the design of a series of experimen-
tal principles. The most influential parameters for removal
rate of benzoic acid by UV/magnetic photocatalyst process
were selected and matched with a customized experimental
plan, in order that the experimental parameters of the
photocatalysts could be analyzed, which was used to optimize
the experimental parameters and improve the removal
rate.

Therefore, in this paper, the Taguchi method was applied
to determine the parameters for the optimal removal rate
of benzoic acid by the UV/magnetic photocatalyst process.
However, there are many experimental parameters and the
process is complicated, the selection relies completely on
experienced researchers, or by the trial and error method,
in order to change the experimental parameters of the
photocatalyst/UV process through multiple error attempts.
This method is not only time consuming, increasing the
trial time, but also simultaneously results in greater cost and
difficulty in accumulating and passing on such experience.

2. Material and Methods

2.1. Experimental Apparatus. All experimental solutions
were prepared with deionized water and reagent-grade
chemicals. The photocatalytic activates under UV light illu-
mination were evaluated by measuring the decomposition
rate of benzoic acid. The batch cylindrical photoreactor was
made of Pyrex glass with an effective volume of 1.5 liter and
was water-jacketed to maintain the solution temperature,
as illustrated in Figure 1. The UV light illumination was
conducted using two black lamps (Sparkie BLB-S8W) of
8 W power with the maximum intensity at 365 nm. Pho-
tocatalytic decomposition of benzoic acid was assumed to
be started when the prewarmed light source within the
reactor was turned on. The aqueous solution containing
benzoic acid was initially transferred to the column reactor,
and the pH value of the solution was controlled by adding
sodium hydroxide and/or perchlorates during the entire
reaction time. Perchlorates and nitrates had very little effect
of photocatalytic reaction, and sulfates or phosphates, even
at millimolar concentrations, were found to be rapidly
adsorbed by the catalyst and to reduce the rate of photo-
catalytic reaction by 20–70% [23]. Aliquots of the reaction
solution were sampled at intermittent periods of reaction
time. The samples were analyzed for concentrations of
benzoic acid with a liquid chromatography equipped with
a KANUER Smartline UV detector 2500, Alpha 10 Isocratic
Pump, and SUPELCO 516 C-18 column.

UV lamp

pH meter

Sampling port

Figure 1: Experimental sketch of UV/TiO2/SiO2/Fe3O4 system.

2.2. Catalyst Preparation. Magnetite (Fe3O4) was purchased
from Sigma-Aldrich (St. Louis, Mo, USA) and used without
any further purification. A total of 1.08 L of aqueous
solution containing 20 g of Fe3O4 particles was contained in
a 2-L beaker at 90◦C; the pH was maintained at 9.5 with
0.1 N NaOH, while being stirred by a mechanical stirrer.
The appropriate amount of Degussa P-25 TiO2 particles
and Na2O·nSiO2 was dispersed and dissolved, respectively,
in 100 mL of deionized water; the aqueous solution was
then mixed with the aqueous solution containing magnetite
(Fe3O4) with a mechanical stirrer for 10 min The magnetic
photocatalysts (i.e., TiO2/SiO2/Fe3O4) were dried at 105◦C
after the pH value of the slurry solution was maintained at 8
with 5 N H2SO4 Finally, the TiO2/SiO2/Fe3O4 was placed in
an oven isothermally at 350◦C, 550◦C, and 750◦C for 2 hours
with nitrogen-pass, respectively.

2.3. Instrumental Analysis. The morphology and specific
BET surface area of the TiO2 were determined by a Rigaku
RTP 300 X-ray diffractometer (XRD) and a Micromeritics
ASAP 2000 analyzer, respectively. The functional groups of
the synthesized magnetic photocatalysts (TiO2/SiO2/Fe3O4)
were confirmed using an FTIR spectrometer (Spectrum 100,
Perkin Elmer, USA). The magnetic behavior was analyzed
using a vibrating sample magnetometer (VSM, Lake Shore
7407, Lake Shore, USA). The magnetic properties and
functional groups of the photocatalysts were determined by
a vibrating sample magnetometer (Lake Shore, 7407) and
a Fourier Transform Infrared Spectrophotometer (Perkin
Elmer, 1600), respectively. For experiments related to the
photodecomposition of benzoic acid, the degradation of
benzoic acid present in the reaction solution was analyzed by
Spectra-Physics P1000 HPLC equipped with an UV detector.
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2.4. Taguchi Method. Determining key factors is helpful for
promoting experimental efficiency, and the traditional trial-
and-error method lacked overall planning, which although
it could provide large amounts of data, these were the
least discussed and analyzed. In addition, such experiments
are time consuming and waste production costs. Moreover,
control of experimental conditions was not simple. In order
to obtain higher photocatalytic performance of photocat-
alysts, the Taguchi method was adopted for experimental
design. For this purpose, critical conditions were selected
and applied in the experimental planning in order to
determine the optimal experimental parameters promoting
a photocatalytic performance of the photocatalysts.

By orthogonal array, useful statistical data and reliable
effects of factors can be obtained in the least number of
experiments. However, full factorial experiments require
too many experimental repetitions, while fractional factorial
experimental method is too complex. L9, which represents
the nine experiments to be conducted, was selected in this
research.

The basic purpose of parameter design is to determine a
group of optimal experimental parameters. By the Taguchi
method, quality characteristics and removal rate were trans-
formed into an SN ratio, which is useful in the estimation
of statistical efficiency quantity. Photocatalysts, able to yield
higher removal rates, meet the requirements of this study.
Therefore, it is the best to have large quality characteristics.
The SN ratio of the larger-the-better is defined as

η = −10 log
∑ 1

n

(
1
yi

)2

, (1)

where yi represents value of quality; n represents the total
number of experiments.

Experiments for experimental planning design, accord-
ing to an orthogonal array, can create the data required for
the orthogonal array. Then, a response table can be estab-
lished by transformation of the data from the orthogonal
array experiments into SN ratios. The method selected for
the transformation depends on the quality requested. Each
average response, Fi of F, can be calculated. Then, the value
of main effect, ΔF of each F, is calculated. A response table
comprised of these data can be applied to analyze the effects
of each factor. A larger ΔF indicates a larger effect on quality
characteristics; inversely, a less ΔF indicates a lesser effect on
quality characteristics. The calculation is as follows:

Fi = 1
m

∑m

j=1
yi j ,

ΔF = max
{
F1,F2, . . . ,Fn

}
−min

{
F1,F2, . . . ,Fn

}
,

(2)

where n represents level of factor; m represents the total
number of level i; yi represents SN ratio of level i.

Confirmation experiments are to verify the reasonability
of the constructed mathematical mode. Applying additional
modes, using the level values of optimal factors, can predict
the SN ratios under optimal conditions. The calculation is as
follows:

ŜN = T +
∑n

i=1

(
Fi − T

)
, (3)
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Figure 2: FTIR spectra of Fe3O4, SiO2/Fe3O4, and TiO2/SiO2/
Fe3O4.

where T represents average of all SN ratios; Fi represents SN
ratio of experimental parameters.

To evaluate each observed value, its confidence interval
must be calculated. The formula for calculating the confi-
dence interval of the average of the expected values from
confirmation experiments is as follows:

CI =
√
Fα;1,ν2 ×MSE ×

(
1
neff

+
1
r

)
, (4)

where Fα;1,ν2 represents F value of the apparent level α;
α represents apparent level with confidence level 1-α; ν2

represents freedom of the error; MSE represents variance of
error; neff represents the effective observed value; r represents
the number of confirmation experiments, r /= 0.

Finally, a CI of 95% is used to verify whether the pre-
dicted average value is acceptable or not, the verification
equation is:

ŜN− CI ≤ μ ≤ ŜN + CI. (5)

3. Results and Discussion

3.1. Surface Characteristics of Magnetic Photocatalyst. The
FTIR spectra of Fe3O4, SiO2/Fe3O4, and the prepared
magnetic photocatalyst (TiO2/SiO2/Fe3O4) are as shown
in Figure 2. The result exhibits two basic characteristic
peaks of Fe3O4, SiO2/Fe3O4, and TiO2/SiO2/Fe3O4 at about
3300 cm−1 (O–H stretching) and 550 cm−1 (Fe–O vibration),
which were attributed to the presence of FeOH in Fe3O4

[24]. The peak at 1100 cm−1 was attributed to the Si–O–
Si bond stretching of SiO2/Fe3O4 and TiO2/SiO2/Fe3O4.
This result confirms that SiO2 was successfully coated on
Fe3O4. Figures 3(a) and 3(b) showed the SEM micrographs
of the Fe2O3/SiO2 and Fe2O3/SiO2/TiO2. SEM micrographs
indicate that the particles on the coatings aggregated without
significant difference.

The magnetic properties of the SiO2/Fe3O4 and Fe3O4

cores were measured with a vibrating sample magnetometer
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Figure 3: SEM images of (a) Fe2O3/SiO2 and (b) Fe2O3/SiO2/TiO2.

(VSM), as shown in Figure 4. The M-H plots showed the
change in Ms of the particles after the incorporation of
SiO2 and TiO2 shell. A decrease in Ms from 61.8 to 28.0
emu g−1 was observed in SiO2/Fe3O4. The decreased mass
saturation magnetization was ascribed to the contribution
of the nonmagnetic SiO2 and TiO2 shell to the total mass
of particles. This observation is similar to those in reports
where the attached gold shell was found to lower the satu-
ration magnetization of magnetite particles [25]. The results
indicated that the prepared samples exhibited paramagnetic
behaviors at room temperature [11]. The paramagnetic
behaviors of the prepared TiO2/SiO2/Fe3O4 gave rise to the
magnetic photocatalyst TiO2/SiO2/Fe3O4, which could be
separated more easily through the application of a magnetic
field.

According to the database of the Joint Committee on
Powder Diffraction Standards (JCPDS), the XRD pattern
of a standard Fe3O4 crystal with a spinel structure has six
characteristic peaks at 2θ = 30.1◦, 35.5◦, 43.1◦, 53.4◦, 57.0◦,
and 62.6◦, which are attributed to the (2 2 0), (3 1 1), (4 0 0),
(4 2 2), (5 1 1), and (4 4 0) phases of Fe3O4, respectively, as
shown in Figure 5. Based on the XRD spectra, the crystalline
phases could be categorized into two primary components,
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Figure 5: XRD spectra of the photocatalyst coatings.

an anatase (A) and a rutile (R) phase, and represented the
intensity of the strongest anatase reflection of (101) plane
at 2θ = 25.3◦± 0.1◦, anatase reflection of (200) plane at
2θ = 48.0◦± 0.1◦, and the intensity of the strongest rutile
reflection of (110) plane at 2θ = 27.4◦± 0.1◦. Additionally,
the anatase phase of TiO2 crystal is a tetragonal system in
lattice geometry. The analysis results of the starting material
Fe3O4, and TiO2/SiO2/Fe3O4 fitted the pattern exhibited by
standard magnetite. Therefore, it can be concluded that the
magnetite, modified with SiO2, also has a spinel structure,
and that the modification does not cause a phase change in
Fe3O4.

3.2. Photocatalytic Decomposition of Benzoic Acid. The pho-
toactivity of TiO2/SiO2/Fe3O4 was sensitively influenced
by the temperatures of calcination, as shown in Table 1.
The reaction rate constant of benzoic acid under UV light
irradiation was decreased with the increased calcination
temperature. The reasons described that the surface area of
SiO2/TiO2/Fe3O4 decreased as the calcinations temperature
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Table 1: Effect of calcinations temperature on reaction rate con-
stant and surface area.

Temperature
(◦C)

k
(min−1)

Surface area
(m2 g−1)

Recovery
(%)

350 0.0059 32.75 93.7

550 0.0034 21.35 94.6

750 0.0005 9.29 96.4

raised from 350 to 750◦C, in particular, the sample calcined
at 750◦C were almost completely inactive.

When the calcination temperature is over 700◦C, the
photocatalytic activity of thin films decreases, which is due
to the formation of rutile and the sintering and growth of
TiO2 crystallites resulting in the decrease of surface area [26].
Furthermore, the paramagnetic behaviors of the magnetic
photocatalyst TiO2/SiO2/Fe3O4, could be separated more
easily by the application of a magnetic field. More than 90%
of the magnetic photocatalyst with various temperatures of
calcination was recovered and easily redispersed in aqueous
solution for reuse.

The pH of the aqueous solution is one of the impor-
tant environmental parameters significantly influencing the
physicochemical properties of semiconductors, including the
charge on the TiO2 particle, the aggregation numbers of
particles, and the positions of the conductance and valence
bands [23]. The degradation of benzoic acid increased as pH
value increased from 3 to 10. No adsorption was recorded
at pH >6 as both catalyst and the substrate are negatively
charged, since benzoic acid adsorption onto catalyst is not
favored at neutral or alkaline conditions [27]. From experi-
mental results [28], 0.1 mM of o-methylbenzoic acid could
be completely decomposed in 2 h. The reaction was faster
with lowering pH and was found to be apparent first-order
following Langmuir-Hinshelwood model. Chen et al. [29]
also obtained similar results, the reaction rate increased from
acidic to a weak alkaline solution with TiO2 photocatalyst.
The surface of TiO2 is negatively charged in solutions with
pH greater than 6, because the point of zero charge of TiO2

was determined to be about 6.0. The disassociated benzoic
acid species also presented negative charge in solutions with
pH greater than 4.2. Therefore, there is repulsion between a
TiO2 surface and benzoic acid.

3.3. Taguchi Experimental Plan. Before experiments were
conducted, control factors and their levels must be first
decided. Therefore, pH, weight ratio of TiO2/SiO2(Fe3O4),
and calcined temperatures of TiO2/SiO2/Fe3O4 were selected
as control factors, and removal rate was chosen as the quality
characteristic. Control factors and their levels are as shown in
Table 2, in which the levels of the pH are set to a sliding level
to reduce interactions; which are shown in Table 3. Because a
higher removal rate is better, SN ratio was selected, as shown
in (1).

According to Table 2, the selected control factors and
their levels were applied in the L9 orthogonal array. Nine
groups of experiments were conducted according to the L9
orthogonal array. Each group of experiments was repeated

Table 2: Factors and their levels for the experiments.

Factor Level 1 Level 2 Level 3

A: pHa A1 A2 A3

B: weight ratio of TiO2/
SiO2(Fe3O4)

1 3 5

C: calcined temperatures
of TiO2/SiO2/Fe3O4

350◦C 550◦C 750◦C

a
The numbers are explained in Table 2.

Table 3: pH levels.

Numbera Level 1 Level 2 Level 3

A1 3 5 7

A2 5 7 9

A3 7 9 10

three times, and the removal rate of each group was recorded,
with twenty-seven data collected. These data were calculated
according to (1) to yield SN ratios. The results are shown, as
in Table 4. Next, SN ratios were computed according to (2)
to yield the main effect of each control factor. A response
table was drawn out, as indicated by Table 5. The optimal
conditions determined were A1, B1, and C1; namely, pH
is 3, weight ratio of TiO2/SiO2(Fe3O4) is 1, and calcined
temperature of TiO2/SiO2/Fe3O4 is 350◦C. In addition, the
effect of each parameter on the removal rate under different
levels was therefore known. Factor C, calcined temperatures
of TiO2/SiO2/Fe3O4, gave the greatest effect, and A, pH,
provided the second greatest effect.

The surface area-decreased effect was similar to the
conclusion of photocatalytic mineralization of phenol on
TiO2 P25, as reported by [30]. They suggested that the
amount of the surface-adsorbed water and hydroxyl groups,
which was oxidized to a hydroxyl radical (OH·), was
decreased via thermal treatment. Due to the charge on the
TiO2 particle, the aggregation numbers of particles and
disassociated species of contamination, and the optimal pH
value of the aqueous solution were determined during the of
photocatalytic oxidation of contamination [29].

To further understand the effect of each factor on the
removal rates of photocatalysts, the removal rates were
analyzed by analysis of variance (ANOVA) [31], which was
designed to determine the error of the variance in order
to know what extent the effect of each factor has on
photocatalysts. The result obtained would be useful in the
evaluation of experimental errors, as shown in Table 5.

A larger F-ratio indicates that there is a larger factor
effect. F-ratio is often larger than 2, indicating that there is
a not small factor effect. An F-ratio larger than 4 indicates
that there is a very large factor effect. From Table 6, the result
shown in the analysis of variance indicates that removal rate
is less affected by factor B. On the contrary, the F-ratios
of factors C and A are larger than 4; therefore, they are
significant factors.

The SN ratio of the optimal experimental parameters are
calculated from removal rates, 55.3% (−5.15 dB) obtained
from (3), (4), and (5), was confirmed by three experiments.
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Table 4: The L9 experimental layout and experimental results.

Trial no.
Factor assignment

Average (%) SN ratio (dB)
A B C

1 3 1 350◦C 50.0 −6.02

2 5 3 550◦C 33.0 −9.63

3 7 5 750◦C 3.8 −28.40

4 5 1 550◦C 24.2 −12.32

5 7 3 750◦C 7.7 −22.27

6 9 5 350◦C 23.8 −12.47

7 7 1 750◦C 4.9 −26.20

8 9 3 350◦C 10.8 −19.33

9 10 5 550◦C 5.0 −26.02

Table 5: Average effect response for SN ratios.

A B C

Level 1 −14.68 −14.85 −12.61

Level 2 −15.69 −17.08 −15.99

Level 3 −23.85 −22.30 −25.62

Effect 9.16 7.45 13.02

Rank 2 3 1

All SN ratios of removal rates fall in the 95% confidence
interval, −24.0248 ≤ μ ≤ 13.0008 dB, which indicates that
the experiment is reproducible and reliable.

Benzoic acid, present in an aqueous solution at pH 3,
could be decomposed higher than 50% within approximately
120 min of the reaction time, as shown in Figure 6. The
decomposition of benzoic acid by the UV/TiO2/SiO2/Fe3O4

process was higher than that of the UV/TiO2 (P25) process
in this study. This could be explained by the addition of SiO2

into photocatalysts retarding the crystallization of anatase
phase. The addition of a second metal oxide, such as SiO2,
ZrO2, and Al2O3, was also found to be an effective route
to improve the thermal stability and UV photocatalytic
activity of TiO2 [32, 33]. Among them, SiO2–TiO2 materials
were most widely investigated in the photocatalysis field,
as they exhibited higher photocatalytic activity than pure
TiO2. Moreover, this SiO2 layer inhibits the iron oxide core
becoming a recombination center of electrons and holes.
The transfer of photogenerated electrons and holes from
TiO2 to Fe3O4 can be completely inhibited by introducing
a wide bandgap SiO2 layer as an electronic barrier [15, 16].
Furthermore, silica is also a good adsorbent towards organic
molecules. The enhanced adsorption for RhB on silica
adsorbent layer significantly increases the local concentration
of RhB near the porous titania photoactive layer relative to
the bulk solution [34].

4. Conclusions

The optimal experimental parameters of TiO2 preparation
for the removal rate of photocatalysts were concluded as pH
is 3, weight ratio of TiO2/SiO2(Fe3O4) is 1, and calcined
temperatures of TiO2/SiO2/Fe3O4 are 350◦C. The SN ratios
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Figure 6: Degradation of benzoic acid by UV/magnetic photocata-
lyst process at solution temperature =20◦C, the initial concentration
of benzoic acid =10 mg L−1, TiO2/SiO2/Fe3O4 = 0.5 g L−1.

in a confidence interval of 95%, as provided in the confirma-
tion experiments, indicate the selected significant factor are
reasonable, the results are reproducible, and in particular, the
experiments are reliable. In addition, the result of analysis of
variance indicates calcined temperature of TiO2/SiO2/Fe3O4

is the most significant factor. The deviation contributed by
Table 6 to error is less than 50%, which indicates that there
were important factors in the experiments, rendering the
results precise. This research provides a method suitable for
optimizing other experimental parameters to promote exper-
imental efficiency. Furthermore, the paramagnetic behaviors
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Table 6: ANOVA of SN ratio for the removal rate of photocatalysts.

Source Degree of freedom Sum of squares Variance F-ratio Pure sum of squares Contribution (%)

A 2 151.61 75.81 6.57 128.54 23.98

B 2 87.75 43.87 3.80 64.67 12.06

C 2 273.67 136.83 11.86 250.59 46.74

Error 2 23.07 11.54 46.15 17.22

Total 8 536.10 100

of the magnetic photocatalyst TiO2/SiO2/Fe3O4 could be
separated more easily by the application of a magnetic field.
More than 90% of the magnetic photocatalyst was recovered
and easily redispersed in aqueous solution for reuse at
various pH levels.
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The structural and electronic properties of iron-fluorine (Fe-F) and iron-sulfur (Fe-S) codoped anatase TiO2 are investigated
by first-principles based on density functional theory. Our results show that the formation energy of codoped system is lower
than that of single-element doping, which indicates the synergic effect of codoping on the stability of the structure. Codopants
introduced impurity gap states resulting in the electron transition energy reduction and thus the visible light absorption observed
in the samples. It is concluded that Fe-S should be a better codoping pair because Fe-S codoping introduces extended impurity
states resulting in stronger visible light absorption than that of Fe-F codoped compounds. This work gives understanding to the
recent experiment and provides the evidence of choosing the more effective co-dopants in TiO2.

1. Introduction

Titanium dioxide has been extensively studied as a promising
photocatalyst due to its cheap, stable, and nontoxic char-
acteristics. However, the use of TiO2 is limited by its wide
band gap (∼3.0 eV) which absorbs only ultraviolet light and
accounts for just 5% of solar energy. Thus, modification of
the electronic structure of TiO2 to enable the visible light
absorption is of great importance [1–3]. An efficient way is
doping pure TiO2 with metal [4–7] or nonmetal elements
[8–12]. Metal elements diffused in the titanium lattice greatly
enhance the visible light absorption because the impurity
states introduced by the dopants lead to the visible light
response of TiO2. However, localized states appearing in
the band gap of the host semiconductor often result in the
recombination of photogenerated carriers and consequently
result in lower photocatalytic activity. A possible way to
improve the photocatalytic performance of doped TiO2 is to
explore the cooperative effect by introducing more than one
species of foreign elements to the host [13–16]. Appropriate
choice of the codoping pair is the key factor. Recent
experiment has reported that iron-sulfur (Fe-S) codoped

TiO2 exhibits quite high photoactivity under visible light
illumination and is stable for long-term applications [17].
It is proposed that the doped Fe3+ ions can act as electron
acceptor and efficiently prevent electron-hole recombina-
tion. In addition, Liu et al. [18] found that iron-fluorine (Fe-
F) codoped TiO2 displays excellent photocatalytic activity
under visible light irradiation. In the experiment, they
speculated that the as-prepared TiO2 samples match the
anatase type, with no trace of rutile or brookite impurity
being observed, and they also demonstrated that F could
substitute for O and Fe could substitute for Ti in Fe-F
codoped anatase TiO2. Fluorine atom has one more valence
electron than oxygen, and sulfur has the same outer-shell
electron as oxygen atom; therefore, it is interesting to explore
the origin of the high photocatalytic activity under visible
light concerning these two kinds of codoped anatase TiO2.

We should have comprehensive knowledge of single-
element-doped TiO2 before exploiting the cooperative effects
of the codoped systems. For Fe-doped TiO2, a number of
studies have been reported experimentally and theoretically.
Liu et al. [19] demonstrated that Fe-doped TiO2 shows
visible light responses and diminished recombination rates



2 International Journal of Photoenergy

of the photoexcited carriers. Fe at the 0.5 at.% level can
significantly improve the photoactivity of TiO2 for both
oxidation and reduction reactions [20]. As for the F-doped
TiO2, recent experimental studies suggested that F-doping
neither causes any change in the adsorption edge nor affects
the optical absorption of TiO2 but is beneficial to the
crystalline anatase phase [21–27]. Umebayashi et al. [28]
suggested that S-doping causes the absorption edge of TiO2

to be shifted into lower-energy region. The mixing of the S 3p
states with VB increases the width of the VB itself and results
in a decrease in the band gap due to S-doping [29].

In this work, we examine the microscopic electronic
structures of Fe-S and Fe-F codoped anatase TiO2 to explore
the synthetic effects of the dopants by means of the first-
principles density function theory (DFT) calculations. The
defect formation energies are calculated to determine which
configuration may be realized more easily in experiment.
The codoping synergistic effect is specifically elucidated,
and the corresponding related properties of Fe-S and Fe-F
are compared to identify a better codoping pair. To obtain
detailed insight, Fe, F, and S monodoped anatase TiO2

structures are also studied systematically. Our theoretical
calculations may provide a comprehensive explanation for
experimentally observed visible-light photocatalytic activity
in the metal and nonmetal codoped TiO2 and may offer some
helpful theoretical information for exploiting new effective
photocatalysts.

2. Computational Method

We carry out the spin-polarized density functional calcula-
tions of Fe-S codoped, Fe-F codoped, and single-element-
doped anatase TiO2 using the Vienna ab initio simulation
package (VASP) [30, 31]. The Perdew-Wang 91 of gener-
alized gradient approximation (GGA) is implemented to
describe the exchange correlation function. The projector-
augmented wave (PAW) potential is used to represent the
electron-ion interaction. The crystal lattice parameters are
taken from previous calculations (a = 3.776, c = 9.486),
which are in agreement with the experimental values (a =
3.785, c = 9.514) [32]. We use a 2 × 2 × 1 supercell
containing 32 O atoms and 16 Ti atoms to model the bulk
anatase TiO2. In the codoped calculation models, one oxygen
atom is replaced by a S (or F) atom and titanium atom by
iron. In the mono-doped TiO2, we have just one O atom
substituted by S (or F). The Monkhorst-Pack k-point is set
as 4 × 4 × 4 in the Brillouin zone of the supercell, and we
choose the plane-wave cutoff energy of 400 eV. All the atoms
are fully optimized until the force on each atom is less than
0.1 meV.

3. Results and Discussion

3.1. Optimized Structure and Stability of Doped TiO2. To
investigate the relative stability of Fe-F and Fe-S codoped
TiO2, we calculate the defect formation energies. For com-
parison, the energies of F, Fe, and S monodoped TiO2 are also

studied. The formation energies Ef are calculated according
to the following formulas:

Ef = EFe-doped − Epure − μFe + μTi,

Ef = EF(S)-doped − Epure − μF(S) + μO,

Ef = EFe/F(S)-codoped − Epure − μF(S) − μFe + μO + μTi,

(1)

in which EFe-doped, EF(S)-doped, and EFe/F(S)-codoped are total
energies of Fe, F(or S) monodoped and Fe-F (or Fe-S)
codoped TiO2, respectively. Epure is the total energy of TiO2

without dopants. μFe, μTi, μF(S), and μO are the chemical
potential of Fe, Ti, F(or S), and O, respectively. It is
commonly known that if the doped systems have smaller
formation energies, it means that they are in a relatively
stable phase. It should be also mentioned that formation
energy is in connection with crystal growth circumstance. We
simulate the corresponding Ti-rich and O-rich conditions in
our theoretical calculations. Under Ti-rich condition , μTi is
gotten from bulk Ti and μO is calculated according to the
following formula:

2μO + μTi = μTiO2 . (2)

Here μTiO2 is energy of one formula unit of TiO2. Under O-
rich, μO can be obtained from the ground-state energy of the
O2 molecule (μO = 1/2 μ(O2)), while μTi is fixed by condition
(2).

In codoped TiO2 crystal lattice, dopants may substitute
any host atoms however, not all of the configurations are
stable. With the aim to find out the most stable configura-
tion, different substitution sites according to the different
distances between the two dopants are tested. Formation
energy calculations imply that the structure with one Fe
substituting for a Ti atom and simultaneously with one F
(or S) at the first nearest neighboring (denoted as 1NN) O
atom site is the most energetically favorable. We find that,
in general, when the distances between the two dopants
increase, the formation energies increase. This is probably
because that the attraction forces between the anion and
cation ions decrease when the two elements locate far from
each other. Thus, it can be concluded that 1NN substitution
is the most viable configuration in experimental process
and then is chosen as our computational model hereafter
(Figure 1).

The calculated formation energies of different-element-
doped TiO2 are summarized in Table 1, which suggests
that (1) Fe mono-doped, Fe-F and Fe-S codoped TiO2 are
both energetically favorable under O-rich condition , but
unfavorable under Ti-richcondition , (2) the formation of
F mono-doped TiO2 is thermodynamically favorable under
both Ti-rich and O-rich conditions, but S monodoped TiO2

is more stable under Ti-rich condition, which agrees with
the former calculations [11], (3) the formation energy of Fe-
F codoped TiO2 is much lower than both Fe and F mono-
doped TiO2. For Fe-S codoping under O-rich condition,
the formation energy is smaller than S mono-doped but
larger than Fe mono-doped TiO2. The lower formation
energies of codoping systems indicate cooperative effects
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Figure 1: Structure of 48-atom anatase TiO2 codoped with F and
Fe. The gray and red spheres represent Ti and O atoms, respectively.

Table 1: Formation energies Ef (eV) of single-element-doped and
codoped TiO2 in different conditions.

Ef (eV)

Ti-rich O-rich

Fe-TiO2 5.51 −4.80

F-TiO2 −4.97 0.18

S-TiO2 −2.31 2.85

F-Fe-TiO2 −0.19 −5.35

Fe-S-TiO2 4.35 −0.80

of the different dopants and make the high photocatalytic
semiconductor with higher dopants concentration more
viable in experiment. Thus, we can conclude that codoped
TiO2 samples have lower formation energies than mono-
element-doped systems, which is due to the charge balance
by incorporating both anion and cation ions. This effect
is more obvious in Fe-F codoped TiO2 since the charge
neutrality is well maintained relative to the undoped system,
while the charge neutrality is not maintained so well for the
Fe-S codoped TiO2.

We further investigate the optimized structures of
different-element-doped TiO2. For Fe mono-doped TiO2,
the optimized O-Fe bond lengths (1.873 Å and 1.891 Å) are
shorter than O-Ti bond lengths in pure TiO2 (1.930 Å and
1.973 Å). This is because that bond length is determined
mainly by radius and electronegativity of bonded atoms.
The electronegativity of iron (1.83) is stronger than that
of titanium (1.54), and the ionic radius of iron (0.64 Å) is
smaller than that of titanium (0.68 Å). In F mono-doped
TiO2, the distance between F and Ti (2.000 Å) is longer than
O-Ti bond length (1.930 Å). This can be ascribed to the fact
that electronegativity of F (3.98) is stronger than that of
O (3.44) while the radius of F− is a little bigger than that
of O2− (1.32). In S-doped TiO2, the S-Ti bond lengths are
2.147 and 2.354 Å, which are much longer than the O-Ti

bond lengths in pure TiO2 due to the bigger atom radius
of S. As for F-Fe codoped TiO2, the optimized F-Fe bond
length is 1.966 Å, 1.9% of distortion compared with that
of the pure TiO2, which is smaller than the distortions of
both F-Ti and Fe-O bond length (3.6% and 2.8%, resp.).
S-Fe bond length (1.979 Å) in Fe-S codoped TiO2 is longer
than that of F-Fe (1.966 Å), which is due to the bigger atom
radius of S than that of F. The distortion of optimized S-
Fe band length (2.5%) is smaller than that of both S-Ti
and Fe-O bond length (11.2% and 2.8%, resp.) in S and Fe
mono-doped TiO2. The smaller distortion of codoped TiO2

is in connection with the smaller formation energy, and this
should be ascribed to the synergetic effect of codoping.

3.2. Electronic Structures. To clarify how the dopants modify
the electronic structure of TiO2, we calculate the total density
of states (DOS) and partial density of states (PDOS) of
bulk TiO2 and doped TiO2 shown in Figure 2. For pure
TiO2 (Figure 2(a)), the calculated band gap is 1.90 eV,
which is consistent with the previous theoretical studies
[33]. Although the theoretical band gap is smaller than
the experimental value (3.2 eV) due to the well-known
shortcoming of GGA, it is reasonable to analyze the relative
variations of the electronic structure without considering the
exact band gap value. We can see from Figure 2(a’) that the
top of the valence band (VBM) of pure TiO2 consists mainly
of O 2p states, while the bottom of the conduction band
(CBM) is dominated by Ti 3d states.

After substitution of fluorine for oxygen atom
(Figure 2(b)), the Fermi level is pinned at the bottom of the
conduction band which shows a donor character because
of one more electron of F than that of host O. The PDOS
(Figure 2(b′)) shows that most of F 2p states are delocalized
in the lower-energy range of VB and do not contribute
to the band edge and may not lead to the absorption of
visible light. Figure 2(c) shows that incorporation of iron
into the lattice results in localized gap states. The Fermi level
is pinned at the down-spin orbit of the gap states, which
shows half-metallic character. Further projected density
of states (PDOS) as shown in Figure 2(c′) predicates that
the minority- and majority-spin states within the gap are
mainly attributed to Fe 3d. The impurity states induced
above the VBM, below the CBM, and in the forbidden gap
are beneficial to the visible light absorption. Figure 2(d) is
the DOS of S-doped TiO2, and the VBM has a little shift.
From the calculated PDOS of Figure 2(d′), the valence band
is composed mainly of O 2p, and the conduction band is
mainly Ti 3d. The localized states are generated by S 3p
about 0.7 eV above the VBM relative to the undoped one.
The excitation from these occupied S 3p states to conduction
band might lead to a decrease of the photon excitation
energy and induce more significant red shift of absorption,
which is consistent with experimental absorption spectra
measurements. However, the localized gap states in the
middle of the forbidden band in Fe-doped TiO2 provide
recombination center of photogenerated electron-hole pair,
which is detrimental to the photocatalytic activity. The
improvement of photocatalytic activity originating from
visible light absorption is weakened by the increase of
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Figure 2: Total density of states (DOS) of (a) undoped anatase TiO2, (b) F-doped TiO2, (c) Fe-doped TiO2, and (d) S-doped TiO2 and
projected density of states (PDOS) of (a′) pure TiO2, (b′) F-doped TiO2, (c′) Fe-doped TiO2, and (d′) S doped TiO2. The dashed line
represents the Fermi energy level.

recombination of the carriers and eventually limits the great
enhancement of photocatalytic activity.

For Fe-F codoped TiO2 (Figure 3(a)), localized impurity
states are introduced between VBM and CBM. The PDOS in
Figure 3(a′) demonstrates that three gap states mainly stem
from Fe 3d orbital. The energies needed for electrons excita-
tion from two occupied up-spin states to the CBM are 1.6 and
0.9 eV, respectively, while the energy from down-spin state
to CBM is 0.5 eV. Hence, the electron transition from these
impurity energy levels to the conduction band would lead to
an obvious reduction of absorption energy. Our results give
a good explanation for the experimentally observed red shift
of absorption edge of the Fe-F codoped anatase TiO2 [18].
However, as the Fe mono-doped structure, localized states
introduced in the middle of the forbidden band can lead to
the recombination of electro-hole pair and thus do harm to
the photocatalytic activity. Therefore, even though codoping
with Fe and F may promote the incorporation of dopants
into the TiO2 host lattice, it will not have pronounced
enhancement in the photocatalytic activity compared with
Fe-doped TiO2.

When Fe and S are introduced into TiO2 simultaneously,
more obvious spin polarization can be observed in the band

edge compared with mono-doped TiO2 and localized gap
states appear about 0.2 eV above the valence band with width
of 0.4 eV and 0.2 eV below the conduction band with width
of 0.6 eV (Figure 3(b)). The bandwidth decreases to 1.7 eV,
0.2 eV smaller than that of pure TiO2, and the Fermi level
is pinned in the gap states located below the conduction
band due to the slight break of the charge neutrality by
Fe-S codoping. Electron excitation from VBM to the gap
states and CBM could lead to the visible light absorption
as observed in experiment [17]. The PDOS shown in
Figure 3(b′) indicates that the gap states above the valence
band are the mixing of Fe 3d, O 2p, and S 3p orbitals while the
states below the CBM are mainly hybridization of Fe 3d and
O 2p. The formation energy reduction is found in both Fe-F
and Fe-S codoped TiO2 which could enhance the solubility of
dopants in the host lattice. Furthermore, the codoping of Fe
and S produces extended states near the band edge and does
not induce localized states in the center of the gap that often
act as recombination centers. This electronic structure could
enhance the visible light absorption and reduce the recom-
bination of photogenerated electron-hole pairs. Moreover,
the impurity states near the band edge are more extended
than those of mono-doped and Fe-F-doped structures, which
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Fe-F codoped TiO2 and (b′) Fe-S codoped TiO2. The dashed line represents the Fermi energy level.

means that electron excitation between the valence band
(conduction band) and impurity states can be more intense,
and consequently the intensity of visible light absorption can
be stronger. It should be mentioned that the mobility of the
photo-carriers in the impurity states is lower than that in
the valence band of pure TiO2; however, the impurity states
near the band edge can also act as electron/hole traps, which
reduces the recombination of photocarriers. Additionally,
since the oxidation (reduction) power of photogenerated
holes (electrons) in the gap states is reduced relative to that
in the VB (CB) of pure TiO2, one should accommodate a
balance between the oxidation (reduction) power and visible
light absorption of the photocatalysts.

Based on these analyses, we conclude that the Fe-S
codoped TiO2 could possess the best photocatalytic activity
under visible light irradiation among the Fe mono-doped
and Fe-F, Fe-S codoped structures.

4. Conclusions

We have examined the crystal structures and electronic and
optical properties of Fe-F and Fe-S codoped anatase TiO2

based on DFT calculations. For comparison, Fe, S, and F
single -doped TiO2 are also studied. Formation energy of
the codoped system is much lower than that of the mono-
element doping indicating the synergic effects of codopants

on the stability of the doped structure. The calculated results
indicate that the codoped atoms introduce impurity energy
levels in the band gap mainly composed of Fe 3d states. Due
to the less energy needed for an electron transition from
the impurity energy levels to the conduction band bottom,
codoped anatase TiO2 may show higher photocatalytic
activity than the mono-doped one under visible light, which
may account for the experimentally observed phenomenon.
However, Fe-F codoping introduced localized gap states
which may result in visible light absorption but decline
the photocatalytic activity. Compared with Fe-F codoping,
Fe-S codoped TiO2 produces gap states near the band
edge that are extended and may greatly enhance the visible
light absorption and reduce the carrier recombination.
Consequently, the photocatalytic performance under visible
light of Fe-S codoped TiO2 is better than that of Fe-
F codoped one, and Fe-S should be a better codoping
pair.
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This paper reports the characterization and photoactivity of Ag-TiO2 materials using different amounts of silver during the
hydrothermal synthesis. Photocatalysts were characterized by means of TEM, XPS, XRD, DRS, and N2 sorption isotherms to
determine the textural properties. The photocatalyst’s configuration was observed to be as anatase-brookite mixed phase particles
with Ag partially oxidized aggregates on the TiO2 surface, which increased visible light absorption of the material. Moreover,
photoproduction of singlet oxygen was followed by EPR analysis under visible light irradiations following the formation of
TEMPOL. Such photoproduction was totally decreased by using the singlet oxygen scavenger DABCO. Photocatalysts were tested
towards the photocatalytic disinfection of water suing a solar light simulator and an interior-light irradiation setup. Results
evidenced an increase in the photooxidative effect of TiO2, while dark processes evidenced that part of the inactivation process
is due to the Ag-TiO2 surface bactericidal effect and possible lixiviated Ag+.

1. Introduction

The design of TiO2-based photoactive materials has been
a major research topic during the last two decades [1–3].
TiO2, as a semiconductor, is activated under UV irradiation
promoting charges that lead to the formation of reactive
oxygen species when they interact with H2O and O2 from
the reaction media. Nowadays, recombination of the pho-
togenerated charges [4, 5] and visible (vis) light response
[4] are two drawbacks still to surpass in order to achieve effi-
cient photocatalysts to be used under solar light or interior-
lighting irradiations.

Water disinfection using TiO2 had attracted research in-
terest since the oxidative attack of photoproduced ROS may
cause total inactivation of bacteria [6, 7] without generating
harmful byproducts [8]. In order to increase its photooxida-
tive effect, towards bacteria inactivation, TiO2 has been mod-
ified with Ag, which increases vis light absorption [9–11] and
has been proposed to decrease recombination [12], on TiO2

thin films [12] and powdered materials [13]. New insights
have proposed electronic transitions arising from vis-excited
Ag aggregates to the TiO2 conduction band promoting its
photobactericidal effect [14], as it has been observed on
plasmonic photocatalysis [10]. Furthermore, Ag-containing
antimicrobial devices are designed due to the well-known Ag
bacteriostatic activity [15].

Ag-modified TiO2 photocatalysts have been synthesized
using the hydrothermal method since this is a relatively sim-
ple route to load TiO2 nanoparticles with Ag [16, 17], with a
wide range of optimum silver content from 0.1 to 6.5% wt
correspondent to the major increase in photoactivity [11,
18, 19]. Ag has been proposed to be as aggregates located in
crystals borders of TiO2 particles [20, 21]. Since Ag+ and Ti4+

ionic radii are 1.16 [22] and 0.64 Å [23], respectively, it is not
expected that Ag may be embedded into the TiO2 structure.

The aim of this work is to present the performance of Ag-
TiO2 photocatalyst, obtained using the hydrothermal syn-
thesis route, under different light irradiations setups such as
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solar-simulated and interior-lighting lamps with different
irradiation powers, towards the photocatalytic inactivation
of E. coli in water. Moreover, materials were characterized
using TEM, XPS, DRS, and N2 adsorption-desorption iso-
therms in order to elucidate properties affecting the photoac-
tivity. Results show an effective modification of TiO2 with
enhanced visible light absorption capacity as well as photoac-
tivity.

2. Experimental

2.1. Photocatalyst Synthesis. Photocatalysts were hydrother-
mal synthesized as follows: 3.8 mL of titanium butoxide
(99.9%, Fluka) was added dropwise to 19 mL of isopropanol
(Suprasolv. grade reagent, Merck). Then, an adequate
amount of AgNO3 (Extra pure, Merck) was diluted in 2 mL
of water (pH = 1.5) adjusted with HNO3 (65%, Merck). Ag
aqueous solution was added dropwise to the isopropoxide-
isopropanol solution with an appropriate concentration to
obtain Ag nominal weight percentages (% wt), of 0.5, 2, 4,
and 8. Formed gel was steam-pressure-treated in autoclave
during 3 h at 120◦C and ∼144 KPa. TiO2 was obtained as
described without addition of AgNO3. The obtained wet
crystals were grounded in mortar, dried in oven at 60◦C for
12 h, and kept in dark to avoid surface oxidation. Samples
were labeled as Ag(x)-TiO2, x = Ag % wt.

2.2. Photocatalyst Characterization. Fresh Ag(x)-TiO2 and
TiO2 samples were XPS-analyzed. To follow Ag states after a
typical photocatalytic test a Ag(2)TiO2 suspension, without
E. coli, was submitted 2 h to solar-simulated light irradi-
ation, filtered and dried in oven at 60◦C, and then XPS-
analyzed. Analyses were carried out using an AXIS-NOVA
photoelectron-spectrometer (Kratos-analytical, Manchester,
UK) equipped with a monochromatic AlKα (hv = 1486.6 eV)
anode. Electrostatic-charge effect was overcompensated by
means of the low-energy electron source working in combi-
nation with a magnetic immersion lens. C1s line at 284.8 eV
was used as calibration reference. Spectra were decomposed
using the CasaXPS program (Casa Software Ltd., UK)
with a Gaussian/Lorentzian (70/30) product function after
subtraction of a Shirley baseline. Assignment of Ag and Ti
states was restricted using peak distances of 6 eV and 5.3 eV
for Ag [12] and Ti [24], respectively.

X-ray diffraction (XRD) patterns were collected using a
DMax-IIIB Rigaku system operated at room temperature,
40 kV and 80 mA with monochromatic Cu-Kα radiation.
The average crystallite size (dXRD) was calculated using the
Scherrer equation applied to anatase peaks at 2θ = 25.2◦ on
samples’ diffractograms. Al2O3 corundum oxide was used to
quantify crystalline phases for bare TiO2 and the highest Ag
loading in order to identify possible changes in phase com-
position and crystallinity due to Ag loading for modification.

Diffusive reflectance spectroscopy (DRS) was done using a
UV-2401PC Shimadzu spectrophotometer with an ISR240A
integrating sphere accessory. BaSO4 was used as reference.

Transmission Electron Microscopy (TEM) analysis were
performed in a Phillips HRTEM CM 300 (field emission gun,
120 kV) microscope.

Textural analyses of the photocatalysts were performed
through N2 adsorption-desorption isotherms obtained at
77 K in a Nova1200 equipment of Quantachrome. Before the
analysis 0.15–0.2 g samples were degasified during 12 h at
373 K under 10−5 mmHg vacuum. Specific surface area
(SBET) and average pore diameter (dp) were obtained by
means of BET and BJH methods, respectively.

Reactive scavenging of ROS by electron paramagnetic re-
sonance spectroscopy (EPR) was done using 2 mL of 0.3 g/L
Ag(2)-TiO2 suspension and 5×10−2 mol/L of 2,2,6,6-tetram-
ethyl-4-piperidinol (TMP-OH, 99%, Fluka), with spectral
parameters: DH = 1.58 G, aN = 16.9 G, and g = 2.0066, and
was prepared in ultrapure H2O, as well as, in D2O (99.9%
atomic purity, Aldrich). 1,4-diazabicyclo [2,2,2] octane
(DABCO, 99%, Fluka) was used as a singlet oxygen quencher
[25]. Suspensions were kept in test tubes and ultrasound
treated in a water bath with a frequency of 40 kHz for 1 min
prior to illumination. 1 mL aliquot of the suspension was
transferred into a 5 mL Pyrex beaker and exposed to illumi-
nation under constant magnetic stirring with a white light
halogen spot source of 150 W from OSRAM reference Gx5.3
(93638) emitting vis. ∼7 μL aliquots of the illuminated sus-
pensions were transferred into glass capillary tubes 0.7 mm
ID and 0.87 mm OD, from VitroCom, NJ, USA. Tubes were
sealed on both ends with Cha-Seal tube-sealing compound
(Medex International, Inc., USA). To maximize sample
volume in the active zone of the ESR cavity, assemblies of
seven packed capillaries were positioned in a wider quartz
capillary (standard ESR tube, 2.9 mm ID and 4 mm OD,
Wilmad-LabGlass, Vineland, NJ, USA). Such setup resulted
in∼65 μL sample volume in the active zone of the ESR cavity,
thus markedly improving sensitivity of measurements [26].

Experiments were performed using an ESR300 spec-
trometer (Bruker-BioSpin-GmbH) at room temperature,
equipped with standard-rectangular mode TE102 cavity. Rou-
tinely, for each experimental point five scan field-swept spec-
tra were recorded with instrumental parameters: microwave
frequency: 9.38 GHz, microwave power: 2.0 mW, sweep
width: 120 G, modulation frequency: 100 kHz, modulation
amplitude: 0.5 G, receiver gain: 4 × 10−4, time constant:
20.48 ms, conversion time: 40.96 ms, and time per single
scan: 41.9 s. Acquired EPR traces correspond to the second
derivative of the sample’s paramagnetic absorption.

2.3. Photocatalytic Activity. Photobactericidal activity was
measured by sampling E.coli strain ATCC 11229 from Pyrex
photoreactors with a 50 mL of a 0.1 g/L TiO2 suspension.
Before experiments, bacteria were inoculated into Luria
Bertani growth media (1% wt, tryptone from Oxoid, 0.5% wt
yeast extract from Oxoid, and 1% wt NaCl from Merck)
and grown during 8 h at 37◦C. During the stationary growth
phase, bacteria were harvested by centrifugation at 5000 rpm
for 10 min at 4◦C. The obtained bacterial pellet was washed
three times with saline solution (8 g/L NaCl, 0.8 g/L KCl in
Milli-Q water, pH = 7 by addition of HCl or NaOH). A
suitable cell concentration (107 colony forming units (CFU)
per mL) was inoculated to reactors suspensions. Then, pho-
tocatalyst was added to each reactor. Suspensions were
illuminated during 2 h, and samples (1 mL) were taken at
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different time intervals. Serial dilutions were performed in
saline solution and 10 μL samples were inoculated 4 times in
plate count agar (PCA, Merck). The number of colonies was
counted after 24 h of incubation at 37◦C.

E. coli + TiO2 suspensions were kept under magnetic
stirring and illuminated under two different lamp setups:
(1) 67 lx of white light illumination, with 9.8 W/m2 of
irradiation, using a set of 5 natural sunshine light Phillips
lamps (20 W), respectively, with emission between 360 and
700 nm or (2) 250 or 400 W/m2 of solar-simulated light
irradiation using a suntest system model CPS+ from ATLAS,
with temperature and irradiation power control, and a
Xenon lamp emitting light with wavelengths of 300 y 800 nm,
and 5% of the irradiation corresponds to UV-A. The radiant
flux was monitored with a Kipp & Zonen (CM3) power
meter (Omni instruments Ltd., Dundee, UK) and a Hagner
EC1 digital luxmeter.

Bacteria concentration was also followed in dark sus-
pended and stirred Ag-TiO2 and TiO2 suspensions to analyze
possible induced dead by toxicity of the materials. Moreover,
to analyze possible lixiviation of Ag+ ions an Ag(2)TiO2

suspension was stirred under darkness for 10 h and then
filtered. Since E. coli is inactivated by Ag+ ions in solution
it is possible then to determine if lixiviated Ag may decrease
bacteria concentration [27]. Thus, E. coli was added to the
filtered solution and bacteria concentration was determined
by intervals of 2 h under darkness.

An additional determination of the E. coli concentration
was made in order to analyze the time needed for effective
disinfection. In this case a sample of each reactor with
Ag-TiO2 photocatalysts was taken after 1 h of irradiation
and kept under darkness for 24 h. After this period the
samples were submitted to plating and incubation as already
described, and finally, colonies were counted on agar plates.
The effective irradiation time (EDT) for inactivation was
assigned to the sample with zero bacteria counting after 24 h
under darkness and was labeled as EDT24.

3. Results and Discussion

3.1. Photocatalysts Features. The optical response of the sam-
ples has been followed by means of the spectral response on
DRS analyses. Figure 1 shows the DRS spectra of the TiO2-
and Ag-modified TiO2 samples. TiO2 spectrum consists of a
wide absorption band below ∼370 nm ascribed to electron
transitions from the valence band (VB), to the conduction
band (CB) [28]. Moreover, an interesting light response was
found for Ag-loaded samples. Increase in Ag concentration
induces a shift in light absorption to the vis range for
wavelengths up to 800 nm. DRS spectrum of the 0.5% Ag-
loaded TiO2 sample did not show a significant increase in
visible absorption capacity of the material, thus results are
not presented. In addition, the 8% Ag-loaded sample shows a
shoulder-like peak at ∼460 nm which has been proposed for
Ag0 nanoparticles inducing vis light absorption [29]. Atoms,
ions, and clusters of silver show characteristic absorption
peaks with irradiation wavelengths from 190 nm 500 nm in
DRS spectra. Bands at 190–230 nm ascribed to 4d10–4d95s1
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Figure 1: DRS spectra of the TiO2 and Ag-TiO2 samples.

transitions in Ag+, while those at 250–330 nm attributed to
4d105s1–4d95s15p1, 4d105s1–4d95s16p1, or 5s1–p1 transitions
in Ag0 [30], are overlapped by VB-to-CB transitions on TiO2

as previously observed. In addition, Agδ+
n clusters (where n

is in the range 2–13, and δ = n − 1) with n > 3 present
three absorption bands at 360, 460, and 500 nm [31]. Bands
at 350–380 nm are attributed to Ag clusters of ∼1 nm size,
while clusters of 10 nm size and crystallites absorb at 400–
500 nm [30, 31].

Such shoulder-like peak has been observed for Ag nano-
particles inducing collective oscillations of the conduction
band electrons with the incident light [32, 33]. This effect
has also been observed for Au and Pt nanoparticles [34]. This
electromagnetic resonance is known as a surface plasmon
resonance effect which in this case may induce photoactivity
of TiO2 under vis irradiation [35] as it will be discussed.

In contrast, a slight decrease in the slope of the absorp-
tion threshold is observed due to Ag loading of TiO2. Such
decrease is related to a decrease in the energy bandgap. Prob-
ably, the increase in N residues coming from the Ag salt
precursor, AgNO3, may lead to new intrabandgap states pro-
moting electronic transitions of lower energy requirements
between N and the TiO2 conduction band, thus leading to
a decrease in the energy gap [36]. However, as we have
stated, in a previous work, NO3

− residues in Fe-TiO2 sam-
ples, obtained by the hydrothermal route, do not promote
photoactivity under vis light [4]. Therefore, DRS spectra
observed in Figure 1 suggest that increased absorption due to
Ag presence, with a peak at ∼460 nm, is possibly due to
the localized surface plasmon resonance of Ag nanoparticles
[37, 38].

Figure 2 shows the emission spectra of the chosen light
setups. The Xenon and interior-lighting lamps have similar
distribution spectra between 300 and 800 nm. Both lamps
have low emissions under 400 nm in comparison to the emis-
sions in the vis range (400–800 nm). This is supposed to acti-
vate TiO2 alone since its absorption threshold lies at 400 nm
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as observed in Figure 1. However, the major part of both
emission spectra suggests that vis irradiation predominates
over UV irradiation thus giving the chance to activate surface
Ag aggregates.

Figure 3 shows the X-ray diffractograms of samples. Ana-
tase (A) is identified as the primary crystalline phase in both
samples with peaks at 2θ of 25.2◦, 37.9◦, 48.2◦, 55.0◦, and
62.6◦. In addition, a slight peak at 30.7◦ assigned to brookite
(B) is observed for all samples. Al2O3 corundum (C) peaks
are observed for TiO2 and Ag(8)TiO2 samples’ diffractogram
since this oxide was used in the quantification of the phase
composition of these two samples, while Ag-related phases
were not identified in any of the samples due to low concen-
trations. Ag loading did not cause significant changes in crys-
tallinity since, as previously described, Ag+ ion radii is too
large to replace Ti4+ ions in the TiO2 matrix. Furthermore,
on quantitative XRD analysis it was determined that TiO2

sample is constituted of anatase, brookite, and amorphous
in percentages of 38.4, 12.2, and 49.2%, respectively, while
those for Ag(8)TiO2 are 39, 9.2, and 51.8%, respectively. As
a consequence, since Ag does not change phase structure
aggregates may be formed on crystal borders and on the sur-
face of the photocatalyst, thus promoting vis light absorption
as discussed in Figure 1.

Table 1 shows the calculated average crystallite size and
some textural properties of the samples. A slight decrease in
crystallite size was observed due to Ag loading probably due
to obstruction to anatase crystallite growth by Ag aggregates
located in crystal borders. Fe3+ modifications on TiO2, using
the same hydrothermal synthesis, promoted changes on the
crystalline structure due to its similarity in sizes with Ti4+

ions, thus replacing Ti atoms and decreasing crystallite size
[4]. Therefore, it is possible to suggest that during the
synthesis Ag aggregates are deposited on the surface or grain
boundaries.

TEM micrographs of the TiO2 and Ag(2)TiO2 samples
are shown in Figure 4. As observed, the TiO2 sample is con-
stituted of irregular particles with approximate sizes of 8–
10 nm. The difference between dXRD and the observed par-
ticle size in TEM analysis is due to agglomeration of crystal-
lites. In addition, the Ag(2)TiO2 micrograph shows a similar
size distribution to that of bare TiO2 as it was previously
suggested in XRD analyses. Moreover, previously suggested
Ag nanoparticles were not observed during the analysis
probably due to low resolution of equipment.

Textural properties evidence mesoporous materials with
high area. Ag loading caused a significant decrease in SBET

probably due to deposition of Ag aggregates on the TiO2

surface thus leading to pore obstruction [39]. Figure 5
shows type IV isotherms for TiO2 and Ag(2)TiO2 sam-
ples. Moreover, the sorption isotherm of the TiO2 sample
demonstrated a hysteresis pattern between types H1 and
H2, while that of the Ag(2)TiO2 sample shows a type
H2 hysteresis loop. Type H1 loops are often assigned to
agglomerates or compact or spherical particles with uniform
size, while type H2 loops are attributed to pore size and
shape distributions not well defined [40]. Therefore, it is
possible to suggest that Ag modification distorted the distri-
bution of pores of the mesoporous structure of TiO2 due to
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Table 1: Structural and textural properties of TiO2 and Ag(2)TiO2

samples.

Sample dXRD (Å) SBET (m2/g) dp (Å)

TiO2 4.42 370 22.9

Ag(2)TiO2 3.18 234 19.7

dXRD: calculated crystallite size, SBET: specific surface area, dp : average pore
size.

location of Ag aggregates on grain boundaries, as previously
suggested.
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Figure 4: TEM micrographs of the (a) TiO2 and (b) Ag(4)TiO2

samples. Index (b) is missed in the current phrase.

Figure 6 shows the Ti 2p and Ag 3d XPS spectra of the
fresh and solar-simulated light irradiated Ag(2)TiO2 sample.
The Ti 2p doublet of the fresh Ag-loaded sample is consti-
tuted by Ti 2p3/2 and Ti 2p1/2 peaks at 458.9 and 464.6 eV,
respectively, indicating a predominant state of Ti4+ [41].
Moreover, the Ag 3d spectra of the fresh sample show Ag
3d5/2 and Ag 3d3/2 peaks at 368.4 and 374.4 eV, respectively.
After peak deconvolution it is observed the presence of two
different peaks for Ag3d5/2: one at 368.4 eV assigned to Ag+

[12, 42], while the peak at 368.7 eV is attributed to Ag0

[12, 43]. Thus, results suggest the coexistence of Ag2O and
Ag0 probably due to the oxidative action of isopropanol on
Ag+ ions [44] during the synthesis process. Therefore, it is
possible to suggest that Ag is deposited on the TiO2 surface as
partially oxidized metallic aggregates. On the other side, the
irradiated sample’s XPS spectra evidences that the irradiation
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Figure 6: EPR spectra of D2O suspensions of Ag(2)TiO2 and TiO2

with TMP-OH and DABCO after 80 min of visible light irradiation.

process shifts signals by ∼1.1 eV for the Ag 3d spectra, while
that of Ti 2p is shifted by ∼1 eV. Ag peaks at 367.2 and
373.2 for Ag 3d5/2 and Ag 3d3/2 are assigned to Ag2+ species
as suggested by Kaushik [45]. In addition, the Ti 2p shift
indicates the formation of Ti3+ species on the TiO2 surface
[46]. It has been observed that during irradiation of Ag-TiO2

samples Ag is oxidized by action of photogenerated holes on
the TiO2 VB [47], therefore it is possible to suggest that Ti4+

cations, in TiO2, are reduced by released electrons during Ag
oxidation.

Moreover, Ti3+ is expected to be rapidly oxidized to Ti4+

by surrounding oxygen [48]. However, in this case the chosen
synthesis route leads to formation of anatase-brookite mixed
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phase oxide with ∼50% of amorphous, as early discussed,
including organic residues as we have observed in a previous
work [4]. Such residues may protect surface oxidation of Ti3+

to Ti4+ thus allowing its detection in XPS analyses.

3.2. Photocatalytic Production of ROS under Vis Irradiation.
Vis-irradiation-induced singlet oxygen (1O2) formation was
monitored by EPR. Figure 7 shows the signal obtained after
50 min of vis irradiation of TiO2 and Ag(2)TiO2 suspensions
in presence of TMP-OH and DABCO. 1O2 formation was
clearly evidenced for Ag(2)TiO2 with a characteristic 1 : 1 : 1
triplet signal of TEMPOL [49] as depicted in Figure 7.
Moreover, the Ag-modified sample revealed an increase in
TEMPOL signal thus evidencing a higher 1O2 photopro-
duction in comparison to TiO2. Furthermore, the acquired
signal of experiments in presence of DABCO revealed a
total decrease in the intensity of TEMPOL signal. Since
DABCO is a well-known 1O2 scavenger [50] it is possible
to confirm its photocatalytic production by action of vis
irradiation on Ag(2)TiO2 suspensions. Therefore, singlet
oxygen is promoted by vis-excited Ag aggregates on the
TiO2’s surface, and thus it is possible to expect an increased
photobactericidal activity of TiO2.

3.3. Photocatalytic Disinfection of Water and Postirradiation
Events. Figure 8(a) shows the bactericidal activity of TiO2

and Ag-TiO2 samples in darkness. Results evidence zero tox-
icity of TiO2 while Ag(2)TiO2 and Ag(4)TiO2 samples totally
decreased the E. coli population within 180 and 60 min of
contact, respectively. Ag ionic species loaded on a substrate’s
surface have been observed to efficiently inactivate E. coli
[41]. As a consequence, in our case Ag+ species are respon-
sible of the bactericidal activity of the Ag-TiO2 samples
under darkness. Moreover, Figure 8(b) shows the evolution
of E. coli added to a filtered solution of a 10 h dark-stirred
Ag(2)TiO2 suspension. After 240 min of stirring the filtered
solution and E. coli, it is observed that bacteria population is
affected by the aqueous media. This suggests that Ag+ ions
have been released from the photocatalyst’s surface during
the dark-stirring process, and after filtration may induce tox-
icity leading to bacteria death. Then, since the homogeneous
bactericidal activity is observed after long times of lixiviation
during stirring and the heterogeneous toxicity is observed
after 180 min (Figure 8(a)), it seems probable that in-dark
contact of the photocatalyst with E. coli the bactericidal
activity is promoted by the toxicity of Ag+ ions on the
photocatalyst surface, and of course, with time released
ions play their bactericide role as observed in Figure 8(b).
However, an additional heterogeneous photocatalytic effect
has been observed to boost inactivation rates under different
irradiation setups as discussed earlier.

On the other side, Figure 9 shows the photodisinfection
tests results under 250 and 750 W/m2 of solar-simulated
light irradiation of Ag-TiO2 samples and their correspondent
EDT24. Figures 9(a) and 9(b) show the performance of TiO2-
and Ag-modified samples: Ag(2)TiO2 and Ag(4)TiO2. The
increase in Ag loading effectively enhanced the photodis-
infecting effect of TiO2. Moreover, the E. coli inactivation
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rates are boosted when increasing the irradiation power thus
confirming the heterogeneity of the photocatalytic process
as observed in Figure 9(b). Indeed, under 250 W/m2 the
Ag(2)TiO2 sample reaches total inactivation within 20 min,
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while the bactericidal effect reduced the population in
60 min (Figure 8). This effect is observed to increase under
400 W/m2 of irradiation since the total inactivation, by the
same sample, is reached after 10 min. Then, the photoca-
talytic effect decreases the inactivation time by 40 and
50 min, under 250 and 400 W/m2, respectively, indicating
that the total bactericidal action is a sum of photoinduced
processes and photocatalysts toxicity.
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Figure 9: Photocatalytic water disinfection using: ( ) Ag(4)TiO2,
( ) Ag(2)TiO2 and (©) TiO2 samples, under (a) 250 and (b)
400 W/m2 of solar-simulated light irradiation.

Furthermore, using irradiation of interior lighting lamps
similar effects were observed. Such photocatalytic process
can now be correlated to the photoproduction of ROS. As
it was previously observed, the spectrum of the Xenon lamp
has a ∼50% of irradiance power correspondent to visible
light, and even more, the excitation wavelength of the Ag
nanoparticles on the TiO2 surface is emitted by this source
(∼470 nm), thus singlet oxygen is produced. A vast majority
of cell types, from prokaryotic to mammalian, undergo
irreversible damage leading to cell death by exposure to
singlet oxygen [51, 52], therefore in our case the E. coli
inactivation is attributed to 1O2 photoproduction.

Moreover, samples of these experiments were kept in dark
during 24 h and bacteria concentration was measured to
determine the EDT24. It is observed that 10 min of solar-sim-
ulated light irradiation are required to achieve inactivation
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without regrowth using the Ag(4)TiO2 sample, even if
10 min of irradiation do not lead to total inactivation as
observed in Figure 9(a). On the other hand, the performance
of Ag(2)TiO2 leads to an EDT24 of 45 min while that of TiO2

was not reached during the irradiation time. A similar effect
was observed with 400 W/m2 of irradiation as observed in
Figure 9(b). However, in this case using TiO2 and Ag(2)TiO2

samples the correspondent EDT24 were 10 and 40 min,
respectively, suggesting an increase in the effective oxidative
action of the photocatalysts when increasing the irradiation
power [53].

Furthermore, Figure 10 shows the results of the pho-
tocatalytic water disinfection using the TiO2 and AgTiO2

samples under irradiation of 9.8 W/m2 of natural sun-
shine irradiation from interior-lighting lamps. Results evi-
dence a fast decay of the E. coli concentration using
the Ag(4)TiO2 sample, while Ag(2)TiO2 and TiO2 show
lower performances. Such behavior was expected since the
light irradiation setup, as previously discussed, has a wide
peak of light irradiation at 470 nm which may effectively
activate the photocatalyst surface as presented in Figure 2.
Nevertheless, the EDT24 were diminished of course due to
the decrease in light irradiation power.

It has been previously discussed that during the pho-
tocatalytic inactivation of E. coli it is necessary to achieve
a sum of damages to achieve the complete inactivation of
bacteria [54]. Moreover, Rincón and Pulgarin [53] have
discussed that even achieving total inactivation during
irradiation it is possible to observe regrowth of the bacteria
population, after 24 h in dark, indicating that somehow
the level of damage needed for absolute death has not
been reached. Therefore, in our case we have observed that
using Ag modified particles it is possible to achieve a true
inactivation in short irradiation periods, as observed after
dark periods of 24 h, even without reaching zero concen-
tration of bacteria during irradiation. Such effect, as earlier
discussed, is due to action of photoinduced and bactericidal
processes.

Finally, to discuss photocatalyst stability it is possible to
expect that loosing active silver species on the photocatalyst’s
surface, during stirring, may lead to a less active surface
photocatalysts, and therefore, studies focusing on improving
Ag fixing and stability on TiO2 should be developed.

4. Conclusions

Ag-TiO2 photocatalysts, synthesized using the hydrothermal
synthesis, lead to Ag aggregates on the TiO2 surface which
increases the visible light response of TiO2. In addition,
such aggregates are partially oxidized particles that distorted
the pore distribution of the samples. This photocatalyst
configuration seems to promote photoactivity towards the
photocatalytic disinfection of water under solar light and
interior-light irradiations. Photoactivity was effectively cor-
related to the photoproduction of singlet oxygen under
visible light irradiation as determined by EPR analyses using
DABCO as a singlet oxygen quencher. Moreover, analysis of
dark processes evidenced that part of the inactivation process
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Figure 10: Photocatalytic water disinfection using ( ) Ag(4)TiO2,
( ) Ag(2)TiO2, and (©) TiO2 samples, under 9.8 W/m2 of natural
sunshine light irradiation of interior lighting.

is due to the bactericidal effect of silver in the surface and
possible lixiviated Ag+ ions.
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[46] F. Werfel and O. Brümmer, “Corundum structure oxides stud-
ied by XPS,” Physica Scripta, vol. 28, no. 1, pp. 92–96, 1983.

[47] A. Romanyuk and P. Oelhafen, “Formation and electronic
structure of TiO2-Ag interface,” Solar Energy Materials and
Solar Cells, vol. 91, no. 12, pp. 1051–1054, 2007.

[48] N. Sakai, R. Wang, A. Fujishima, T. Watanabe, and K. Hashi-
moto, “Effect of ultrasonic treatment on highly hydrophilic
TiO2 surfaces,” Langmuir, vol. 14, no. 20, pp. 5918–5920, 1998.

[49] R. Konaka, E. Kasahara, W. C. Dunlap, Y. Yamamoto, K. C.
Chien, and M. Inoue, “Irradiation of titanium dioxide gener-
ates both singlet oxygen and superoxide anion,” Free Radical
Biology and Medicine, vol. 27, no. 3-4, pp. 294–300, 1999.

[50] S. Kaur and V. Singh, “Visible light induced sonophotocat-
alytic degradation of Reactive Red dye 198 using dye sensitized
TiO2,” Ultrasonics Sonochemistry, vol. 14, no. 5, pp. 531–537,
2007.

[51] T. A. Dahl, “Direct exposure of mammalian cells to pure ex-
ogenous singlet oxygen (ΔgO2),” Photochemistry and Photobi-
ology, vol. 57, no. 2, pp. 248–254, 1993.

[52] Z. Cheng and Y. Li, “What is responsible for the initiating
chemistry of iron-mediated lipid peroxidation: an update,”
Chemical Reviews, vol. 107, no. 3, pp. 748–766, 2007.

[53] A. G. Rincón and C. Pulgarin, “Bactericidal action of illu-
minated TiO2 on pure Escherichia coli and natural bacterial
consortia: post-irradiation events in the dark and assessment
of the effective disinfection time,” Applied Catalysis B, vol. 49,
no. 2, pp. 99–112, 2004.

[54] J. Marugán, R. van Grieken, C. Sordo, and C. Cruz, “Kinetics
of the photocatalytic disinfection of Escherichia coli suspen-
sions,” Applied Catalysis B, vol. 82, no. 1-2, pp. 27–36, 2008.



Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2012, Article ID 185159, 23 pages
doi:10.1155/2012/185159

Review Article

Degrading Endocrine Disrupting Chemicals from Wastewater by
TiO2 Photocatalysis: A Review

Jin-Chung Sin, Sze-Mun Lam, Abdul Rahman Mohamed, and Keat-Teong Lee

School of Chemical Engineering, Universiti Sains Malaysia, Engineering Campus, 14300 Nibong Tebal, Malaysia

Correspondence should be addressed to Abdul Rahman Mohamed, chrahman@eng.usm.my

Received 13 June 2011; Revised 3 August 2011; Accepted 4 August 2011

Academic Editor: Jiaguo Yu

Copyright © 2012 Jin-Chung Sin et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Widespread concerns continue to be raised about the impacts of exposure to chemical compounds with endocrine disrupting
activities. To date, the percolation of endocrine disrupting chemical (EDC) effluent into the aquatic system remains an intricate
challenge abroad the nations. With the innovation of advanced oxidation processes (AOPs), there has been a consistent growing
interest in this research field. Hence, the aim of this paper is to focus one such method within the AOPs, namely, heterogeneous
photocatalysis and how it is used on the abatement of EDCs, phthalates, bisphenol A and chlorophenols in particular, using
TiO2-based catalysts. Degradation mechanisms, pathways, and intermediate products of various EDCs for TiO2 photocatalysis
are described in detail. The effect of key operational parameters on TiO2 photocatalytic degradation of various EDCs is then
specifically covered. Finally, the future prospects together with the challenges for the TiO2 photocatalysis on EDCs degradation are
summarized and discussed.

1. Introduction

Disruption of the endocrine system in wildlife and humans
by synthetic organic chemicals has recently received consid-
erable attention worldwide due to the recognition of that
the environment is contaminated with various endocrine
disrupting chemicals (EDCs) that exert hormonal imbalance
activity [1]. An endocrine disruptor is defined by the
European Commission (1996) as an exogenous substance or
a mixture that alters the function of the endocrine system and
consequently causes adverse health effects in an organism or
its progeny or (sub)populations [2]. The causative chemicals
of endocrine disruption in wildlife populations are wide
ranging and include a plethora of industrial chemicals
such as polycyclic aromatic hydrocarbons (PAHs), bromi-
nated flame retardants, several pesticides, dioxins, parabens,
bisphenol A, phthalates, organic solvents, and some heavy
metals as well as the naturally occurring phytoestrogens [2–
6].

EDCs can be classified according to the mode of their
endocrine actions. The most commonly reported EDCs
in the environment are estrogenic, antiestrogenic, antian-
drogenic, androgenic, and thyroidal [8]. The EDCs may

function via modes of action such as mimicking endogenous
hormones, antagoniting of hormone receptors, disrupting
hormone secretion or metabolism, or disrupting natural
hormone production pathways [9, 10]. Endocrine disruptors
are also hypothesized to play a role in the pathogenesis
of various disorders including male and female infertility,
sexual underdevelopment, birth defects, endometriosis, and
malignancies [2, 6, 11]. In fact, some EDCs have been
shown to have multiple modes of action, which can lead to
deleterious effects on the earth ecosystems [12]. Enormous
examples of reproductive and developmental abnormalities
have been reported over the years in a broad spectrum of
wildlife including invertebrates, fish, amphibians, birds, and
mammals [3, 5, 13], many of which are associated with EDCs
exposure.

Enormous examples of endocrine disruption in wildlife
involve animals that are living in or closely associated with
the aquatic environment. This is perhaps not surprising
considering that surface water acts as a sink for both
natural and anthropogenic chemicals discharged into the
environment [8, 14]. Sources by which EDCs contaminated
the surface water are via sewage effluents from domestic and
industrial facilities and industrial effluent discharges [15].
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The quantity of chemicals within the aquatic environment
together with the inherent susceptibility of aquatic life to the
effects of EDCs, leads to significant impacts on the biota of
aquatic ecosystems. In certain water bodies with large inputs
of anthropogenic chemicals, aquatic life could be continually
exposed to a huge range of EDCs at different concentrations.
Concentration of EDCs in surface water has been reported
in the ranges of ng·L−1 for alkylphenols and bisphenols
[16, 17]. Despite their low concentration present in the
aquatic environment, the hormone-like chemicals have been
listed as hazardous pollutants by both the US Environmental
Protection Agency (USEPA) and the European Union (EU)
due to the fact that even a trace amount of them is adequate
to initiate estrogenic activity.

Various chemical, physical, and biological treatment pro-
cesses are currently proposed for the removal of EDCs. How-
ever, conventional water and wastewater treatment plants
using activated sludge and/or charcoal adsorption systems
are ineffective and nondestructive for many EDCs including
BPA and chlorophenols [19, 20]. In the recent years, an alter-
native to the conventional methods is “advanced oxidation
processes” (AOPs) based on the in situ generation of non-
selective and highly reactive species such as hydroxyl radicals
(•OH), superoxide anion radicals (O2

•−), and hydrogen
peroxide (H2O2) as initiators of the oxidative degradation.
Among AOPs, heterogeneous photocatalysis using titanium
dioxide (TiO2) has become the focus of intense interest,
owing to its chemical and photostability, able to efficiently
catalyze reactions and superior ability for the removing a
large variety of organic and inorganic pollutants in aqueous
media, even form the gaseous environment [21–24]. Since
AOPs rely on the generation of highly reactive radicals to
react with pollutants, there are many operational parameters
such as light intensity and wavelength; initial substrate
concentration, catalyst loading, solution pH, reaction tem-
perature, and the presence of oxygen can affect the efficiency
of these processes. Consequently, understanding the roles
of various operational parameters is crucial from the per-
spective of efficient design and application of photocatalysis
processes to ensure sustainable operation in wastewater
treatment. This paper aims to address the fundamentals
of heterogeneous photocatalytic degradation of common
endocrine disruptors, namely, phthalates, bisphenol A and
chlorophenols using TiO2-based catalysts. This paper also
describes the degradation pathways that EDCs undergo
with some of the intermediates that are generated during
their degradation. Moreover, the effect of key operational
parameters on TiO2-photocatalyzed degradation of EDCs is
then presented. Finally, the future prospects together with the
challenges for the TiO2 photocatalysis on EDCs degradation
are summarized and discussed.

2. Overview of Industrial Endocrine Disruptors

Among numerous EDCs used in industrial processes,
the three potential disruptors that have recently received
scientific and public interest are phthalates, bisphenol A, and
chlorophenols. The common feature of all is that they are

produced in huge quantities, and a substantial fraction is
discharged into the environment.

2.1. Phthalates. Phthalates or phthalic acid esters (PAEs)
have been widely used as plasticizers for polyvinyl chlo-
ride (PVC) resin, cellulose film coating, styrene, adhe-
sives, cosmetics, pulp and paper manufacturing [15, 25–
28]. Other important usages of PAEs are in plumbing,
nonionic surfactants, pesticide formulations, construction
materials, and vinyl upholstery, to impart flexibility and
softness to plastics [29]. About 60 different phthalates are
produced worldwide and consumed for diverse purposes.
During product manufacturing and wasteland filling, many
phthalates-based chemicals are easily transported to the
environment, in which they are bonded noncovalently to
allow the required degree of flexibility. The PAEs such as
dimethyl phthalate (DMP) and diethyl phthalate (DEP) are
among the most frequently identified in diverse environ-
mental samples including surface marine waters, freshwaters,
and sediments [30, 31]. In Malaysia, studies focusing on
concentrations of PAEs in highly industrialized Klang Valley
have found varying concentrations of PAEs ranging from 0.1
to 64.3 μg·L−1 in the river water and 0.49 to 15.0 μg·L−1 in
sediments [32]. The estrogenic activity of eight PAEs such
as dibutyl phthalate (DBP), butylbenzyl phthalate (BBP),
dihexyl phthalate (DHP), diisoheptyl phthalate, di-n-octyl
phthalate, diiso-nonyl phthalate, and diisodecyl phthalate
was discovered by Zacharewski et al. [33]. Further studies
in fish have shown that both BBP and DEP induced
vitellogenin (VTG) at an exposure to low concentration in
the range of μg·L−1 via the water [34, 35]. Numerous in
vivo screens and tests have demonstrated that PAEs mediated
their effects through binding to the estrogen receptor [33,
36]. In addition to these estrogenic effects, some PAEs
are also considered to be toxic to microorganisms, aquatic
life, and human beings [37]. Recent studies have indicated
that phthalate metabolites such as monoethyl phthalate
(MEP), mono-(2-ethylhexyl) phthalate (MEHP), mono-n-
butyl phthalate (MBP), and monobenzyl phthalate (MBzP)
can induce DNA damage in human sperm [38, 39].

2.2. Bisphenol A. Bisphenol A (BPA) was first discovered as
an estrogen in the mid of 1930s, when it was used as an
estrogen for clinical use [8]. Then, in the 1950s, BPA was used
to react with carbonyl dichloride to produce polycarbonate
polymer and subsequently to synthesize epoxy resins, which
are now used widely including as lacquer preservatives in
the lining of food cans, in automotive parts, and in compact
discs [1]. In addition, BPA is consumed as a resin in dental
fillings, as powder paints, as additives in thermal paper, as
a developer in dyes, optical lenses, and for encapsulation of
electrical and electronic parts. BPA is currently produced at
a rate about 2.5 million ton/yr worldwide with a significantly
increasing trend [40, 41]. Due to its large-scale production
and extensive applications, BPA has become an integral
part of wastewater streams. The contaminant may also
be transferred from different sources to food via (i) food
processing by contact with resins, plastics, lacquers, gaskets,
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and containers and (ii) migration from packaging and
bottling materials. One of the first reports of the estrogenic
activity of migrating BPA from polycarbonate flasks during
autoclaving was documented in 1993 [42]. BPA has also been
shown to be estrogenic via in vivo screenings [43, 44]. In
vivo effects in rat, a low-dose effect of BPA was observed
[45]. Whereas, in vivo studies in fish, a concentration of
16 μg·L−1 BPA in the water can affect the progression of
spermatogenesis [46]. Furthermore, BPA has also been found
to have the paradoxical effect to block the beneficial effects of
estradiol on neuronal synapse formation and the potential
to disrupt thyroid hormone action [47–49]. More extensive
reviews on endocrine effects of BPA can be found in the
literatures [50–52].

2.3. Chlorophenols. Of all the nineteen chlorophenols, only
seven of these compounds include monochlorophenols,
2,4-dichlorophenol, 2,4,6-trichlorophenol, 2,4,5-trichloro-
phenol, 2,3,4,5-tetrachlorophenol, 2,3,4,6-tetrachloro-
phenol, and pentachlorophenol have been used by the in-
dustry [54]. 2,4-dichlorophenol (DCP) and pentachloro-
phenol (PCP), in particular, have been shown to have
endocrine disrupting effects [55, 56]. In general, compound
with a higher substituted chlorine atom appears to be
rather more resistant to biodegradation—the half life in
water can reach 3.5 months in aerobic waters for PCP and
some years in organic sediments [57]. The occurrence of
these compounds in drinking water can cause objectionable
taste and odour at concentration below 10 μg·L−1 and
affecting adversely the environment [54, 58, 59]. Due to
broad-spectrum antimicrobial properties, these compounds
have been used in wood preservation, disinfectants, leather,
paints, agricultural seeds (for nonfood uses), and pulp
and paper manufacturing. In addition, they have been
widely employed in many industrial processes as synthesis
intermediates in the production of pesticides, herbicides,
fungicides, insecticides, pharmaceuticals, and dyes. The
presence of DCP and PCP have reported to induce VTG
synthesis in fish at concentrations of 1.0 mg·L−1 for
21-day exposure and 200 μg·L−1 for 28-day exposure,
respectively, [60, 61]. PCP has also been demonstrated to
affect pituitary function and the release of gonadotrophins
in fish at concentration of 750 μg·mL−1 for 48-h exposure
[62]. As for many other EDCs, longevity of exposure
affects both the threshold and the magnitude of the
response; PCP and DCP have shown bioconcentration
factor values of (4.9 ± 2.8) × 103 and (3.4 ± 3.0) × 102,
respectively, at their low concentrations around μg·L−1

[63].

3. Degradation of EDCs in Wastewater by
TiO2 Photocatalytic Reactions

3.1. Titanium Dioxide Photocatalyst. Titanium dioxide
(TiO2), also known as titanium (IV) oxide or titania,
is the naturally occurring oxide of titanium. In nature,
TiO2 exists in three different polymorphs that are rutile,
anatase, brookite. TiO2 is typically extracted from minerals

such as ilmenite, leucoxene ores, or rutile beach sand and
commercially produced using sulphate route—the ground
slag or ilmenite is digested with strong sulphuric acid to
produce titanium oxysulphate and iron sulphate. The tita-
nium oxysulphate is then subjected to selective thermal
hydrolysis to produce hydrated TiO2. This is further washed
and calcined to produce TiO2 (1) and chlorine route—rutile
is converted to titanium tetrachloride by chlorination in the
presence of petroleum coke. The titanium tetrachloride is
then condensed to a liquid and reacted with hot oxygen to
form TiO2 (2) [65, 66]:

FeTiO3 + 2H2SO4 −→ TiOSO4 + FeSO4 + 2H2O

TiOSO4 + H2O
heat−−→ TiO2 nH2O + H2SO4

TiO2 nH2O −→ TiO2 + nH2O

(1)

TiO2
(
impure

)
+ C + 2Cl2 −→ TiCl4 + CO2

TiCl4 + O2 −→ TiO2
(
pure

)
+ 2Cl2

(2)

In general, TiO2 structures of rutile, anatase, and
brookite can be described in terms of (TiO6) octahedral.
These three crystal structures differ from one another by
the distortion of each octahedral and by the assembly
patterns of the octahedral chains. Anatase is built up from
octahedrals which are mainly connected by their vertices.
Octahedral structures in rutile are mostly connected by the
edges. Both vertical and edge connections are found in
the octahedral structure of brookite [7, 67]. Even though
both anatase and rutile are the same tetragonal system,
anatase has longer vertical axis of the crystals than rutile.
Meanwhile, brookite has an orthorhombic crystalline system
(Figure 1). Among these crystal structures, only anatase
and rutile are photocatalytically active. Moreover, rutile is
the thermodynamically most stable phase of TiO2. It is by
about 1.2 to 2.8 kcal·mol−1 more stable than anatase with
temperature ranges from 700 to 1000◦C. Based on optical
absorption spectra, 3.2 eV is the band gap energy of anatase
and in rutile 3.0 eV is its energy, implying the rutile has an
aggressive excitation of solar radiation [67, 68]. Calcinated
TiO2, especially in the rutile form, is very stable and insoluble
in water; it is also insoluble or partly soluble in concentrated
and hot acids.

According to historical documents, TiO2 was first dis-
covered in the form of black sand in 1791 on the beaches
of Cornwall, England, by William Gregor, who recognized
the presence of a new element in ilmenite. The potential
use of TiO2 was not established until earlier in the last
century, when the Norwegian chemists, Jebsen and Farup,
worked on TiO2 extraction from ilmenite. They revealed
that the extracted TiO2 has a very high refractive index and
thus, enabled its potential as a pigment. Independently of
Jebsen and Farup, Rossi and Barton in the United States have
also started with the extraction of TiO2 from minerals of
ilmenite, titaniferous iron ores, and rutile their researches
eventually led to the establishment of production site at
Niagara Falls towards the end of the First World War.
Until the turn of the 1930s, gradually growing of uncoated
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Figure 1: Crystal structures of rutile (a), anatase (b), and brookite (c) [7].

anatase and rutile pigments manufacturing activities have
been evidenced, driving to the full scale of TiO2 production
[65].

The revolution of TiO2 was started when Fujishima
and Honda [71] discovered the possibility of water splitting
by photochemical cell having an inert cathode and rutile
TiO2 anode in 1972. This event marked the beginning of a
new era in heterogeneous photocatalysis. As a consequence,
the application of TiO2 photocatalysis extended to environ-
mental frontiers. Frank and Bard [72] for the first time
reported the possibilities of using TiO2 to degrade cyanide
in aqueous medium under solar irradiation. Subsequent
reports of photocatalytic reduction of CO2 by Inoue et al.
[73] attracted more interest in TiO2 photocatalysis. In
addition to environmental remediation, TiO2 is also an
inorganic chemical widely used in paints, plastics, inks,
paper, personal care products, and electronic components.
These widespread applications of TiO2 are attributed to the
stability of its chemical structure, biocompatibility, physical,
optical, and electrical properties [74].

3.2. Mechanism of TiO2 Photocatalysis. Heterogeneous pho-
tocatalysis is an increase in the rate of a thermodynamically
allowed (ΔG < 0) reaction in the presence of photocatalyst
with the increase originating from the creation of some new
reaction pathways involving photogenerated species and a
decrease of the activation energy [67]. Generally, there are
five essential key steps in the heterogeneous photocatalysis
on the surface of TiO2, namely, the (1) photoexcitation, (2)
diffusion, (3) trapping, (4) recombination, and (5) oxidation
[75–80].

3.2.1. Photoexcitation. Upon irradiation of TiO2 with light
energy equivalent to or greater than its band gap energy,
the electron is excited from the valence band (vb) to the
conduction band (cb). Figure 2 illustrates the mechanism
of electron-hole pair generation when the TiO2 particle is
irradiated with sufficient light energy (hv). The photoexci-
tation leaves behind a positive hole in the valence band and,
therefore, creating the electron-hole pair:

TiO2 + hv −→ ecb
− + hvb

+ (3)

ecb
− −→ etr

−

hvb
+ −→ htr

+
(4)

3.2.2. Diffusion. In this step, water molecules (H2O) and
organic pollutant (R) are diffused to the interface of TiO2

surface, forming spatial bonding with the TiO2 solid:

TiIV + H2O −→ TiIV −H2O

TiO2 + R1 −→ R1ads

(5)

3.2.3. Trapping. Water molecules and hydroxyl ions (OH−)
are available as electron donors and react with the photo-
generated holes to form highly reactive and strong oxidizing
hydroxyl radicals (•OH). On the contrary, oxygen molecules
(O2) are efficient electron acceptors. Through the reduction
of O2 with photogenerated electron, reactive superoxide
radical anions (O2

•−) are produced. This reaction would
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Figure 2: Schematic diagram illustrating the mechanism of photocatalysis on TiO2 particles.

provide an additional pathway capable of totally mineralizing
of the EDCs molecules:

TiIV −OH− + h+ −→ TiIV −OH•

TiIV −H2O + h+ −→ TiIV −OH• + H+

R1ads + h+ −→ R 1ads
+

TiIV + e− −→ TiIII

TiIII + O2 −→ TiIV −O2
•−

(6)

3.2.4. Recombination. In competition with charge transfer
to diffused organic pollutants, there is the opportunity that
both electron-hole pair recombination and trapped carrier
recombination happen. These recombinations can occur
either in the volume of the TiO2 or on the surface of TiO2,
liberating input energy as heat:

e− + h+ −→ heat (7)

3.2.5. Oxidation. The resulted •OH radicals in the reacting
system can initiate radical reactions, subsequently oxidizing
the organic pollutants. Other radicals such as hydroperoxyl
radicals (HO2

•) and hydrogen peroxide (H2O2) are also
generated and involved in the reactions to degrade EDCs in
water as follows.

(i) Reaction with radical attack on organic pollutants:

TiIV −OH• + R1ads −→ TiIV + R2ads

TiIV −OH• + R1 −→ TiIV + R2

OH• + R1ads −→ R2ads

OH• + R1 −→ R2

(8)

(ii) Other reactions with radical:

e− + TiIV − O2
•− + 2H+ −→ TiIV + H2O2

TiIV − O2
•− + H+ −→ TiIV + HO2

•

H2O2 + OH• −→ H2O + HO2
•

O2
•− + H+ −→ HO2

•

2HO2
• −→ H2O2 + O2

H2O2 + e− −→ OH− + OH•

(9)

(iii) Nonproductive radical reactions:

2OH• −→ H2O2

2HO2
• −→ H2O2 + O2

2OH• −→ H2O2 −→ H2O + O2

(10)

OH• + HCO3
− −→ CO3

•− + H2O (11)

The primary photoreactions (3) to (11) reveal the
indispensable role of charge carriers (electron-hole pair)
in the TiO2 photocatalysis. Essentially, •OH, HO2

•, and
O2

•− radicals as well as photogenerated hole (h+) are highly
reactive intermediates that will attack repeatedly in the
reacting system and ultimately lead to complete mineral-
ization of the EDCs. The mediation of radical oxidative
species in the photocatalytic reaction has been evidenced by
electron paramagnetic resonance spectroscopy (EPR) using
spin trap such as 5,5-dimethylpyrroline-N-oxide (DMPO).
This process led to the formation of a stable free radical
whose EPR spectra was the characteristic of the trapped
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•OH radical [81]. Another analysis of the •OH radical
formation on photocatalyst surface in solution has been
performed through simple terephthalic acid-fluorescence
(TA-FL) technique. Using this technique, the intensity of the
peak attributed to 2-hydroxyterephthalic acid was known
to be proportional to the amount of •OH radicals formed
[82, 83]. More recently, the •OH radical produced on various
photocatalysts has also been quantitatively investigated by
Xiang et al. [84] via photoluminescence (PL) technique using
coumarin (COU) as a probe molecule. Furthermore, electron
spin resonance (ESR) has been used to study the radical
oxidative species detection in solutions. This technique
allowed to monitor the presence of •OH, HO2

•, and O2
•−

radicals in photocatalytic systems [18, 85–87].

4. Degradation Pathways of Various EDCs

Photocatalytic degradation reactions of organic pollutants
usually take more than one elementary step to complete.
An intermediate is the reaction product of each of these
steps which eventually forms the final product in the last
step. The desired final products for a complete photocat-
alytic degradation reaction are CO2 and H2O. Identification
of these reaction intermediates would provide a further
insight into the mechanism involved in the photocatalytic
degradation process and will help to get a total picture of
the degradation pathway. On this facet, the photocatalytic
degradation schemes for some phthalates, bisphenol A, and
chlorophenols suggested by researchers are given as below.
For one thing, as to different types of organic pollutants,
the degradation pathways are different. For another, as to a
certain organic pollutant, the degradation pathway will be
possibly different if different catalysts or different experiment
conditions are applied.

4.1. Phthalates

4.1.1. Dimethyl Phthalate. Ding et al. [18] studied the photo-
catalytic degradation pathway of dimethyl phthalate (DMP)
using TiO2-pillared montmorillonite as catalyst under UV
irradiation. The photocatalytic degradation pathway of DMP
is presented in Figure 3. By GC-MS analysis, a total of twelve
products were detected from the photocatalytic degradation
of DMP. In the first pathway, •OH radicals added to the
aromatic ring of the DMP and yielded hydroxylated DMP.
With the further degradation of the intermediate, 2,3-
dihydroxymethyl benzoate, 2,4-dihydroxymethyl benzoate
and 2,6-dihydroxymethyl benzoate were observed. These
three intermediates were reported to form by attack of
another •OH radical on different positions in the benzene
ring and removal of an ester group from hydroxylated DMP
at the same position. Moreover, these three intermediates
were also formed by the double attack of •OH radicals on
the benzene ring of methyl benzoate. By ring-rupturing reac-
tions, these aromatic intermediates were presumably further
oxidized into aliphatic intermediates, such as 2,3-butanediol,
1,2-propanediol, and 1,2-glycol, and finally mineralized into
CO2 and H2O. In the second pathway, a carbonyl group

of DMP was excited after the photon absorption, and
then cleavage of one C-C bond connecting the COOCH3

group to the aromatic ring occurred; in succession, methyl
benzoate was generated. Subsequently with further single
β-cleavage of the ester group, removal of a •CH3 radical
occurred, and benzoic acid with a carbonic acid (COOH)
structure was formed. The benzene ring of benzoic acid was
demonstrated to attack by •CH3 or •OH radicals alterna-
tively generated 2,3-dimethyl-benzoic acid and 2-hydroxy-
benzoic acid, respectively. The resulting intermediate of 2,3-
dimethyl-benzoic acid further decomposed completely into
CO2 and H2O, while 2-hydroxy-benzoic acid followed by
a ring-cleaving process to give rise to 2-hydroxy-3-methyl-
butyric acid, which oxidized also into CO2 and H2O at last.

4.1.2. 1,2-Diethyl Phthalate. Muneer et al. [53] identified
the intermediates and degradation pathway of 1,2-diethyl
phthalate (DEP) in aqueous suspensions of TiO2 through
GC-MS analysis. A proposed degradation pathway of DEP
is shown in Figure 4. The GC-MS analysis of DEP at 195-
min irradiated mixture showed the formation of three pho-
toproducts C12H16O5, C8H4O3, and C10H10O4 appearing at
reaction times of 15.4, 16.8, and 26.8 min, respectively.

4.1.3. Dibutyl Phthalate. Xu et al. [64] investigated the
photocatalytic degradation of dibutyl phthalate (DBP) cat-
alyzed by polyoxotungstate/TiO2 nanocomposites under
simulated solar irradiation. The photocatalytic degradation
intermediates and pathway are shown in Figure 5. Their
findings revealed that DBP (C16H22O4) was attacked by •OH
radicals at aromatic ring and aliphatic chain to produce three
different hydroxylated intermediate isomers of C16H22O5

((a), (b), and (c)). Under the oxidation of •OH radicals,
isomers (a) and (b) lost butoxy groups to produce different
isomers of C8H6O5 ((e) and (f), resp.). Meanwhile, isomer
(c) was converted to aldehyde of C16H20O5 (g). C12H14O4

(d) was formed by the cleavage of the alkyl-oxygen bond of
DBP. Decarboxylation from intermediates (d) to (f) resulted
in C11H14O2 (h) and C7H6O2 (i). In addition, cleavage of
alkyl-oxygen bond in C11H14O2 (h) also generated C7H6O2

(i). With a further decarboxylation from C7H6O2 (i), dihy-
droxybenzene and; quinine, were stated to form. Quinone
was further oxidized, and thereby ring-opening reaction
happened, leading to a series of aliphatic acids including
butanedioic acid, formic acid, and acetic acid. Additionally,
when •OH radicals attacked directly two carbon atoms in
α-position of DBP, both of the positions were broken into
a long chain structure of C11H16O2 (j). In the end, all the
intermediates were mineralized to CO2 and H2O.

4.1.4. n-Butyl Benzyl Phthalate. Xu et al. [69] examined
the photocatalytic degradation of n-butyl benzyl phthalate
(BBP) using TiO2 as catalyst under UV light irradiation.
With the identification of intermediates, a proposed pathway
of the photocatalytic degradation of BBP is presented in
Figure 6. The results in their investigation showed that
monobutyl phthalate, monobenzyl phthalate, and phthalic
acid were the main intermediates of BBP degradation. The
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Figure 3: Photocatalytic degradation scheme for DMP [18].

formation of these three intermediates involved the electron
transfer reactions and reactions with •OH radicals. The BBP
upon the transfer of an electron was reported to form a
radical anion, which was further attacked by •OH radicals
forming the anionic species. By the loss of a butanol or
benzyl alcohol, the species were converted to monobutyl
phthalate and monobenzyl phthalate. Under the actions of
electrons and then •OH radicals, both monobutyl phthalate
and monobenzyl phthalate were converted to phthalic acid.

4.1.5. Di(2-ethylhexyl)phthalate. Chung and Chen [70] stud-
ied the degradation of di(2-ethylhexyl)phthalate (DEHP)
by TiO2 photocatalysis. The possible degradation pathway
of DEHP is demonstrated in Figure 7. In their photo-
catalytic degradation process, •OH and •H radi-cals ini-
tially attacked the aliphatic chain of DEHP and yielded
the intermediates such as benzoic acid, phthalic acid, 2-
(butoxycarbonyl)benzoic acid, mono (2-ethylhexyl)phthal-
ate, octyl 4-hydroxybenzoate, and 2-[(octyloxy)carbon-
yl]benzoic acid. With a further attack from the reactive

radicals, the aromatic opened products were formed and
finally mineralized to final products of CO2 and H2O.

4.2. Bisphenol A. Tao et al. [88] tested the photocat-
alytic degradation of bisphenol A (BPA) using TiO2-
loaded mesoporous MCM-41 under UV irradiation (λ =
365.0–366.3 nm). Through the GC-MS analysis, the pho-
tocatalytic degradation intermediates and the pathway
of bisphenol A are shown in Figure 8. Their results
noticed that 4-(1-hydroxy-1-methyl-ethyl)-phenol (HMEP)
and phenol were initially produced via the photocleavage
of phenyl groups by •OH radicals attack. 4-vinyl phenol
was then generated by dehydration from HMEP and sub-
sequently oxidized to 4-hydroxyacetophenone. Additionally,
2-methyl-2,3-dihydrobenzofuran was reported to be pro-
duced from phenol. These single aromatic intermediates
were further oxidized through ring rupturing reactions
into aliphatic intermediates containing C4H10O, C5H10O,
and C6H14O2, which were mineralized into CO2 and H2O
ultimately.
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4.3. Chlorophenols

4.3.1. 2,4-Dichlorophenol. Zang et al. [89] investigated the
photocatalytic degradation of 2,4-dichlorophenol (DCP)
catalyzed by TiO2 suspensions. The proposed photocatalytic
degradation pathway of DCP is presented in Figure 9. Their
study noted that DCP was firstly converted to chlorohydro-
quinone, which was converted to chlorobenzoquinone and
hydroxybenzoquinone. Then, hydroxybenzoquinone was
reported to convert into acidic intermediates. Subsequently,
the formed acidic intermediates were oxidized to final
products of CO2 and H2O.

4.3.2. Pentachlorophenol. Jung et al. [90] studied the pho-
tocatalytic degradation of pentachlorophenol (PCP) using
TiO2 thin films coated on stainless steel cloth. The photo-
catalytic degradation pathway of PCP is shown in Figure 10.
In the primary photocatalytic degradation process, •OH
radicals attacked the PCP and yielded intermediates
such as tetrachlorocatechol, tetrachlorohydroquinone, and
tetrachlororesorcinol. With the further degradation of
the intermediates, 1,2,4,5-tetrachloro-p-benzoquinone, 1-
hydro-2,4,5-trichloro-p-benzoquinone, and hydroxyhydro-
quinone were formed. Eventually, an oxidative aromatic
ring-opening reaction happened and rendered the formation
of short-chain carboxylic acids, such as tartaric, oxalic, malic,
hydroxymalonic, and glycolic, followed by oxidation to
CO2.

5. Operating Parameters in
Photocatalytic Processes

The rate and efficiency of a photocatalytic reaction depends
on a number of operating parameters that govern the
degradation of EDCs in wastewater such as light intensity
and wavelength, initial substrate concentration, catalyst
loading, solution pH, reaction temperature, and dissolved
oxygen.

5.1. Effect of Light Intensity and Wavelength. Light irradiation
plays a significantly important role in all of photocatalytic
reactions and generates the photons required for the electron
transfer from the valence band to the conduction band of
a semiconductor photocatalyst. The energy of a photon is
related to its wavelength, and the overall energy input to the
photocatalytic process is dependent on the light intensity.
Therefore, the effects of both intensity and wavelength have
been studied in numerous investigations for various organic
pollutants including phthalates, bisphenol A, and chlorophe-
nols. It has been reported that at low light intensity (catalyst
dependent, surface reaction limited) the rate was linearly
proportional to the light intensity, while at medium-high
intensity, the rate became proportional to the square root of
the light intensity, and, at higher light intensity, the rate was
independent of the light intensity [91–93]. This variation is
likely due to the recombination of photogenerated electron-
hole pairs under different irradiation intensities. Huang and
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Figure 5: Photocatalytic degradation scheme for DBP [64].

Chen [94] examined the effect of light intensity on the
photocatalytic degradation of diethyl phthalate (DEP) using
TiO2 as catalyst. The degradation efficiency of DEP was
observed to increase linearly with UV radiation intensity up
to 2.50×10−6 Einstein·l−1·s−1 and then only smaller changes
when the light intensity increased from 2.50× 10−6 to 4.00×
10−6 Einstein·l−1·s−1. Their study explained that, at lower
UV intensity, the photocatalytic degradation was limited.
As the UV intensity increased, more •OH radicals were
formed, thus, resulted in the increase of DEP degradation.
Above certain UV intensity, the reaction rate went from first
order of pollutant concentration to one-half order. Bayarri
et al. [95] compared the degradation and mineralization

efficiencies of 2,4-dichlorophenol (DCP) using lamps of UV-
A and UV-ABC over TiO2. The degradation and miner-
alization efficiencies using UV-ABC were reported to be
more efficient than using UV-A. This improvement was
related to the combined use of photolysis, photocatalysis, and
synergistic effects due to associated photolysis and photo-
catalysis. Chan et al. [96] tested the effect of UV intensity on
the photocatalytic degradation of di(2-ethylhexyl)phthalate
(DEHP), and the TiO2 degradation efficiency increased
rapidly from 0 to about 40% with increasing of light
intensity from 0 to 8.4 W·m−2. After that, the increase
in degradation efficiency gradually slowed and reached a
maximum of about 72% at 33.6 W·m−2. The influence of



10 International Journal of Photoenergy

+H+ +

+

H+

+e−

+e−

O−

O−

O−

O−

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

OO

O

O

O

C

C

C C

C

C

CC

C

C

C C

C

CC

C

C

C

C CH2

CH2

CH2

CH OH2

CH2

CH2

CH2

CH2

CH2

OH

OH

OH

OH

OH

OH

OH

OH OH

OH

C4H9

C4H9

C4H9

C4H9

C4H9

C4H9

C4H9

C4H9

+

hA/TiO2 hA/TiO2

•OH•OH

Figure 6: Photocatalytic degradation scheme for BBP [69].

light intensity on the photocatalytic degradation of bisphenol
A has also been studied over TiO2 suspension [97]. The
degradation efficiency was reported to increase rapidly in the
light intensity up to 0.35 mW·cm−2, and then the efficiency
increased gradually. Lee et al. [98] investigated the effect of
light intensity on the photocatalytic degradation of bisphenol
A over immobilized TiO2 by turning on different number
of UV lamps (λ = 365 nm). The results in their work
indicated that the degradation rate constant increased from

0.27 to 0.77 h−1 as the number of the UV lamps increased
from 1 to 6. They went further to measure the photon rate
of UV lamp and found that the rates were 2.8, 10.1 and
18.3 μE·s−1; respectively, as 1, 3, and 6 UV lamps were used
in the reactor. The enhanced degradation rate was related to
the increase of photon rate. Using TiO2 as catalyst, Minero
et al. [99] examined the effect of solar irradiation intensity
on the photocatalytic degradation of pentachlorophenol
(PCP). Their findings revealed that the PCP degradation and
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TOC disappearance rates increased linearly with increasing
the solar light intensity. The effects of light intensity and
wavelength on the photocatalytic activity of immobilized
TiO2 have also been investigated on the degradation of
bisphenol A (BPA) [100]. In their work, three different light
sources: germicidal lamp (λ = 254 nm), blacklight lamp
(λ = 360 nm), and vita-lite lamp (visible region) were used
to study the effect of light wavelength. The used of both UV
lamps was shown to have higher efficiency for the degrada-
tion of BPA. The degradation rate constants were reported
to be 0.00111 min−1 and 0.0067 min−1 for germicidal lamp
and black-light lamp, respectively, compared to 0.0012 min−1

for vita-lite lamp. This effect was ascribed to the insufficient
energy of visible lamp to induce the photocatalytic degra-
dation of BPA. On the other hand, the degradation of BPA
was accelerated using the germicidal lamp at different light
intensities. The degradation rate constant was noticed to
increase from 0.0111 to 0.0268 min−1 as the light intensity
increased from 2 to 6 W·L−1. Liao and Wang [101] also
observed an enhancement of dimethyl phthalate (DMP)
degradation with increasing the UV light intensity. The
enhanced degradation efficiency was attributed to the higher
light intensity provided more light energy for the breaking
of chemical bonds of DMP, and the reactions between the
light and the TiO2 catalyst improved the generation of •OH
radicals in the solution.

5.2. Effect of Initial Substrate Concentration. Due to the fact
that, as the concentration of model pollutant increases, more

and more molecules of the organic compound get adsorbed
on the surface of the photocatalyst, the initial substrate
concentration can influence the extent of reaction rate at the
surface of the photocatalyst. Table 1 summarizes a variety of
EDCs studied under various initial concentrations. Kusvuran
et al. [102] examined the effect of initial concentration on
the photocatalytic degradation of 2,4-dichlorophenol (DCP)
using UV/TiO2. Increase in the DCP concentration from
0.1 to 0.5 mM decreased the degradation rate constant, kobs,
from 0.0259 to 0.0061 min−1. Tsai et al. [20] found that the
degradation efficiency of bisphenol A (BPA) was strongly
dependent on the initial substrate concentration. The degra-
dation efficiency of BPA over TiO2 suspension decreased
gradually, ranging from 100% to 97% as the initial substrate
concentration increased from 1 to 20 mg·L−1. Nevertheless,
the BPA concentration increased from 20 to 50 mg·L−1; the
degradation efficiency showed a significant decreasing trend,
ranging from 97% to 67%. Jung et al. [90] investigated the
effect of initial concentration in the range of 2.5 to 10 mg·L−1

on the photocatalytic degradation of pentachlorophenol
(PCP) using TiO2 thin films coated on stainless steel cloth.
Maximum PCP degradation was observed at 2.5 mg·L−1.
Chung and Chen [70] conducted the TiO2 photocatalytic
experiment at different di(2-ethylhexyl)phthalate (DEHP)
concentrations ranged from 25 to 300 μg·L−1. Their results
showed that the degradation efficiency decreased with the
increased concentration of DEHP. This was attributed to the
rise of internal optical density, which caused the solution
became impermeable to UV light. Thiruvenkatachari et al.



12 International Journal of Photoenergy

Table 1: Effect of initial substrate concentration on the photocatalytic degradation of various EDCs.

Organic pollutant Light source Photocatalyst
Tested initial

concentration
(mg·L−1)

Optimum initial
concentration

(mg·L−1)
Reference

Di-n-butyl phthalate UV TiO2/glass beads 2.5–12.5 2.5 Chiou et al. [105]

2,4-Dichlorophenol UV Ti-GAC 15.3–33.2 15.3 Gu et al. [106]

Bisphenol A Solar TiO2/Ti 0.15–0.60 0.30 Daskalaki et al. [107]

Solar TiO2-P25/Ti 0.15–0.60 0.15 Daskalaki et al. [107]

Bisphenol A UV Zr/TiO2 15–60 15 Gao et al. [108]

n-Butyl benzyl phthalate UV TiO2 0.5–2.5 0.5 Xu et al. [69]

2,4-Dichlorophenol Visible TiO2/porphyrin 10–100 10 Chang et al. [109]

Bisphenol A UV TiO2 5–20 5 Wang et al. [110]

Pentachlorophenol UV TiO2/SS 2.5–10 2.5 Jung et al. [90]

Bisphenol A UV TiO2/PF 10–50 10 Wang et al. [104]

Di(2-ethylhexyl)phthalate UV TiO2 0.025–0.3 0.025 Chung and Chen [70]

Dimethyl phthalate UV TiO2 5–80 5 Liao and Wang [101]
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Figure 8: Photocatalytic degradation scheme for BPA [88].

[103] investigated the effect of initial concentration on the
photocatalytic degradation of bisphenol A (BPA) in the
presence of TiO2. After 10 h of UV irradiation, degradation
efficiencies of 78%, 55%, and 30% were obtained for initial
BPA concentration of 10, 50 and, 100 mg·L−1, respectively.

The effect of initial concentration on the bisphenol (BPA)
degradation has also been investigated by employing immo-
bilized TiO2 as catalyst [104]. Under the conditions tested,
the highest BPA degradation rate was achieved when the BPA
initial concentration was 10 mg·L−1. The BPA degradation
rate after 10 h of reaction time decreased when the initial BPA
concentration increased from 10 to 50 mg·L−1. At higher
initial concentration, the accumulation of BPA molecules
in the inner layer spacing on the TiO2 surface resulted in
the adsorption competition for active sites between BPA
molecules, which thereby decreased the amount of reactive
•OH radicals attacking BPA molecules. This led to a decrease
in BPA degradation.

Using TiO2/glass beads, Chiou et al. [105] studied
the effect of initial concentration on the photocatalytic
degradation of di-n-butyl phthalate (DBP) under UV light
irradiation (λ = 365 nm). The degradation efficiency
was found to decrease as the initial DBP concentration
increased. The degradation process followed a pseudo-first-
order reaction. The observed rate constant was shown to
vary from 0.0188 to 0.0130 min−1 as the DBP concentration
increased from 2.5 to 12.5 mg·L−1. Muneer et al. [53] studied
the effect of substrate concentration (0.1–1.0 mM) on the
photocatalytic degradation of 1,2-diethyl phthalate (DEP)
using Degussa P25 and Hombikat UV 100. The photonic
efficiencies for both employed photocatalysts increased as
the initial concentration of DEP increased up to 0.25 mM
and then decreased. In the presence of Zr/TiO2, Gao et
al. [108] considered the influence of initial concentration
on the photocatalytic degradation of bisphenol A (BPA)
over the concentration ranged from 15 to 60 mg·L−1. The
degradation rates were high at lower concentration range
and then decreased with increasing the BPA’s initial concen-
tration. The degradation was observed to fit well with the
pseudo-first-order kinetic model. Tatti et al. [111] studied
the effect of initial concentration on the photocatalytic
mineralization of 2,4-dichlorophenol and pentachlorophe-
nol over immobilized TiO2. In their study, both chlorinated
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phenol concentrations were varied in the range of 9.9× 10−4

to 3.8 × 10−5 M. The degradation rates of the chlorinated
phenols were observed to decrease linearly with the increase
in the initial concentration. Using TiO2 supported on GAC,
Gu et al. [106] reported that the degradation efficiency of 2,4-
dichlorophenol (DCP) decreased from 100% to 70.2% with
initial concentration increasing from 15.3 to 33.2 mg·L−1.
This was ascribed to that increase of the DCP concentration
can decrease the path length of photons entering the reaction
solution, resulting in weak photons absorption on the surface
of supported TiO2. Thus, the DCP degradation decreased.
As shown in many literature reports, the initial substrate
concentration dependence of the degradation rate of organic
pollutant can be realized by the fact that the photocatalytic
reaction occurs on TiO2 particles as well as in solution. On
the surface of TiO2 particles, the reaction occurs between the
•OH radicals generated at the active OH− sites and organic
molecules from the solution. When the initial substrate con-
centration is high, the number of these available active sites
is reduced by organic molecules because of their competitive
adsorption onto TiO2 surface. Since the intensity of light and
the irradiation time are constant, the •OH radicals formed
on the surface of TiO2 remained practically the same. Thus,
the active •OH radicals attacking the organic pollutants
decreased due to the lower ratio of the •OH/organic
pollutant. In addition, a significant amount of light may also
be absorbed by the organic molecules rather than the TiO2

at a higher initial substrate concentration. This condition
can be ascribed to the increase in the initial concentration,
led to less photons reached to the TiO2 surface, and resulted
in a slower production of •OH radicals. Consequently, the
degradation rate is decreased, since fewer •OH radicals are
available to degrade more organic molecules. Furthermore,
the formation of intermediates during the photocatalytic
reaction of target pollutant also affected the reaction rate.
The generated intermediates may compete with the organic
molecules for the limited adsorption and active sites on
TiO2 surface. According to several authors [112–116], this
competition could be more marked in the presence of a high
concentration level of reaction intermediates produced by
the degradation of higher initial substrate concentration.

5.3. Effect of Catalyst Loading. It is well documented that
the rate and efficiency of photocatalytic degradation would
increase with catalyst loading. The increase in the efficiency
seems to be due to the effective surface area of catalyst

and the absorption of light. At lower catalyst loading, the
absorption of light controlled the photocatalytic process
due to the limited catalyst surface area. However, as the
catalyst loading increased, an increase in the active surface
area of TiO2 is obtained. The enlarged amount of photons
absorbed and the amount of organic pollutants adsorbed on
the TiO2 surface improved the photocatalytic degradation.
When the TiO2 loading is overloaded nevertheless, owing
to an increase in the particles aggregation, the surface that
absorbed the photons is not increasing in a geometrical
ratio [104]. In addition, the number of active sites on
the TiO2 surface also decreased because of the decrease
in light penetration due to light-scattering effect with an
increase of the turbidity of the suspension and leading
to the shrinking of the effective photoactivated volume of
suspension. The integration of these two reasons resulted
in a reduced performance of photocatalytic activity rather
than the linearly increased with the overloaded catalyst.
Hence, many researchers have verified that there was an
optimum amount of catalyst loading in the photocatalysis
studies [74, 92, 117–119]. Table 2 lists the effect of catalyst
loading on the photocatalytic degradation of various EDCs
in numerous studies. Kuo and Lin [120] studied the effect of
catalyst concentration (0.5–3.0 g·L−1) on the photocatalytic
degradation of bisphenol A (BPA) irradiated using UV lamp.
Their results showed that the photocatalytic degradation rate
of BPA increased linearly with TiO2 concentration up to
2 g·L−1 and then decreased due to the reduction of UV light
penetration. Chan et al. [96] observed that the degradation
efficiency of di(2-ethylhexyl)phthalate (DEHP) increased
gradually from 8.64% to 69.87% as the concentration of TiO2

increased from 0 to 150 mg·L−1. However, further increase in
the catalyst concentration from 150 to 400 mg·L−1resulted
in a decrease in the degradation efficiency from 69.87% to
55.87%. Xu et al. [69] examined the effect of TiO2 dosage
(0–5 g·L−1) on the photocatalytic degradation of n-butyl
benzyl phthalate (BBP) over TiO2 suspension. After 2 h of
UV irradiation, the highest degradation efficiency of BBP was
achieved at the concentration of 2 g·L−1.

Chung and Chen [70] carried out a series of experiments
to assess the optimum TiO2 catalyst loading by varying
the amount of catalyst from 0 to 500 μg·L−1 in the di(2-
ethylhexyl)phthalate (DEHP) solution. As the amount of
TiO2 increased, the total surface area for the photocatalytic
reaction was also reported to be increased. Therefore, the
DEHP degradation was improved. Further increase in the
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Table 2: Effect of catalyst loading on the photocatalytic degradation of various EDCs.

Organic pollutant Light source Photocatalyst
Tested catalyst

concentration (g·L−1)
Optimum catalyst

concentration (g·L−1)
Reference

Di(2-ethylhexyl)phthalate UV TiO2 0–0.0005 0.0001 Chung and Chen [70]

Bisphenol A Solar TiO2 0–20.0 10.0 Kaneco et al. [97]

Bisphenol A UV TiO2 0–3.0 0.5 Tsai et al. [20]

2,4-Dichlorophenol UV Ti-GAC 5.0–9.0 9.0 Gu et al. [106]

1,2-Diethyl phthalate UV TiO2 0–5.0 1.0 Muneer et al. [53]

Pentachlorophenol UV TiO2/SS 0–20.4 10.1 Jung et al. [90]

n-Butyl benzyl phthalate UV TiO2 0–5.0 2.0 Xu et al. [69]

Bisphenol A UV Ti-MCM-41 0–0.2 0.1 Tao et al. [88]

2,4-Dichlorophenol UV TiO2 0–2.0 0.5 Bayarri et al. [121]

Dibutyl phthalate UV TiO2 0.001–0.005 0.005 Bajt et al. [122]

Diethyl phthalate UV TiO2 0.04–0.4 0.2 Huang and Chen [94]

amount of catalyst showed a negative effect. Under the
conditions investigated, the maximum degradation was
noticed at 100 μg·L−1 of TiO2. The decrease in degradation
above 100 μg·L−1 was ascribed to the saturation of the
catalyst surface area and scattering of light. Kaneco et al.
[123] indicated that the degradation of di-n-butyl phthalate
(DBP) (0–30 mg) increased with catalyst amount up to
5 mg. Then, the degradation efficiency decreased slightly
and became nearly constant when the TiO2 was higher
than 10 mg. An increase in the amount of catalyst provided
greater number of active sites available for DBP adsorption,
however, the simultaneous increase in the light scattering
and agglomeration of free catalyst particles hindered the
degradation of DBP. Consistent trend of results has also
been observed on the solar photocatalytic degradation of
bisphenol A (BPA) using TiO2 as a catalyst [97]. The
degradation efficiency was found to increase with increasing
catalyst content up to a level of 500 mg, and, thereafter, the
efficiency was nearly constant. The photocatalytic degrada-
tion of 2.5 mg·L−1 pentachlorophenol (PCP) for different
concentrations of TiO2 thin film coated on the surface
of stainless steel cloth has also been investigated [90].
The results showed that the PCP degradation followed the
order of 2% (w·w−1) TiO2 ≥ 1% TiO2 > 0.5% TiO2 >
0.1% TiO2. Since the change of catalyst concentration from
1% to 2% w·w−1 did not have much effect on the PCP
degradation efficiency, they suggested that 1% w·w−1 TiO2

was the optimal catalyst concentration for the photocatalytic
degradation of PCP. Using the TiO2 loaded on MCM-
41, Tao et al. [88] studied the effect of catalyst loading
ranging from 0 to 0.2 g on the photocatalytic degradation
of bisphenol A (BPA). Their findings demonstrated that the
BPA degradation efficiency increased as the catalyst loading
increased from 0 to 0.1 g. Nevertheless, further increase in
catalyst loading showed an adverse effect due to interception
of the light by the suspension and aggregation of catalyst
particles. In the presence of TiO2 supported on GAC, Gu
et al. [106] investigated the effect of catalyst loading in the
range of 5.0 to 9.0 g·L−1 on the photocatalytic degradation
of 2,4-dichlorophenol (DCP). The increase of the catalyst
dosage was observed to have a faster degradation of DCP,

and the degradation efficiency was increased from 50%
with 5.0 g·L−1 Ti-GAC to 100% with 9.0 g·L−1 Ti-GAC.
The increase of Ti-GAC dosage was reported to enhance
the interactions between catalytic components and UV,
leading to an increase of •OH radicals formation. This led
to an increase in its degradation. Giménez et al. [124]
tested the effect of catalyst concentration (0–2 g·L−1) on
the solar photocatalytic degradation of 2,4-dichlorophenol
(2,4-DCP) in the CPC modules and the flat reactors. The
observed optimum catalyst concentrations were 0.5 g·L−1

and 0.2 g·L−1 for the CPC modules and the flat reactor,
respectively, on the degradation of 2,4-DCP. Further increase
in the catalyst concentration in both reactors decreased the
degradation rate. This suggests that the different designs of
reactor (such as larger exposure area, more UV lamp, or
faster agitation) might affect the optimal catalyst loading. In
any given application, the optimum catalyst loading has to be
determined in order to avoid an ineffective excess of catalyst
and to ensure total absorption of efficient photons.

5.4. Effect of Solution pH. The pH of an aqueous solution
significantly affects all metal oxide semiconductors including
the surface charge on the semiconductor particles and the
size of the aggregates formed [115, 125]. Due to amphoteric
behaviour of TiO2 particle suspended in aqueous solution,
the effect of solution pH on degradation rate depends on
the acid-base properties of the semiconductor surface and
can be explained on the basis of zero-point charge. The
principal amphoteric surface functionality is the “titanol”
surface group, TiOH. Hydroxyl groups on the TiO2 surface
can undergo the following acid-base equilibrium [78, 126,
127]:

pKa1 : TiOH + H+ ←→ TiOH2
+

pKa2 : TiOH + OH− ←→ TiO− + H2O
(12)

where Ka is the acidity constant. The pKa values for Degussa
P-25 TiO2 have been estimated as 4.5 for pKa1 and 8 for
pKa2, which resulted in a pH of zero-point charge (pHzpc =
0.5(pKa1 + pKa2)) of 6.25 [128–130]. Accordingly, TiO2

surface is protonated becoming positively charged as TiOH2
+
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Figure 10: Photocatalytic degradation scheme for PCP [90].

below pH 6.25, and, above this pH, catalyst surface is
predominantly negatively charged by adsorbed OH− ions
present as TiO−. In addition, the pH of the solution can affect
the formation of •OH radicals by the reaction between OH−

ions and positive holes. The positive holes are favoured as
major oxidation species at low pH, whereas •OH radicals are
favoured as principal oxidizing species responsible for the
degradation process at neutral or high pH levels [92]. It was
stated that, in alkaline medium, excess of OH− ions on the
TiO2 surface as well as in the reaction solution facilitated the
formation of •OH radicals, and, thus, the efficiency of the

process is logically enhanced. Wastewaters usually contain a
mixture of large complex organic pollutants which may not
be neutral. These organic pollutants present in wastewater
differ greatly in several parameters, particularly in their
speciation behaviour, solubility in water, and hydrophobicity.
While some organic pollutants are uncharged at common
pH conditions typical of natural water or wastewater, others
exhibit a wide variation in speciation (or charge) and
physicochemical properties. At pH below its pKa value,
an organic pollutant is primarily in its molecular form.
Above this pKa value, an organic pollutant tends to undergo
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deprotonation becoming negatively charge. These charac-
teristics can significantly affect selective adsorption and
photocatalytic degradation of charged pollutants by altering
the surface charge of TiO2 when a variation of solution
pH takes place [131, 132]. Table 3 presents the solution pH
influence on the photocatalytic degradation of various EDCs.

Liao and Wang [101] studied the effect of pH in the range
of 3 to 11 on the photocatalytic degradation of dimethyl
phthalate (DMP) over TiO2 under UV light irradiation. The
efficiency of DMP degradation in acidic solution at pH 5 was
found to be higher than the alkaline solution. The enhanced
degradation efficiency in acidic medium was due to more H+

ions in the solution; more conduction band electron could
migrate to the surface of the catalyst and reacted with O2

to generate more •OH radicals. Lin et al. [141] reported on
the influence of pH on the photocatalytic degradation of
pentachlorophenol (PCP) using metal-modified TiO2 over
the pH range of 3 to 11. Their results showed that the
degradation of PCP enhanced in an acidic medium, and
the maximum degradation rate was achieved in the solution
at pH 3. At pH 3, the degradation rate of 1.0 wt% metal-
modified TiO2 was shown in the order of Au/TiO2 >
Ag/TiO2 > Pt/TiO2 > Cu/TiO2. In acidic solution, the pos-
itive surface charge of TiO2 strongly attracted the negatively
charged PCP since its pKa value was 4.74, resulting in an
increase of PCP degradation. The variation of bisphenol
A (BPA) degradation efficiency under different pH values
has been investigated [98]. Under the conditions tested,
the photocatalytic degradation of BPA using immobilized
TiO2 was done more rapidly in acidic solution than in
alkaline solution. After 6 hr of irradiation, the degradation
rate constants were reported to be 0.54 h−1, 0.16 h−1, and
0.01 h−1 at pH 3, 7, and 10, respectively. Kuo and Lin [120]
studied the influence of solution pH on the photocatalytic
degradation of bisphenol A (BPA). Their results showed
that the BPA degradation rate followed the order of pH 4
> pH 7 > pH 10 in the UV/TiO2 system. Since the pKa

value of BPA is 9.6–10.2, the coulombic repulsion between
negatively charged TiO2 surfaces and BPA molecules resulted
in weak adsorption of BPA onto the surface of TiO2 at high
pH. The photocatalytic degradation of BPA over UV/TiO2

was reported to obey the pseudo-first-order kinetics. Using
the nitrogen-doped TiO2, Subagio et al. [137] studied the
effect of pH on the photocatalytic degradation of bisphenol
A (BPA) irradiated under blue LED lights (λ = 465 nm).
The results in their work showed that the BPA degradation
rate increased from 0.507 h−1 to 1.342 h−1 with increasing
the pH value from 3 to 10. It is important to note that
the photocatalytic degradation of some organic pollutants is
more efficient in alkaline solution [137] and others at about
neutral pH [69]. It has earlier been reported that in alkaline
solution, there is a higher concentration of OH− ions, which
can lead to the photogeneration of much of the reactive •OH
radicals and, thus, increasing the rate of BPA degradation. In
the presence of porphyrin/TiO2 and visible light irradiation,
Chang et al. [109] also noticed that the degradation of 2,4-
dichlorophenol (2,4-DCP) was most favoured at a higher pH
(10.0) but went on at a slower and inefficient rate at pH 4.0.
The pH variations influence (3.4–11.2) on the photocatalytic

degradation of diethyl phthalate (DEP) has also been studied
using PW12/TiO2 composite [64]. Under the stimulated
sunlight irradiation, the degradation efficiency was shown to
be greater at higher pH due to more efficient generation of
•OH radicals on the catalyst surface with an increase of OH−

ion concentration. Daskalaki et al. [107] tested the effect
of initial solution pH on the photocatalytic degradation of
bisphenol A (BPA) using both TIP film (TiO2 prepared by
sol-gel method) and P-25 film immobilized on Ti support.
After 180 min of solar irradiation, the BPA degradation
efficiencies were 42%, 86%, 90%, and 62% for TIP film and
70%, 84%, 95%, and 90% for P-25 film at initial pH values
of 3, 6, 8, and 10, respectively. The increased photocatalytic
performance recorded at pH 8 was due to the fact that
favourable formation of •OH radicals at alkaline conditions.
At pH above 8, BPA was reported in the forms of BPA−

and BPA2−, and, thus, repulsion will eventually occur with
negatively charged TiO2. On the contrary, Xu et al. [69]
observed that the degradation efficiency of n-butyl benzyl
phthalate (BBP) using TiO2 under neutral pH was beneficial
and had higher degradation efficiency than that in the
alkaline medium. At pH 7.0, the surface of TiO2 at isoelectric
point can adsorb the largest amount of BBP molecules.
At higher pH (10.0), negative charges predominated on
the surface of TiO2 particles, which restrained the BBP
degradation. Hanna et al. [135] studied the effect of pH
on the photocatalytic degradation of pentachlorophenol
(PCP) in water and in 2 mmol·l−1cyclodextrin solution. The
degradation rates were found to be higher at pH 7 than
that obtained at pH 11. Wang and Lim [133] investigated
the effect of initial pH on the photocatalytic degradation of
bisphenol A (BPA) catalyzed by C-N doped TiO2. The order
of degradation rates was shown to be pH 7 > pH 9 ≈ pH 5 >
pH 3 > pH 11. The enhanced degradation efficiency at pH 7
was due to the •OH radicals easier to generate by oxidizing
more OH− ions available on TiO2 surface. At higher pH,
BPA was deprotonated into bisphenolate anions (pKa of
BPA = 9.6–10.2). Thus, degradation of BPA was inhibited
as BPA possessed similar charge to TiO2, which resulted in
mutual repulsion. In summary, different organic pollutants
have different activities in photocatalytic reaction. Some are
degraded effectively at lower pH, while others degraded
effectively at higher pH. All these may be attributed to the
type of catalyst used and the nature of the organic pollutant
to be degraded. Therefore, appropriate pH control strategies
should be implemented for an efficient photocatalytic water
treatment process.

5.5. Effect of Reaction Temperature. A number of studies have
been indicated on the dependence of the photocatalytic reac-
tion rate of degradation of organic pollutants on the reaction
temperature. Such dependency could be realized when
operating the photocatalytic process under natural sunlight,
where the reaction temperature of stream may increase as
the solar irradiation contains a considerable infrared (IR)
factor [75]. Generally, as the photocatalytic process proceeds
on the surface of the TiO2, higher reaction temperatures
would promote collision frequency between the organic
pollutants and the catalyst, leading to higher reaction rates.
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Table 3: Effect of solution pH on the photocatalytic degradation of various EDCs.

Organic pollutant Light source Photocatalyst Range of solution pH
Optimum solution

pH
Reference

Dimethyl phthalate UV TiO2 3.0–11.0 5.0 Liao and Wang [101]

Bisphenol A Visible C-N/TiO2 3.0–11.0 7.0 Wang and Lim [133]

2,4-Dichlorophenol UV TiO2 3.5–10.6 10.6 Trillas et al. [134]

Bisphenol A UV TiO2 4.0–10.0 4.0 Kuo and Lin [120]

Diethyl phthalate Solar PW12/TiO2 3.4–11.2 11.2 Xu et al. [64]

Pentachlorophenol UV TiO2 7.0–11.0 7.0 Hanna et al. [135]

2,4-Dichlorophenol UV Porphyrin/TiO2 4.0–10.0 10.0 Chang et al. [109]

n-Butyl benzyl phthalate UV TiO2 3.0–11.0 7.0 Xu et al. [69]

Bisphenol A Solar N/TiO2/AC 3.0–11.0 3.0 Yap et al. [136]

Bisphenol A Visible N/TiO2 3.0–10.0 10.0 Subagio et al. [137]

1,2-Diethyl phthalate UV TiO2 3.0–9.0 6.0 Muneer et al. [53]

Bisphenol A Solar TiO2/Ti 3.0–10.0 8.0 Daskalaki et al. [107]

Bisphenol A Visible TiO2 4.0 – 10.0 4.0 Kuo et al. [138]

2,4-dichlorophenol UV Feo/TiO2/ACF 2.0–10.0 6.0 Liu et al. [139]

Bisphenol A UV Zr/TiO2 2.0–11.0 9.0 Gao et al. [108]

Di(2-ethylhexyl)phthalate UV TiO2 2.0–12.0 12.0 Chan et al. [140]

Nevertheless, several researchers have reported that, while an
increase in photocatalytic reaction temperature may enhance
the reaction rate of organic pollutants, reaction temperature
would also lower the adsorption of organic pollutants and
could reduce the oxygen concentration in the solution [142,
143]. This is consistent with Arrhenius equation, where the
rate constant k is linearly proportional to the exponential
(−1/T):

k = A exp
(
− Ea
RT

)
, (13)

where A, Ea, T, and R are the frequency factors, activation
energy, temperature (K), and universal gas constant, respec-
tively. In addition, as the irradiation energy simply serves
to overcome the energy barrier for the process that it is
often found the apparent activation energy is very small (a
few Kj·mol−1) [144]. Hence, the photocatalytic process does
not appear to be particularly temperature sensitive. Chung
and Chen [70] found that, the efficiency of photocatalytic
degradation of di(2-ethylhexyl)phthalate (DEHP) increased
gradually as the temperature increased from 20 to 40◦C
but was insignificant. The effect of temperature on the
solar photocatalytic degradation of bisphenol A (BPA) using
TiO2 has been investigated in the range of 10 to 70◦C
[97]. Although the degradation efficiency of BPA increased
steadily as the temperature increased, the appreciable change
was not observed within their temperature range studied.
Similar trend of results has also been observed for the photo-
catalytic degradation of dibutyl phthalate (DBP) using TiO2

suspension [123]. The increase of degradation efficiency was
reported to be insignificant in the temperature range of 10
to 40◦C. In the photocatalytic degradation of bisphenol A
(BPA) using immobilized TiO2, the effect of temperature
was studied in the range of 21.2 to 30.5◦C [104]. Their
finding revealed that the temperature has a limited influence

on BPA degradation rate. The observed activation energy
was relatively low and estimated to be 0.814 Kj·mol−1;
thus, no heating requirement was reported on the BPA
photocatalytic system. Tsai et al. [20] examined the effect
of temperature ranging from 10 to 70◦C on the degradation
efficiency of bisphenol A (BPA) under UV irradiation. Their
results showed that the temperature played a less important
role on the TiO2 photocatalytic reaction system although
the appreciable change in the enhancement of degradation
efficiency was observed in the range of 10 to 25◦C. In
sum, the optimum temperature is generally in the medium
temperature range (20◦C ≤ θ ≤ 80◦C). This absence of
heating is attractive for photocatalytic reactions carried out
in aqueous media and in particular for photocatalytic water
purification [145].

5.6. Effect of Dissolved Oxygen. Oxygen dissolved in solution
is typically employed as an effective electron scavenger in
most heterogeneous photocatalyzed reactions. The O2 can be
reduced to the O2

•− anions, which prevents the photogener-
ated conduction band electron from recombination or being
further reacted to form H2O2 and •OH radicals. Due to its
electrophilic property, dissolved O2 plays an indispensable
role in the TiO2 photocatalytic reaction [67]. Basically, the
O2 does not affect the adsorption on the TiO2 catalyst
surface since reduction reaction occurs at a different location
from where oxidation takes place. The concentration of
oxygen also influences the reaction rate, but it seems that
the difference between using air (pO2 = 0.21 bar) or pure
O2 (pO2 = 1 bar) is not very drastic. It has been stated that
the rate of reaction was independent of O2 concentrations
below air saturation levels, suggesting also that the mass
transfer of O2 to the close vicinity of the catalyst surface
could be rate-controlling step [143]. According to Henry’s
law, it is assumed that the concentration of O2 adsorbed
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on TiO2 from the liquid phase is proportional to the gas
phase pO2 . In this equilibrium law, it is also necessary to
account for the decrease in O2 solubility with increasing
the reaction temperature. Apart from its electron scavenging
role, the dissolved O2 is also suggested to induce the cleavage
mechanism for aromatic rings in organic pollutants that are
present in the water matrices [67].

Zang et al. [89] studied the effect of dissolved O2 on
the photocatalytic degradation of 2,4-dichlorophenol (DCP)
catalyzed by TiO2 suspensions. Their results showed that
the DCP degradation under air saturation was better than
that in the absence of air. Precisely, after the photocatalytic
system was saturated with air, a thirtyfold increase in DCP
mineralization rate was observed. Such an increase in miner-
alization rate was explained by the formation of additional
•OH radicals via reactions of O2 with e− and H+. Yuan
et al. [146] compared the efficiency of TiO2/UV system on
the photocatalytic degradation of dimethyl phthalate (DMP)
using different gases. The experiment results performed
in aqueous DMP with an N2 gas flow showed that the
degradation efficiency was very limited, while addition of
O2 as an electron acceptor with a concentration about
35 mg·L−1 substantially increased the DMP degradation. Gu
et al. [106] investigated the effect of O2 flow rate in the range
of 4 to 8 L·min−1 on the photocatalytic degradation of 2,4-
dichlorophenol (DCP) using TiO2 supported on GAC. Their
findings revealed that the photocatalytic activity of Ti-GAC
increased rapidly and obtained a maximum degradation
efficiency of 82.5% at 6 L·min−1 as the O2 flow rate increased
from 4 to 6 L·min−1. Further increase in the O2 flow rate
from 6 to 8 L·min−1 decreased the photocatalytic activity
slightly to 79%. The increased photocatalytic degradation
efficiency was attributed to the coeffect of enhanced mass
transfer and •OH radicals generation. The decrease in
photocatalytic degradation efficiency at 8 L·min−1 sascribed
to high bubbling rate can provide a bubble cloud to impede
the interactions between UV and catalytic activity center.
Chin et al. [147] reported on the effect of aeration rate
(0.2–4.0 L·min−1) to provide good mixing and a desirable
level of dissolved O2 on the photocatalytic degradation of
bisphenol A (BPA). Under the conditions tested, an optimum
of 0.5 L·min−1 was observed on the BPA degradation using
TiO2 as catalyst. The effect of different gases on photocat-
alytic degradation of bisphenol A (BPA) in the presence of
TiO2 and β-cyclodextrin has also been examined by purging
air and N2 gas [110]. Compared to the case where there
was no additional of electron acceptor (by purging N2 in
BPA solution), the efficiency of BPA degradation increased
significantly with the addition of air during the 60-min
reaction time. This was related to electron-hole pairs which
can easily recombine in the absence of O2.

6. Conclusions and Future Prospects

The paper revealed the fact that the increasing consumption
of EDCs worldwide has raised significant public concern due
to their effects that exerted hormonal imbalance activity even
in trace concentrations in water bodies. Sources of EDCs,
phthalates, bisphenol A, and chlorophenols in particular, and

their effects on the environment, have been discussed. The
photocatalysis using TiO2, based catalysts has been shown to
be efficient for the degradation and mineralization of various
EDCs in wastewater in the presence of UV, visible, or solar
light and oxygen. By the detailed illumination for the degra-
dation pathways and intermediate products of these EDCs,
this paper can provide theoretic evidences for seeking new
and high efficiency of photocatalytic reactions for EDCs. The
findings also suggested that various operational parameters
such as light intensity and wavelength, initial substrate con-
centration, catalyst loading, solution pH, reaction tempera-
ture, and the presence of oxygen can influence considerably
the photocatalytic degradation rate and efficiency of EDCs.
Optimization of the operational parameters is of paramount
importance from the design and the operational points of
view when selecting a sustainable and competent technique
for the wastewater treatment processes. The application of
this technique under multicomponents of EDCs using the
optimization of process parameters needs further attention
as the pollutants in the real-world wastewater are in the form
of mixture. Additionally, most of the photocatalysis studies
concentrated only on the degradation rate, and efficiency of
target EDCs disregarding the toxicity and estrogenic potency
of the degradation intermediates. This aspect should not be
overlooked while reporting any future work. A demonstrated
ability to use TiO2-based catalysts at a pilot scale for
photocatalytic degradation of EDCs would certainly benefit
the environment. Although this paper is nonexhaustive in
the scope of photocatalytic degradation of EDCs, it does,
however, address the fundamental principles and application
in this area.
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and W. Gernjak, “Decontamination and disinfection of water
by solar photocatalysis: recent overview and trends,” Catalysis
Today, vol. 147, no. 1, pp. 1–59, 2009.

[144] K. Rajeshwar, “Photoelectrochemistry and the environment,”
Journal of Applied Electrochemistry, vol. 25, no. 12, pp. 1067–
1082, 1995.

[145] J. M. Herrmann, “Heterogeneous photocatalysis: fundamen-
tals and applications to the removal of various types of
aqueous pollutants,” Catalysis Today, vol. 53, no. 1, pp. 115–
129, 1999.

[146] B. L. Yuan, X. Z. Li, and N. Graham, “Reaction pathways of
dimethyl phthalate degradation in TiO2-UV-O2 and TiO2-
UV-Fe(VI) systems,” Chemosphere, vol. 72, no. 2, pp. 197–
204, 2008.

[147] S. S. Chin, T. M. Lim, K. Chiang, and A. G. Fane, “Hybrid
low-pressure submerged membrane photoreactor for the
removal of bisphenol A,” Desalination, vol. 202, no. 1-3, pp.
253–261, 2007.



Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2012, Article ID 173865, 7 pages
doi:10.1155/2012/173865

Research Article

Highly Selective Deethylation of Rhodamine B on TiO2 Prepared
in Supercritical Fluids

Yuzun Fan,1 Guoping Chen,1 Dongmei Li,1 Yanhong Luo,1 Nina Lock,2

Anca Paduraru Jensen,3 Aref Mamakhel,3 Jianli Mi,2 Steen B. Iversen,3

Qingbo Meng,1 and Bo B. Iversen2

1 Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
2 Center for Materials Crystallography, Department of Chemistry and Interdisciplinary Nanoscience Center, Aarhus University,
8000 Aarhus, Denmark

3 SCF Technologies A/S, Smedeholm 13B, 2730 Herlev, Denmark

Correspondence should be addressed to Qingbo Meng, qbmeng@iphy.ac.cn and Bo B. Iversen, bo@chem.au.dk

Received 15 June 2011; Accepted 1 July 2011

Academic Editor: Jiaguo Yu

Copyright © 2012 Yuzun Fan et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Pure phase anatase TiO2 nanoparticles with sizes of 5–8 nm and varying crystallinity were synthesized in supercritical
isopropanol/water using a continuous flow reactor. Their photodegradation of rhodamine B (RhB) was evaluated under visible
light irradiation. The as-prepared TiO2 nanoparticles show much higher photodegradation efficiencies than commercial Degussa
P25 TiO2. Moreover, the photodegradation of RhB on the as-prepared TiO2 follows a different process from that on P25 TiO2,
quicker N-deethylation and slower cleavage of conjugated chromophore structure. Based on PXRD, TEM, and BET measurements,
these two photodegradation properties have been explained by the physicochemical properties of TiO2.

1. Introduction

Titanium dioxide (TiO2) has been extensively studied for
degrading organic pollutants due to its high photocatalytic
activity, chemical inertness, non-photocorrosion, nontox-
icity, and low cost [1–7]. However, it only responds to
ultraviolet light which accounts for about 4% of the solar
spectrum. Photosensitization of TiO2 by dyes has been used
to utilize the visible light efficiently [8, 9]. The dye molecules
absorb photons to be excited from ground state to excited
state. Then the electrons are injected into the conduction
band of TiO2 while the dye molecules turn into its cationic
radical. The electrons are scavenged by the molecular oxygen
absorbed on the surface of TiO2 to yield a series of active
oxygen species which degrade the dye. Choosing proper
organic pollutants to photosensitize TiO2, two objectives
can be achieved: (1) utilization of TiO2 under visible light
irradiation and (2) degradation of organic pollutants.

It is well known that photocatalytic reactions usually
take place on the surface of the catalyst, hence the surface

properties of TiO2 are important in determining the photo-
catalytic activity. These properties include morphology [10,
11], particle size [12], crystal structure [13–15], crystallinity
[16], pH value of the particle suspension [3], and adsorp-
tion of potential pollutants [17, 18]. Tuning the surface
properties of TiO2 photocatalysts through the preparation
method is a primary way to enhance its activity [19, 20].
Recently, supercritical fluids have been used as reaction
media for synthesis of nanomaterials [21–25]. Supercritical
fluids exhibit physicochemical properties which are between
those of liquids and gasses. Furthermore, the solubility can
be effectively manipulated by small continuous changes in
pressure and temperature around the critical point. The use
of supercritical fluids as solvents gives significantly lower
particle sizes in the nanometer range. This is believed to
be due to the fact that instantaneous crystal nucleation and
crystallization are faster than crystal growth. Furthermore,
the method is fast and environmentally friendly, as the pre-
cursors are typically solutions of simple metal salts in water
or alcohols. The short synthesis time enables synthesis under
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continuous flow as an alternative to conventional batch
reactions giving less operational downtime. The supercritical
fluid technique may be a new way for preparation of highly
active photocatalysts.

Most supercritical fluid studies of TiO2 nanoparticles
have focused on their physical characterization [21–23]. In
this paper, we have synthesized nanocrystalline anatase TiO2

in supercritical isopropanol/water. Attention was focused on
evaluating their photodegradation of rhodamine B (RhB)
under visible light irradiation. The results indicate that the
photodegradation efficiencies of our synthesized TiO2 are
significantly higher than that of the standard photocatalyst
P25 TiO2. The photodegradation pathways for RhB, namely,
cleavage of the conjugated chromophore structure and N-
deethylation, were also investigated.

2. Experimental

2.1. Supercritical Synthesis of TiO2. Degussa P25 TiO2, which
is a mixture of anatase and rutile in the weight ratio 8 : 2,
was used as purchased. A series of TiO2 samples, herein
referred to as the 102 series, was prepared in a continuous
flow supercritical process similar to that described in [22],
but with a proprietary mixing zone design, that promotes
an extremely fast and efficient mixing. The TiO2 samples
were synthesized using a first fluid with a flow rate of
24 mL/min of 0.25 M Titanium TetraIsoPropoxide (TTIP)
in isopropanol and a second fluid (48 mL/min flow rate)
comprising water adjusted to pH 11.2 using NH4OH. The
two fluid streams were pressurized to 300 bars. The reaction
temperature in the mixing zone was controlled by heating
fluid number two to the temperature required to obtain a
specific temperature in the mixing zone. Fluid one was in
all cases preheated to 100◦C. The reactions were quenched
immediately after the mixing zone. The TiO2 samples 102-
1 and 102-2 were synthesized in a two step procedure. First,
a particle suspension was produced at one temperature, and
subsequently this particle suspension was recirculated to the
mixing zone as fluid and heated to a second temperature
by mixing with fluid two in the same flow ratio. Thus, the
TiO2 samples 102-1 and 102-2 were first synthesized at 180◦C
and 280◦C, respectively, in the mixing zone and recirculated
through the system at 320◦C. Sample 102-3 was synthesized
directly at a mixing zone temperature of 270◦C without
recirculation. The residence time in the mixing chamber
was from 12 s at 180◦C to 9.5 s at 320◦C. The residence
time decreases with increasing the temperature due to the
density decrease with increasing the temperature. Hence,
the total reaction time is of the order 20 s for the two-step
procedure (102-1, 102-2) and approximately 10 s for the
directly synthesized sample 102-3. The main motivation for
recirculating the nanoparticles in the reactor is to achieve a
high crystallinity without substantially decreasing the surface
area due to crystal growth. In the first synthesis it is expected
that the particles primarily consist of a crystalline core with
an amorphous shell. Upon reheating further crystallization
will first take place from the outside of the particles, since
this region is heated first. The produced suspensions were

processed to dry powders in a rotary evaporator. The powder
was redispersed to a 30 wt% suspension of particles in
ethanol using a Netzsch nanomill with 60 micron ZrO2

particles as milling media.

2.2. Characterization. Powder X-ray diffraction (PXRD) data
were collected on an STOE diffractometer in transmission
geometry using Cu Kα1 radiation. Transmission electron
microscopy (TEM) images were recorded on a Philips
CM20 electron microscope equipped with a LaB6 filament
at 200 kV. Diffuse reflection spectra were measured on a
UV-visible spectrophotometer (UV-2550, Shimadzu). The
Brunauer-Emmett-Teller (BET) specific surface area was
determined by nitrogen adsorption-desorption isotherm
measurements at 77 K (ASAP 2020, Micromeritics).

2.3. Photodegradation Performance. The photodegradation
efficiencies of the samples were determined based on the
degradation of RhB under visible light irradiation. The light
source was a 500 W halogen lamp (Institute of Electric Light
Source, Beijing) which was fixed inside a cylindrical pyrex
vessel and cooled by a circulating water jacket (pyrex). A
long-pass glass filter was used to cut off the light with wave-
lengths below 420 nm before the sample was irradiated. The
radial flux was measured with a radiant power/energy meter
(70260, Oriel); the average light intensity was 100 mW·cm−2.
For a typical photodegradation test, a reaction solution was
prepared from 25 mg of the nanocrystalline TiO2 sample and
50 mL of 2 × 10−5 M RhB aqueous solution. The pH value
of the reaction solutions was controlled at about 5.2. The
solutions were magnetically stirred in the dark for 30 minutes
to ensure the establishment of an adsorption/desorption
equilibrium of RhB on the TiO2 surfaces. At certain time
intervals during the irradiation, 3 mL of the turbid reaction
solution was centrifuged to remove the TiO2 catalyst. The
concentration of RhB was determined by measuring the
absorbance of the resulting clear solution with a UV-visible
spectrophotometer (UV-2550, Shimadzu).

3. Results and Discussion

The TiO2 samples were characterized by PXRD (Figure 1).
The diffraction pattern of the 102 series samples can be
indexed as the anatase phase of TiO2, whereas additional
diffraction peaks corresponding to the rutile phase of TiO2

are observed for P25 TiO2. The peaks of the 102 series
samples are broader than those of P25 TiO2, indicating the
samples prepared in supercritical fluids consist of smaller
crystallites.

The 102 series powders were mixed with CaF2, and
PXRD data were collected and Rietveld refined allowing
determination of the particle size and crystallinity (i.e.,
determination of the fraction of crystalline material in the
sample). Two parameters were used to describe the profile
of each phase with a Thompson-Cox-Hastings pseudo-Voigt
function. The Gaussian W parameter and the Lorentzian size
parameter Y were used for the description of the TiO2 peak
shapes, while the CaF2 peak shapes were described using
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Table 1: Summary of physicochemical properties of TiO2.

Samplea Crystallite size (nm) BET (m2/g) Dye adsorp. (%) Dye degradation (%)b Crystallinity (%)

102-1 7.8 239 9.3 76.9 55

102-2 7.5 229 5.4 65.0 58

102-3 5.0 346 19.7 95.8 50

P25 21 52 2.5 20.6 73(anatase)/18(rutile)
a
The nanoparticles were used for RhB degradation with an initial dye concentration of 2× 10−5 M and a catalyst concentration of 0.5 g/L.

bThe dye degradation was obtained after visible irradiation for 60 min.
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P25 TiO2
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102-1 TiO2
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Figure 1: PXRD patterns of the TiO2 nanoparticles.

W and the Lorentzian strain parameter X [24, 26]. As an
example the refinement of 102-1 TiO2/CaF2 is shown in
Figure 2. The fit of the peak at 53◦ is rather poor and may
point to some degree of anisotropy of the particles, which
is not described by this Rietveld model. However, previous
TEM studies have shown that a spherical model is generally a
good approach to describe nanocrystalline TiO2 synthesized
in supercritical fluids [21].

The full width at half maximum (FWHM) of the (101)
TiO2 peak was calculated from the profile parameters, and
the instrumental broadening, determined from PXRD data
collected on a silicon standard, was subtracted. The crystallite
sizes, d, are determined from the FWHM of the (101) peak
using the Scherrer equation: d = 0.9λ/(β cos θ), where λ
(0.154056 nm) is the X-ray wavelength, θ is the angle of
Bragg diffraction, and β is the difference between the FWHM
and the instrumental broadening. The results are shown in
Table 1. The crystallite size decreases as P25 > 102-2∼102-
1 > 102-3. A TEM image of the 102-3 sample is shown
in Figure 3. There is a good agreement between the sizes
determined from the PXRD data and TEM.

The phase fractions of crystalline TiO2 and CaF2 were
determined by Rietveld refinement. Based on these, the crys-
tallinity of the TiO2 samples were determined (see Table 1).

Figure 4 presents the UV-visible diffuse reflection spectra
of TiO2. The absorption band edges of the 102 series samples
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Figure 2: Rietveld refinement of a 102-1 TiO2/CaF2 mixture. The
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Figure 3: TEM image of the 102-3 TiO2 sample.

of TiO2 are blue shifted compared with that of P25 TiO2. This
can be explained by the sample composition, as anatase has
a larger bandgap (3.2 eV) than rutile (3.0 eV). The 102 series
of TiO2 consists of pure anatase, while P25 TiO2 is a mixture
of anatase and rutile. For the 102 series of TiO2, due to the
quantum size effect, the order of the hypsochromic shifts of
the absorption band edge is 102-3 > 102-1∼102-2.
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Due to the overlap between the energy distribution
function of the excited RhB and the conduction band of
TiO2 [3, 27], TiO2 can be photosensitized by RhB dye
to utilize the visible light efficiently. Figure 5 shows the
photodegradation of RhB by TiO2 samples under visible light
irradiation. As can be seen RhB is very stable in aqueous
solution without presence of a photocatalyst. The decrease
in the RhB concentration (C/C0 < 1) before irradiation
at t = 0 min reflects the extent of dye adsorbed onto the
TiO2 photocatalyst. The amounts of adsorbed dye on the
102-1, 102-2, and 102-3 TiO2 are 9.3%, 5.4%, and 19.7%,
respectively, which is much greater than that on the P25
TiO2 (2.5%). The degradation rates of the 102 series of

TiO2 are correspondingly much greater than that of the P25
TiO2. After visible light irradiation for 60 min, the percentage
of the degraded dye for the 102-1, 102-2, 102-3, and P25
TiO2 are 76.9%, 65.0%, 95.8%, and 20.6%, respectively.
These results could be well explained by the specific surface
area since the photodegradation reaction takes place on the
surface of the photocatalyst. The BET surface areas of the
TiO2 samples were determined to be 239 m2/g for 102-1
TiO2, 229 m2/g for 102-2 TiO2, 346 m2/g for 102-3 TiO2,
and 52 m2/g for P25 TiO2. The specific surface area of the
102 series of TiO2 is obviously larger than that of P25 TiO2,
which is attributed to the relatively small crystallite sizes
of the 102 TiO2 samples. This accounts for the enhanced
photodegradation activity of the 102 series. As summed up
in Table 1 the 102 TiO2 samples have smaller crystallite sizes,
larger specific surface areas, and higher dye adsorption than
P25. This leads to better photodegradation efficiencies. It
is interesting to note that the data indicate that crystallite
size and dye adsorption efficiency are the primary factors
determining the photodegradation efficiency. Thus, the
smallest nanoparticles, 102-3 (∼5 nm), clearly outperform
the larger 102-1 and 102-2 nanoparticles (∼7-8 nm).

During the photodegradation of RhB a clear difference
in the spectral change between the P25 TiO2 and 102 series
of TiO2 is observed. Thus, there are clear differences in
the extent of blue-shift in the major absorption band of
RhB (Figure 6(a)). Basically, there are two photodegradation
pathways for RhB: (1) cleavage of the whole conjugated
chromophore structure and (2) N-deethylation [18, 28, 29].
Following the first pathway the main peak position remains
constant while the peak intensity decreases. During the
second pathway, which has the N-deethylation, the main
peak position gradually blue shifts according to the fol-
lowing absorption maxima: RhB, 554 nm; N,N,N′-Triethyl-
rhodamine, 539 nm; N.N′-Diethyl-rhodamine, 522 nm; N-
Ethyl-rhodamine, 510 nm; Rhodamine, 498 nm [30]. In
most cases the two degradation pathways coexist and com-
pete.

For the P25 TiO2 dispersion the major absorption
band decreases gradually with little blue shift (Figure 6(b)),
indicating that the cleavage of the whole conjugated chro-
mophore structure is the main pathway. In contrast, for
the 102 series of TiO2, exemplified by 102-3 TiO2, the
major absorption band shifts from 554 to 498 nm within
90 min irradiation and upon further irradiation rhodamine
undergoes a slower decomposition (Figure 6(c)), indicating
N-deethylation as the main pathway. The cleavage of the con-
jugated chromophore structure can be estimated by the peak
intensity. From the molar extinction coefficient εmax (RhB,
11.5 × 104 M−1·cm−1; rhodamine, 8.4 × 104 M−1·cm−1),
rhodamine should have a peak intensity at 498 nm of ca.
70% of the RhB intensity at 554 nm assuming the conjugated
ring structure is not destroyed [31]. For the 102-3 TiO2

dispersion, after full N-deethylation (90 min irradiation),
about 11.7% of the conjugated chromophore structure
is destroyed, and about 33% is destroyed after 180 min
irradiation, which indicates initially quick N-deethylation
and slow cleavage of the conjugated chromophore structure.
For the P25 TiO2 dispersion, about 68.9% is destroyed within
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Figure 6: (a) Hypsochromic shifts of the major absorption band of RhB with irradiation time. (b) Gradual spectral changes of RhB in
aqueous P25 TiO2 dispersion under visible light irradiation. (c) Gradual spectral changes of RhB in aqueous 102-3 TiO2 dispersion under
visible light irradiation.

180 min irradiation, which means slow N-deethylation and
relatively fast cleavage of conjugated chromophore structure.
The difference in the degradation process of RhB between
the P25 TiO2 and 102 series of TiO2 may be due to their
different crystallinity. Lower crystallinity leads to quicker N-
deethylation and slower cleavage of conjugated chromophore
structure (102 series of TiO2), while higher crystallinity leads
to slower N-deethylation and quicker cleavage of conjugated
chromophore structure (P25 TiO2).

4. Conclusions

TiO2 nanoparticles synthesized in supercritical isopropanol/
water have smaller crystallite sizes, larger specific surface
area, and higher dye adsorption efficiency than commercial
P25 TiO2. This leads to higher photodegradation efficiencies
in degradation of rhodamine B than for P25 TiO2. Inter-
estingly, rhodamine B undergoes quicker N-deethylation

and slower cleavage of conjugated chromophore struc-
ture on the 102 series of TiO2 than on P25 TiO2. The
absolute crystallinity of the nanoparticles seems to affect
the photodegradation process to a large extent: the lower
crystallinity, the quicker N-deethylation, and slower cleavage
of conjugated chromophore structure.
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Ordered titanate nanoribbon (TNR)/SnO2 films were fabricated by electrophoretic deposition (EPD) process using hydrothermally
prepared titanate nanoribbon as a precursor. The formation mechanism of ordered TNR film on the fluorine-doped SnO2 coated
(FTO) glass was investigated by scanning electron microscopy (SEM). The effects of calcination temperatures on the phase
structure and photocatalytic activity of ordered TNR/SnO2 films were investigated and discussed. The X-ray diffraction (XRD)
results indicate that the phase transformation of titanate to anatase occurs at 400◦C and with increasing calcination temperature,
the crystallization of anatase increases. At 600◦C, the nanoribbon morphology still hold and the TiO2/SnO2 film exhibits the
highest photocatalytic activity due to the good crystallization, unique morphology, and efficient photogenerated charge carriers
separation and transfer at the interface of TiO2 and SnO2.

1. Introduction

A large number of investigations have focused on the semi-
conductor photocatalyst for its applications in solar energy
conversion and environmental purification since Fujishima
and Honda discovered the photocatalytic splitting of water
on the TiO2 electrodes in 1972 [1–9]. Among various oxide
semiconductor photocatalysts, titania is a very important
photocatalyst for its strong oxidizing power, nontoxicity, and
long-term photostability [10–13]. However, TiO2 acting as a
photocatalyst has an inherent and significant shortcoming:
the fast recombination of the photogenerated charge carriers
(hole-electron pairs). Thus, it is of great importance to red-
uce the recombination of photogenerated charge carriers in
TiO2 to enhance its photocatalytic activity for practical and
commercial use. Coupling TiO2 with other semiconductors
can provide a beneficial solution for this drawback [14–20].
For example, Tada et al. [14, 16, 17] and our previous work
[19] conducted a systematic research on the SnO2 as a cou-

pled semiconductor and confirmed that the photogenerated
electrons in the TiO2/SnO2 system can accumulate on the
SnO2 and photogenerated holes can accumulate on the TiO2

because of the formation of heterojunction at the TiO2/SnO2

interface, which can result in lower recombination rate
of photogenerated charge carriers and higher quantum
efficiency and thus better photocatalytic activity. Moreover,
conventional powder photocatalysts have serious drawbacks
such as the need for posttreatment separation in a slurry
system and their easy aggregation, resulting in the low pho-
tocatalytic activity [14]. Therefore, the development of two-
dimensional (2D) film photocatalysts with efficient electron-
hole utilization and favorable recycling characteristics is a
challenge for practical applications [21].

Various approaches, such as vacuum evaporation, sput-
tering, chemical vapor deposition, and sol-gel methods, have
been contributed to the fabrication of 2D thin film. However,
these approaches have some disadvantages for industry
applications. Vacuum evaporation, sputtering, and chemical
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vapor deposition methods require special apparatuses for
deposition of films, and sol-gel method needs coating
repeatedly in order to get thick films. Recently, a versatile and
facile method, electrophoretic deposition (EPD) method,
was successfully utilized to fabricate thin film materials [19,
20]. The EPD method exhibits many advantages, such as
higher deposition rate, reproducibility, and efficient control
over thickness and morphology of the films through tuning
the applied current or potential. Moreover, the EPD method
can be used to deposit films on different shaped and sized
substrates, which can be extended to a large scale and
commercial applications.

Our recent work indicates that titanate nanotube films
could be obtained by the EPD method [20]. However,
there is no report on the preparation of ordered titanate nan-
oribbon/SnO2 films for photocatalytic application. Herein,
we present a facile and effective approach for the preparation
of ordered titanate nanoribbons/SnO2 films by the EPD
process using hydrothermally prepared titanate nanoribbon
as a precursor. The formation mechanism of ordered titanate
nanoribbons films during the EPD process was investigated
by SEM results. Moreover, the effects of calcination temper-
atures on the phase structure and photocatalytic activity of
ordered TNR/SnO2 were investigated and discussed.

2. Experimental

2.1. Preparation of Titanate Nanoribbon. Titanate nanorib-
bon was synthesized by a hydrothermal method using
commercial TiO2 powder (P25, Degussa, Germany) as a
starting material according to our previous reported method
[22]. In a typical preparation, 1.5 g P25 was mixed with
140 mL of 10 M NaOH solution followed by hydrothermal
treatment of the mixture at 200◦C in a 200 mL Teflon-
lined autoclave for 48 h. After hydrothermal reaction, the
precipitate was separated by filtration and washed with a
0.1 M HCl solution and distilled water until the pH value
of the rinsing solution reached ca. 6.5, approaching the pH
value of the distilled water. The washed sample was dried in
a vacuum oven at 60◦C for 8 h.

2.2. Preparation of Ordered TNR/SnO2 Films. The ordered
TNR films were deposited on FTO glass (Sheet resistance 14–
20 ohm/sq) using an EPD method. The electrolyte solution
was obtained by adding 1.5 g titanate nanoribbons powder
to 200 mL mixed solution of 60 mL ethanol and 140 mL
distilled water and then ultrasonicated for 20 min. The pH
value of the electrolyte was adjusted to about 9.0 by addition
of tetra-methyl-ammonium hydroxide for controlling the
surface charge of TNR. The isoelectric point of TNR was
reported to be about 5.5 [23, 24]. Therefore, TNR in the pH
9 electrolyte solution had a negatively surface charge density
and would be attracted to positive electrode. During the EPD,
the cleaned FTO glass was kept at a positive potential while
pure silver foil was used as the counter electrode. The linear
distance between the two electrodes was about 4 cm. The
applied voltage was 15 V. The coated substrates were rinsed
with distilled water, dried in air, and calcined at 300, 400,
500, and 600◦C in air for 2 h, respectively.

2.3. Characterization. X-ray diffraction (XRD) patterns were
obtained on a D/MAX-RB X-ray diffractometer (Rigaku,
Japan) using Cu Ka irradiation at a scan rate of 0.05◦

2θ s−1 and were used to determine the identity of any phase
present. The accelerating voltage and the applied current
were 15 kV and 20 mA, respectively. Transmission electron
microscopy (TEM) and high-resolution transmission elec-
tron microscopy (HRTEM) analyses were conducted with an
H-600 STEM/EDX PV9100 microscope, using 200 kV accel-
erating voltage. Morphology observation was performed on
a JSM-6700F field emission scanning electron microscope
(FESEM, JEOL, Japan).

2.4. Measurement of Photocatalytic Activity. Rhodamine B
(RhB), one of the N-containing dyes, which are resistant
to biodegradation and direct photolysis, is a popular probe
molecule in the heterogeneous photocatalysis reaction. It is
often used as a tracer dye within water to determine the
rate and direction of flow and transport. Rhodamine dyes
fluoresce and can thus be detected easily and inexpensively
with instruments called fluorometers. Rhodamine dyes are
used extensively in biotechnology applications such as
fluorescence microscopy, flow cytometry,and fluorescence
correlation spectroscopy. In USA, RhB is suspected to be
carcinogenic, and thus products containing it must contain
a warning on its label. Therefore, we chose it as a model
pollutant compound to evaluate the photocatalytic activity
of the as-prepared calcined TNR/SnO2 films [25]. Photocat-
alytic activity of the calcined TNR/SnO2 films was evaluated
and compared by the photocatalytic decolorization of RhB
aqueous solution at ambient temperature, as reported in the
previous studies [25, 26]. The calcined TNR/SnO2 films were
settled in a 20 mL RhB aqueous solution with a concentration
of 1.0 × 10−5 mol L−1 in a dish with a diameter of 9.0 cm. A
15 W 365 nm UV lamp (Cole-Parmer Instrument Co.) was
used as a light source. The absorbance of RhB at 554 nm
was measured by a UV-Vis spectrophotometer (UV2550,
Shimadzu, Japan). According to the Lambert-Beer Law
[27, 28], the absorbance (A) of RhB is proportional to its
concentration (c), which generally followed the following
equation:

A = εbc, (1)

where ε is the molar absorption coefficient and b is the
thickness of the absorption cell. In our experiment, all
the testing parameters were kept constant, so the ε and
b can be considered as a constant. Therefore, the changes
of the concentration (c) of RhB aqueous solution can be
determined by a UV-Vis spectrophotometer. As for the RhB
aqueous solution with low concentration, its photocatalytic
decolorization is a pseudo-first-order reaction and its kinet-
ics may be expressed as follows [29]:

ln
(
A0

At

)
= kt, (2)

where k is the apparent rate constant and A0 and At are
the initial and reaction absorbance of RhB aqueous solution,
respectively.
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Figure 1: SEM image (a), TEM image (b), SAED pattern (inset in b), HRTEM image (c), and XRD pattern (d) of the as-prepared titanate
nanoribbon.

3. Results And Discussion

3.1. Morphology and Phase Structure of the As-Prepared TNR.
Figure 1(a) shows the SEM image of well-dispersed TNR
with a length range from several micrometers to several
tens of micrometers and a width of 30–300 nm. As shown
in Figure 1(b), a typical image of belt-like structure was
obtained, indicating a high aspect ratio (the width to the
thickness) of 3–15 for the as-prepared TNR, similar to the
previous reported work [30]. Moreover, the XRD pattern of
as-prepared TNR (Figure 1(d)) exhibited a feature similar to
that of alkali or hydrogen titanates such as H2Ti3O7 [31],
NaxH2−xTi3O7 [32], or NayH2−yTinO2n+1·xH2O [33] due
to a similar structure of layered titanate family. TEM and
HRTEM were further used to observe the morphology and
microstructures of the as-prepared TNR. Figures 1(b) and
1(c) exhibit the TEM and HRTEM images of TNR, respec-
tively. As shown in Figures 1(b) and 1(c), an obvious layered
structure in the titanate nanoribbon could be observed, and
the layer spacing was about 0.8 nm, corresponding to the
diffraction peak located at ca. 11◦ in Figure 1(b). Moreover,
the selected area electron diffraction (SAED) pattern (inset
in Figure 1(b)) also reveals that the titanate nanoribbon is

single crystalline in structure according to the features of the
diffraction pattern.

3.2. Formation Mechanism of the Ordered TNR Film Deposited
on FTO Glass. The formation mechanism of ordered TNR
film is investigated by SEM. As shown in Figure 2(a),
before deposition (0 min), FTO glass exhibits relatively rough
surfaces, and the SnO2 grains with size of 50–150 nm can
be clearly observed. The clear grain boundary indicates
that SnO2 is well crystallized. After deposition for 1 min,
a large amount of TNRs are randomly deposited on FTO
glass (Figure 2(b)). As the deposition time increases, more
TNRs are further deposited on the surface of substrate.
Interestingly, as the deposition time increased to 3 min,
ordered TNR film is obtained (Figure 2(c)). However, why
the early formed TNR film appears disorder structure or
morphology? This is ascribed to the fact that FTO film
contains different sized grains, and thus its surface is
not smooth. After deposition for certain time, the surface
roughness of FTO film decreases, the electric field near the
surface becomes uniform, especially, the negative charged
TNRs repel each other, and their strong Brownian motion
causes restructure and rearrange of deposited TNR [25].
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Figure 2: SEM images of FTO glass (a) and TNR films deposited for (b) 1 min and (c) 3 min.
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Figure 3: XRD patterns of (a) the substrate and the TNR/SnO2

films calcined at (b) 300, (c) 400, (d) 500, and (e) 600◦C.

Therefore, it is not surprising that ordered TNR film can
be easily obtained due to the synergistic effects of the above
factors [34].

3.3. Phase Structure and Morphology of the Calcined
TNR/SnO2 Film. XRD was used to identify and determine
the phase structures of the calcined TNR/SnO2 film. Figure 3
shows the XRD patterns of the FTO substrate and the
TNR/SnO2 film calcined at various temperatures. As shown
in Figure 3(a), for pure FTO substrate, strong and sharp
diffraction peaks can be observed, and all peaks are indexed
to SnO2 (space group: P42/mnm (136); a = 4.750 Å, c =
3.198 Å, JCPDS no. 46–1088). Figures 3(b)–3(e) show the
XRD patterns of the TNR/SnO2 film calcined at 300 to
600◦C. At 300◦C, it can be seen that only SnO2 phase is
identified in the calcined TNR/SnO2 film and no other
diffraction peaks are observed, indicating the amorphous
states of TNR film. However, as the calcination temperature
increases to 400◦C, a small peak at 2θ= 25.5◦ appears,
indicating the formation of anatase phase (space group:
I41/amd (141); a = 3.785 Å, c = 9.514 Å, JCPDS no.
21–1272). With further increase in calcination temperature
from 400 to 600◦C, the peak intensities of anatase increase,
implying the enhancement of crystallization of the anatase
phase and the growth of crystallites.

Further observation on the morphology and microstruc-
ture of the calcined TNR/SnO2 film was performed with
SEM. Figures 4(a) and 4(b) show the surface and cross
section SEM images of the TNR/SnO2 film calcined at
600◦C for 2 hours. As shown in Figure 4(a), the calcined
TNR still exhibits relatively uniform and ordered structure.
The nanoribbons are densely packed and deposited almost
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Figure 4: Surface (a) and cross section (b) SEM images of TNR/SnO2 film calcined at 600◦C for 2 h.
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Figure 5: The apparent rate constant (k) of TNR/SnO2 films
calcined for 2 h at (a) 300, (b) 400, (c) 500, and (d) 600◦C.

along the same direction, which are parallel to the substrate,
and the thickness of calcined TNR film is about 4 μm
(Figure 4(b)). Moreover, Figure 4(b) shows that the SnO2

film exhibits a thickness of about 500 nm. This SEM
observation confirms the intimate contact between TiO2 film
and SnO2 film, which could facilitate the interfacial transfer
of photogenerated electrons and holes.

3.4. Photocatalytic Activity of Calcined TNR/SnO2 Films.
The photocatalytic activity of the TNR/SnO2 film calcined
at various temperatures was evaluated by photocatalytic
decolorization of RhB aqueous solution at room temperature
under UV irradiation. However, under dark conditions
without light illumination, the concentration of RhB almost
does not change for every measurement in the presence
of calcined TNR/SnO2 film. Illumination in the absence of
calcined TNR/SnO2 film does not result in the photocatalytic
decolorization of RhB. Therefore, the presence of both
UV illumination and calcined TNR/SnO2 film is necessary
for the efficient degradation. Figure 5 shows the apparent
rate constants (k) of TNR/SnO2 film calcinated at various
temperatures. It can be seen that the calcination temperature
has a great effect on the photocatalytic activity of the
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Figure 6: Schematic diagram of the charge-transfer process in the
TiO2/SnO2 films.

TNR/SnO2 films. The TNR/SnO2 films calcined at 300◦C
show weak photocatalytic activity probably due to absence
or low crystallization of anatase phase in the calcined TNR
film. However, when the calcination temperature increases
to 400◦C, the calcined TNR/SnO2 film shows a decent pho-
tocatalytic activity, and the corresponding k value reaches
2.8 × 10−3 K/min. This can be attributed to the formation
of anatase phase and the bilayer structures of TiO2/SnO2

films in favor of separation of photogenerated charge carrier
[14, 16–18, 35–37]. Figure 6 show the charge separation
and transfer mechanism of TiO2/SnO2 films. Both TiO2

and SnO2 are n-type semiconductors with bandgap energies
greater than 3.0 eV and strongly absorb UV light. Upon
bandgap excitation, charge carriers (electron-hole pairs)
are generated in each semiconductor film. The conduction
band (CB) edges of anatase TiO2 and SnO2 are located
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Figure 7: Absorption changes of RhB aqueous solution at room
temperature in the presence of the TNR/SnO2 film calcined at
600◦C under UV irradiation.

at −0.34 and +0.07 V versus normal hydrogen electrode
(NHE) at pH 7, respectively. The valence band (VB) edge of
SnO2 (+3.67 V) is more positive than that of anatase TiO2

(+2.87 V) [36, 37]. In terms of the energetics, electrons flow
into the SnO2 layer, while holes oppositely diffuse into the
TiO2 layer. Consequently, more holes reach the TiO2 surface
to cause oxidation reaction, whereas electrons are probably
consumed for reduction of O2 at the edge of the SnO2

film. Therefore, the interfacial electrons transfer from TiO2

to SnO2 can explain the high photocatalytic activity of the
TiO2/SnO2 films. That is to say, a better charge separation
in the composite film is enhanced by a fast electron-transfer
process from the conduction band of TiO2 to that of SnO2.
Levy et al. [38] and Zhou et al. [19] also reported the same
results that photoelectrons and holes transferred toward the
reverse direction on the interface of TiO2/SnO2, resulting in
a good photocatalytic activity.

As the temperature further increases, the photocatalytic
activity of the calcined TNR/SnO2 films increased obvi-
ously due to the enhancement of crystallization of anatase
(Figure 3). At 600◦C, the highest photocatalytic activity
is observed, and the k value is about 4.8 × 10−3 K/min,
which can be ascribed to good crystallization and the fast
photogenerated charge carriers separation and transfer at the
interface of the calcined TNR/SnO2 films.

Figure 7 shows the change of absorption spectra of RhB
aqueous solution during photocatalytic decolorization using
the TNR/SnO2 films calcined at 600◦C as the photocatalyst.
It can be seen that the intensity of absorption peak gradually
decreases with increasing UV irradiation time. After UV irra-
diation for ca. 300 min, the intensity of absorption peak of
RhB aqueous solution is very weak, and it becomes colorless,
indicating that the calcined TNR films can completely decol-
orize RhB aqueous solution under UV irradiation. Therefore,
the ordered TNR/SnO2 films prepared by the EPD method
could be useful for environmental protection such as air
purification, water disinfection, and hazardous waste reme-
diation due to their cheap preparation process, controllable
structure, strong adhesion, and good photocatalytic activity.

4. Conclusions

We have successfully fabricated ordered TNR/SnO2 via an
EPD method using hydrothermally prepared TNR as a pre-
cursor. The formation mechanism of ordered TNR film on
FTO glass substrate was investigated by SEM. The calcination
temperature has a great effect on the phase structure and
photocatalytic activity of TNR/SnO2 films. When the calci-
nation temperature increases to 600◦C, the highest photocat-
alytic activity was obtained on the calcined TNR/SnO2 film
due to the formation of well-crystallized anatase phase, the
unique morphology, and the fast charge carrier separation
and transfer at the interface of TiO2 and SnO2. This ordered
TNR/SnO2 should also have many potential applications in
photocatalysis, catalysis, solar cell, and so on.
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TiO2−xNx powders with low N-doping concentrations (0.021 < x < 0.049) were prepared by annealing commercial TiO2 (P-25)
under an NH3 flow at 550◦C. Regardless of UV or visible case, the photoactivities of the samples decreased as x increased, and
TiO1.979N0.021 showed the highest activity for the 4-chlorophenol (4-CP) decomposition under the visible-light irradiation. The
visible-light response for N-doped TiO2 could arise from an N-induced midgap level, formed above the valence band (O 2p).
Electron spin resonance (ESR) measurements and the radical scavenger technologies gave the combined evidence that the active
species (•OH and O2•−) are responsible for the photodecomposition of 4-CP over TiO2−xNx under the visible irradiation. A
possible photocatalytic mechanism was discussed in detail.

1. Introduction

Semiconductor photocatalysis has been the focus of numer-
ous investigations because of its application for the destruc-
tion of chemical contaminants and water splitting [1–5].
Among all the materials, TiO2 remains the most promising
owing to its superior photoreactivity, high corrosion resis-
tance, and nonhazardous nature. Even so, the poor solar
efficiency (maximum 5%) has hindered the commercializa-
tion of this technology [6–8]. Various approaches have been
attempted to enhance the visible-light utilization of TiO2.
A classical example is the doping of TiO2 with transition-
metal elements [9, 10]. However, the doped materials have
been shown to suffer from thermal instability, and the metal
centers act as electron traps, which reduces the photocatalytic
efficiency. Dye sensitization in photochemical systems has
also been explored extensively [11, 12]. Dyes possessing
carboxylate or hydroxyl functions, in particular, interact
with the surface of TiO2 particles, thereby providing the
path for electron-transfer from the excited dye adsorbate to
the semiconductor. Unfortunately, this technology cannot

be practically used for detoxification of waste water since
the photosensitizers may be gradually photodegraded and
become less effective.

Recently, the band gap of TiO2 has been narrowed
successfully by doping with nonmetal cations, by replacing
lattice oxygen with B, C, N, or S dopants [13–16]. It is
widely recognized that anionic nonmetal dopants may be
more appropriate for the extension of photocatalytic activity
into the visible-light region, because the related impurity
states are supposed to be close to the valence band maximum
[17]. Furthermore, the position of the conduction band
minimum, which must be kept at the level of the H2/H2O
potential, when TiO2 is used for the photoelectrolysis of
water into hydrogen and oxygen, is not affected [17].

Among all the nonmetal cations, substitutional N-
doping was found to be particularly effective in decreasing
the band gap of TiO2 through the mixing of N and O
2p states. The presence of nitrogen doping extends the
optical absorption of TiO2 to the visible-light spectrum
and enhances the visible-light-driven photocatalysis [18–24].
Generally, N-doped TiO2 samples have been produced by
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different preparative procedures: (i) treating TiO2 powder
with NH3 gas at high temperature (>500◦C) followed by
partial reoxidation in air [15, 17]; (ii) via “nitridation” of
TiO2 colloidal nanoparticles with alkylammonium salts at
room temperature [18]; (iii) hydrolysis of NHx/TiO2 mix-
tures to gain powder samples [20]; (iv) to produce carbon-
substituted N-doped sample by a flame pyrolysis at high
temperature [25]. The various N-doped TiO2 catalysts have
been applied to bleach methylene blue [18], split water [23],
and oxidatively degrade 2-propanol [26], 4-CP [19], acetone
vapors [27], and for the photokilling of harmful pathogens
as well as peroxidation of the cell membrane of biomolecules
[20]. Indeed, the visible-light-induced photocatalysis of the
N-doped TiO2 is effective.

However, it is quite debatable as to the origin of the
visible-light responses for N-doped TiO2 to date. On the
basis of a theoretical analysis, Han et al. [15] suggested that
visible-light responses for N-doped TiO2 arose from band
narrowing by mixing of N 2p and O 2p orbitals. Irie et al.
[26] insisted that visible light sensitivity of N-doped TiO2

was due to an isolated N 2p state rather than the narrowing
of the band gap. Further, Lindgren et al. [28] reported that
N 2p was situated close to the valence band maximum by
using the photoelectrochemical measurements and that the
conduction band edge remained unchanged by N-doping.
Ihara et al. [27] argued that the oxygen vacancies were
contributed to the Vis activity and the doped N atoms only
enhance the stabilization of these oxygen vacancies.

Another question relates to the photodegradation mech-
anism involved in the N-doped TiO2 photocatalysis. It
has been reported that a variety of organic compounds
are mineralized into CO2 and inorganic species on N-
doped TiO2 under visible-light illumination [18, 19, 26].
However, it still remains conjectural whether the certain
product comes from a direct reaction with photogenerated
holes or via reactions with surface intermediates of the
water photooxidation reaction. It is thus quite difficult to
get definite conclusions on the reaction mechanism. An
examination of the formation of active oxygen species can
provide useful information about the fate of the valence
hole and the conduction electrons, and lead to a greater
understanding of the visible-induced photocatalysis by N-
doped TiO2 in general.

In the previous work, we have already observed the
photocatalytic process mediated by N-doped TiO2 using an
ESR technique [29]. In this report, to further observe the
mechanism of this photocatalytic system, N-doped TiO2

powders were firstly prepared by annealing the commercial
P-25 (TiO2) in NH3 flow at 550◦C. The samples were
characterized by X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), and UV-Vis diffused reflection
spectrum (DRS). 4-CP decomposition was used as a probe
reaction to evaluate the photocatalytic activities of these
powders under UV and Vis irradiation. The formation of
active oxygen species was detected by spin-trap electron
spin resonance (ESR) techniques and the radical scavenger
technologies to provide an overall understanding of the
reaction mechanisms.

2. Experimental Section

2.1. Materials. Commercial P-25 (Degussa, 50 m2 g−1, 75%
rutile, and 25% anatase) was treated in a flow reactor system
in an N2 gas atmosphere (1 atm) at 550◦C. For doping, the
N2 flow was replaced by NH3 for 5∼25 min after the target
temperature had been reached. Subsequently, the crystals
were kept in flowing N2 for 1 h at 550◦C and then cooled
in flowing N2. For comparison, undoped P-25 was also
annealed under N2 flow at 550◦C for 25 min as a reference
sample.

The spin trap 5, 5-dimethyl-1-pyrroline-N-oxide (DM-
PO) was kindly supplied. Stock solutions of DMPO in
deaerated water were prepared under argon and stored in
the dark bottles at –20◦C. All chemicals were reagent grade
and used without further purification. Deionized and doubly
distilled water were used throughout this study.

2.2. Characterization. XPS analysis was obtained using a PHI
5300 ESCA instrument with an Al Ka X-ray source at a power
of 250 W. The pass energy of the analyzer was set at 35.75 eV
and the base pressure of the analysis chamber was <3 × 10−9

Torr. The binding energy scale was calibrated with respect
to the C 1s peak of hydrocarbon contamination fixed at
285.0 eV. According to Irie et al. [26], the peak at 396 eV is
derived from Ti-N bonds. Therefore, the x values (nitrogen
concentrations) in TiO2−x Nx were estimated by comparing
to the product of the 396 eV peak area multiplied by the
nitrogen sensitivity factor to the product of the 531 eV peak
area (O 1s, Ti–O bonds) multiplied by the oxygen sensitive
factor. XRD patterns of the powders were recorded by a
Bruker D8 Advance X-ray diffractometer by using Cu Kα
radiation and a 2θ scan rate of 2◦ min−1. UV-Vis DRS was
obtained by using a Hitachi U-3010 spectrometer.

2.3. Photoreactor and Light Source. The photocatalytic activ-
ities were evaluated by the decomposition of 4-CP when
irradiated with UV (λ = 254 nm) and Vis light (λ > 420 nm).
UV light was obtained by a 12 W Hg lamp (Institute of
Electric Light Source, Beijing) and the average light intensity
was 150 μW.cm−2. In the case of Vis light irradiation, a 500 W
xenon lamp (Institute of Electric Light Source, Beijing)
was focused through a window, as a 420 nm cutoff filter
was placed onto the window face of the cell to ensure
the desired irradiation light. The average light intensity
was 30 mW.cm−2. The irradiation area was approximately
40 cm2. The radiant flux was measured with a power meter
from the Institute of Electric Light Source (Beijing, China).

2.4. Procedures and Analyses. Aqueous suspensions of 4-CP
(usually 100 mL, 10 mg L−1) and 0.1 g of the catalysts were
placed in a vessel. Prior to irradiation, the suspensions were
magnetically stirred in the dark for ca. 30 min to ensure
the establishment of an adsorption/desorption equilibrium.
The suspensions were kept under constant air-equilibrated
conditions before and during the irradiation. At given time
intervals, 3 mL aliquots were sampled and centrifugated to
remove the particles. The filtrates were analyzed by recording
variations in the absorption band (224 nm) in the UV-Vis
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Figure 1: XRD patterns of the N-doped TiO2 samples annealed
under NH3 flow for different time; (a) 0 min, (b) 5 min, (c) 10 min,
(d) 15 min, (e) 20 min, (f) 25 min; the anatase (�) and the rutile
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spectra of 4-CP using a Hitachi U-3010 spectroscopy. The
intermediate products in the filtered sample were determined
by a Hewlett-Packard HPLC equipped with an UV detector
adjusted to 270 nm and the ODS-2 spherisorb column
(125 mm length, 4 mm internal diameter, and 5 μm particle
diameters). The mobile phase was a mixture of 50 : 50 (v/v) of
CH3OH to deionized water with a flow rate of 1.0 mL min−1.

2.5. ESR Measurements. ESR signals of radicals spin-trapped
by DMPO were recorded at ambient temperature on a
Brucker ESR 300 E spectrometer: the irradiation source was
a Quanta-Ray Nd : YAG pulsed laser system (λ = 355 nm
or 532 nm, 10 Hz). The settings for the ESR spectrometer
were: center field, 3486.70 G; sweep width, 100 G; microwave
frequency, 9.82 GHz; modulation frequency, 100 kHz; power,
5.05 mW. To minimize experimental errors, the same quartz
capillary tube was used for all ESR measurements.

3. Results and Discussion

3.1. Sample Characterization. XRD patterns of the as-
prepared samples are shown in Figure 1. Degussa P-25
nanopowder sample, though dominantly of the anatase
form, also contains some notable contribution from the
rutile structure (ratio approximately 3 : 1) [18]. Replacing an
O atom with an N atom in TiO2 does not result in significant
structural changes, although the N atom has a larger ion
radius (0.171 nm) than that of the O atom (0.132 nm) [24].
Ti–N bond length, 1.964 ´̊A, is only slightly longer than that

of Ti–O, 1.942 ´̊A. Therefore, the structural modifications due

to the N doping are relatively minor [30]. This could also
be understood that the concentration of the doped N atom
(given later) might be low to cause a shift.

Global XPS profiles for the as-prepared samples are
shown in Figure 2(a). According to XPS spectra, the samples
contain only Ti, O, and N atoms. And binding energies for O
1s, Ti 2s, Ti 2p, and C 1s are 533.2, 576.3, 473.5, and 285.0 eV,
respectively. Figure 2(b) shows the N 1s spectra of the as-
prepared samples. A new peak at 396 eV was observed, which
is generally considered as evidence for the presence of Ti–N
bonds, suggesting that the oxygen sites were substituted by
nitrogen atoms [26]. In contrast, N2 gas annealed samples
did not display a peak at 396 eV. The peak at 400 eV could
be ascribed to N atoms from adventitious N2, NH3, or N-
containing organic compounds adsorbed on the surface [18].
The estimated x values from the XPS spectra were 0.021,
0.029, 0.035, 0.041, and 0.049 for the samples prepared at
NH3 flow for 5, 10, 15, 20, and 25 min, respectively.

Various forms of N-doped TiO2, including powders,
films, and nanoparticles, have been investigated by XPS [17–
19, 31–33]. In most cases, a peak at 396∼397 eV was detected
and attributed to substitutional nitrogen doping given the
proximity to the typical binding energy of 397 eV in Ti–N
[31]. However, in a few recent papers, this feature was found
to be completely absent while the peaks at higher binding
energies (399∼404 eV) were observed [19, 32]. In some other
cases, both features have been observed [17, 24, 33]. Since
the peaks for nitrites and nitrates fall at a very high binding
energy (407∼408 eV), nitrogen species in doped TiO2 are
expected to be in a lower oxidation state [33].

3.2. Photoabsorbance Properties and Band Structures.
Figure 3 shows UV-Vis DRS of TiO2−x Nx and TiO2.
Noticeable shifts of the absorption shoulders into the Vis-
light region were observed for TiO2−x Nx. This absorption
shoulder at 400∼550 nm is related to the presence of nitrogen
since it increases with nitrogen content. Additionally, the
absorption edge of new band well agrees with the reported
value for the N-doped TiO2 system [19, 24]. These samples,
after they have been doped, are pale-yellow in color, and
the colors were darker gradually as x increased whereas
the undoped sample is white. The color of the N doping
samples are partially due to the bulk reduction of the crystal,
because the thermal decomposition of NH3 on the TiO2

surface results in the evolution of molecular hydrogen,
which reduces the crystal electronically [17]. In addition, the
presence of the Vis absorption band indicates that nitrogen
penetrates into the single crystal and effectively changes the
electronic structure of TiO2 [17, 26]. TiO2 is an indirect
gap semiconductor, and the band gaps of the TiO2−x Nx and
TiO2 can be estimated from tangent lines in the plots of
the square root of the Kubelka-Munk functions against the
photon energy [26], as shown in the insert of Figure 3. The
tangent lines, which are extrapolated to α1/2 = 0, indicate
the band gaps of TiO2−x Nx and TiO2 are Eg = 2.95 eV.

In the present study, the electronic structure of N-
doped TiO2 was newly investigated by DFT calculations. We
optimized the lattice parameters and atomic positions of
TiO2 by minimizing the total energy of anatase structure.
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Figure 2: Global XPS of TiO2−xNx (a), and the N 1s peak of TiO2−xNx around the 400 eV regions (b).
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Figure 3: UV-Vis DR spectra of TiO2−xNx.

The atomic positions of N-doped TiO2 were optimized based
on the theoretical lattice constants of TiO2 without imposing
any symmetry. N doping was modeled by replacing 1 oxygen
atoms in the 20-atom anatase supercell, as shown in Figure 4.
The resulting stoichiometry is TiO2−x Nx with x = 0.149.
The DOS results of TiO2 were shown in Figure 5(a). The
occupied bands of TiO2 were classified into four bands.
The lower-energy side in the occupied bands consisted of
solely Ti 4s (1∼2#). The middle part of the occupied bands
consisted of Ti 3p orbitals (3∼8#) and O 2s orbitals (9∼16#),
respectively. The higher-energy side, that is, corresponded
to the valence band (VB), consists of O 2p orbitals (13∼
24#). The bottom of conduction band (CB) was formed
by the T 3d orbitals, with a small contribution of the O
2p (25∼34#); the top of CB was formed by the Ti 3d
orbitals (35∼36#). Thus, the highest occupied and lowest
unoccupied molecular orbital levels were composed of the O
2p and Ti 3d orbitals, respectively. The band gap of TiO2 was
estimated to be 2.27 eV. Generally, the band gap calculated

(a)

N

(b)

Figure 4: Unit cells of TiO2 (anatase) (a) and N-doped TiO2 (b).
The red, gray, and blue spheres represent the O, Ti, and N ions,
respectively.

by DFT is smaller than that obtained experimentally, which
is frequently pointed out as a common feature of DFT
calculations [34]. The DOS result of N-doped TiO2 were
shown in Figure 5(b). One can see that the VB of N-
doped TiO2 is composed of the hybrid orbitals of O 2p
and N 2p. The calculated band gap of TiO2 was narrowed
by 0.41 eV due to the N doping. Asahi et al. calculated
by the band structure of TiO2−x Nx, where x = 0.25 and
0.12, that is, when 12.5 and 6% of the oxygen sites were
substituted by nitrogen, and reported that mixing the N 2p
and O 2p states narrowed the band gap. The present DOS
calculation is in agreement with their conclusion. However, it
keenly contradicts with the UV-Vis spectra of N-doped TiO2

(Figure 3), which showed N-doping did not narrow the band
gap of TiO2 [15].
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Figure 5: Total DOS: (a) TiO2 (anatase), (b) N-doped TiO2.

The procedure of including more N atoms in the same
supercell is more accurate than using smaller unit cell as it
allows a direct comparison of the various levels of doping
on the band structure of the material. Valentin et al. [30]
calculated the band gap of TiO2−x Nx with 0.031 < x < 0.094
by modeling the 96-aom supercell replaced by 1, 2, or 3
nitrogen atoms. Their analysis of the electronic energy levels
showed that N doping did not cause the shift of the position
of both top and bottom of the O 2p valence band, as well as of
the conduction band, with respect to the undoped material.
This is in contrast with the conclusion of Asahi et al. [15].
Therefore, the N doping amount could be a vital factor [26].
It is plausible that the band structure of TiO2−x Nx with the

lower values of x < 0.05 should differ from the higher values
of x > 0.12.

3.3. Photocatalytic Activity. To explore the photocatalytic
activities of the as-prepared samples, the degradation of 4-CP
was investigated in both UV and Vis irradiation. 4-CP does
not absorb in the Vis region, and therefore the presence of
indirect semiconductor photocatalysis can be excluded [19].

Figure 6(a) shows the changes of 4-CP concentration as
a function of time in the presence of TiO2−x Nx powders
under UV irradiation. The undoped TiO2 exhibited the
highest activity for 4-CP decomposition. 59% loss of 4-CP
in concentration was observed in the presence of P-25
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Figure 6: Photodecomposition of 4-CP by TiO2−x Nx under UV
light (a) and Vis light (b).

for 120-minute irradiation. The photocatalytic activity of
TiO2−x Nx greatly depended on the concentration of N
doping. It is obvious that the photocatalytic activity of
TiO2−x Nx decreased as x value increase. 19, 31, 41, and
49% 4-CP were photodegraded in the presence of the
sample x = 0.041, 0.035, 0.029, and 0.021 for 120 min,
respectively. Almost no degradation occurred in the case of
the sample x = 0.049. It is important to keep or improve UV
photoactivity of TiO2 when it is functionalized for Vis-light-
driven catalysis because the most desired solar light source
contains about 5% UV and the efficiency of light utilization
for a TiO2-based photocatalyst is much higher for UV than
for Vis light [24]. In the present work, the N doping plays a
passive role on the UV activity of TiO2.

Similar experiments were conducted under Vis-light
irradiation, as shown in Figure 6(b). Irradiating the undoped
TiO2 (x = 0) with Vis light did not generate the decrease
of 4-CP in concentration, as TiO2 is not Vis-light sensitive.
The degradation of 4-CP, however, was observed from all
the doped samples, suggesting that N-doping for TiO2 is an
effective and feasible approach for achieving Vis-light-driven
photocatalysis. As the x value increased, the photoactivity of
the sample decreased, which is similar with the case of UV
irradiation.

Many factors, for example, surface area, crystallinity,
surface hydroxyl density, and oxygen vacancies, affect the
activity of a photocatalyst. The activity of a photocatalyst is
a combined effect of many factors [24]. In our case, the N-
doping concentration dominated these factors because other
preparation conditions were identical. Therefore, it is easy to
understand that the N-doping concentration in the catalyst
could be responsible for the difference of the photoactivity.
Irrespective of UV or Vis case, the photoactivies of the N-
doped samples decrease with the increase of the N-doping
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Figure 7: Normalized concentration profiles showing 4-CP degra-
dation kinetics upon addition of isopropanol under visible irradia-
tion. Inset: DMPO spin-trapping ESR spectrum under visible irra-
diation in 4-CP/TiO1.979N0.021 aqueous solution. Catalyst loading,
0.5 g L−1; 4-CP, 10 mg L−1; isopropanol, 1 × 10−5 M; the DMPO
concentration, 1.6 × 10−2 M.

concentration. This is ascribed to the double-faced behaviors
of the doped N atoms. The UV-Vis spectra in Figure 3
indicated that the N-doping improved the Vis absorption
and increased the number of photons taking part in the
photocatalytic reaction. Undoubtedly, this could enhance the
photocatalytic activity. On the other hand, they also act as
a recombination center of photogenerated charge carriers,
and thus deteriorate photocatalysis [26]. The passive role of
the N-doped atoms as a recombination center is primary.
This was inferred from our results showing a much higher
photocatalytic activity is corresponding to the lower x value.

3.4. Formation of Radicals. To probe the nature of the
reactive oxygen species generated during the irradiation
of the present system, the photodegradation of 4-CP by
TiO1.979N0.021 in the presence of isopropanol under visible
irradiation was performed. The results are shown in Figure 7.
It was found that addition of isopropanol, a known scavenger
of •OH radicals, prohibited greatly the degradation of 4-
CP, indicated that the free •OH radicals were involved in
this photoreaction system. The direct evidence of the reactive
oxygen species possibly involved in the photodegradation
process was examined by EPR technique (DMPO), as shown
in the inset of Figure 7. No ESR signals were observed either
when 4-CP was absent or when the reaction was performed
in the dark in the presence of the catalysts. Under Vis
irradiation the characteristic quartet peaks of DMPO-•OH
adduct with 1 : 2 : 2 : 1 in the intensity were observed after a
80-second irradiation, which are consistent with the similar
spectra reported by others for the •OH adduct [35].

Although the formation of the superoxide radical anion
was expected owing to the scavenging of the electrons by O2,
because the N doping did not affect the conduction band
of TiO2 [17], the spin-adduct DMPO-•OOH/O2•− was not
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Figure 8: Normalized concentration profiles showing 4-CP degra-
dation kinetics upon addition of SOD under Vis irradiation. Inset:
DMPO spin-trapping ESR spectra under Vis irradiation in 4-
CP/TiO1.979N0.021 ethanol solutions. Catalyst loading, 0.5 g L−1; 4-
CP, 10 mg L−1; SOD, 10000 units; the DMPO concentration, 1.6 ×
10−2 M.

detected in the aqueous system. It is well documented that
the superoxide radical anions are produced first and remain
stable in an organic solvent medium (at least in methanol)
[36]. When the fraction of H2O is increased, such as occurs in
a CH3OH/H2O mixed solvent system, the superoxide radical
anion tends to be unstable, especially in H2O alone. It is
probably because the facile disproportionation reaction of
superoxide in water precludes the slow reactions between
•OOH/O2•− and DMPO (k = 10 and 6.6 × 103M−1s−1,
resp.) [37]. Consequently, we recorded the ESR spectra of
the DMPO-•OOH/O2•− spin adducts in methanolic media,
and the results were as shown in the inset of Figure 8. The six
characteristic peaks of •OOH/O2•− adducts were observed
under Vis irradiation, and the signal intensity increased
slightly with irradiation time. No such signals were observed
in the dark; that is, generation of O2•− anions in the N-
doped TiO2 system inherently implicates irradiation. The
effect of superoxide dismutase (SOD) on the 4-CP degrada-
tion rate was also observed. The results are shown in Figure 8.
The presence of SOD (ca. 10000 units), which catalyzes the
dismutation of O2•−, led to a marked suppression of 4-CP
photodegradation. This was in good agreement with the ESR
measurement. Kinetics studies by ESR measurements and
the radical scavenger techniques clarify that the degradation
of visible-light-induced degradation of 4-CP over N-doped
TiO2 is derived mainly by the radical reaction, which is
similar to that of TiO2 under UV light irradiation.

3.5. Proposed Degradation Pathway. During the photocat-
alytic degradation, the aromatic intermediates were detected
by HPLC. The three intermediates generated during the
4-CP degradation are hydroquinone (HQ), hydroxyhydro-
quinone (HHQ), and benzoquinone (BQ). Figure 9 illus-
trates the profiles of the intermediated products during
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Figure 9: Reaction pathway for the photocatalytic degradation of
4-CP in the presence of TiO1.979N0021 under visible irradiation.

the 4-CP degradation using N-doped TiO2 under Vis-light
irradiation.

The initial step is the formation of electron hole pairs
on the surface of the catalysts when irradiated by the visible
light. The photoinduced electrons at the catalyst surface
are scavenged by the ubiquitously present molecular oxygen
to yield first O−

2 , whence on protonation yields the HO2

radicals, and to further produce OH whereas the generated
holes can react with hydrated surface of the catalyst, resulting
in the formation of surface-bound OH directly. Thus the
activated oxygen species, OH, O−

2 , and HO2 radicals were
involved in this photochemical process. However, it is
believable that surface-bound and solvated OH radicals are a
main oxidant to attack 4-CP. 4-CP is first oxidized into HQ,
and then HQ is further oxidized into HHQ and the opening
of the ring, and finally the complete mineralization to H2O
and CO2.

4. Conclusions

TiO2−x Nx (0.021 < x < 0.049) has prepared by annealing
under an NH3 flow at 550◦C. XRD and XPS confirmed
that the so-prepared samples had nitrogen substituted at
some of the oxygen sites in TO2. The Ndoping did not
cause the red shift of the absorbed edge of TiO2 and
revealed that the new absorption shoulder at 400∼475 nm,
suggesting that an isolated narrow band formed above
the valence band could be responsible for the Vis light
response of the oxynitride powders. The samples showed
the photoactivities for the decomposition of 4-CP under
both UV and Vis irradiation. When irradiating with UV
or Vis light, the activity of the sample decreased with the
increase of the N-doping concentration. ESR measurements
gave the clear experimental evidence that the active species,
such as •OH and O2•−, generated and participate in the
photodegradation of 4-CP over the N-doped TiO2 catalyst.
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