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Photocatalysis has received considerable attention because of
its promising applications such as in photocatalytic degra-
dation of organic pollutants, photocatalytic dissociation of
water, solar energy conversion, and disinfection. As an
important semiconductor, photocatalytic materials, titania
has been attracting the worldwide attention due to its good
chemical stability, insolubility in water, and nontoxic, low
cost, and readily available raw materials. It has become a hot
topic in photocatalysis scopes that how to expand the spectral
response range and improve the photocatalysis quantum
efficiency of photocatalysts.

Of course, the selected topics and papers are not
an exhaustive representation of the area of visible light-
responsive photocatalysts. Nonetheless, they represent the
rich and many-faceted knowledge, that we have the pleasure
of sharing with the readers. We would like to thank the
authors for their excellent contributions and patience in
assisting us. Finally, the fundamental work of all reviewers
on these papers is also very warmly acknowledged.

This special issue contains twenty nine papers, where
two reviews are related to development of visible light-
responsive sensitized photocatalysts. Nine papers are dealing
with the doping or codoping TiO2 photocatalysts. Six papers
are regarding the composite photocatalysts. Two papers
are related to modified photocatalysts by deposition of
noble metal. Three papers are about the preparation of
photocatalytic film. Six papers belong to the non-TiO2

photocatalysts. Finally, one paper addresses photocatalytic
degradation of pesticides in natural water.

In the paper entitled “Development of visible light-
responsive sensitized photocatalysts,” D. Pei and J. Luan

present a review of studies about the visible-light-promoted
photodegradation of the contaminants and energy conver-
sion with sensitized photocatalysts. Herein authors study
mechanism, physical properties, synergism effect of the
sensitized photocatalysts, and the method for enhancing the
photosensitized effect.

In the paper entitled “An enthusiastic glance in to the
visible responsive photocatalysts for energy production and
pollutant removal with special emphasis on titania,” Z. Yaakob
et al. present some of the recently published papers on
visible responsive photocatalysts. The influence of various
metal oxides and their sulfides on energy production and
pollutant removal are presented with special emphasis on
titania photocatalysts. A keen look into the photoactivity
titania for various pollutant degradation, modified titania
systems, physical and chemical characteristics are employed
at this juncture.

In the paper entitled “Photocatalytic degradation of phe-
nolics by N-doped mesoporous titania under Solar radiation,”
S. S. Rayalu et al. present preparation of nitrogen doped
mesoporous titania by templating method using chitosan.
This biopolymer chitosan plays the dual role of acting as a
template (which imparts mesoporosity) and precursor for
nitrogen. The doping of nitrogen into TiO2 lattice and its
state is substantiated and measured by XPS. The photocat-
alytic activity of the prepared N-doped mesoporous titania
for phenol and o-chlorophenol degradation is investigated
under solar and artificial radiation.

In the paper entitled “Visible-light photodegradation of
dye on co-doped titania nanotubes prepared by hydrothermal
synthesis,” Chien-Te Hsieh et al. deal with preparation of
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highly porous codoped TiO2 nanotubes from a hydrothermal
treatment and investigate their photocatalytic activity to
photodecompose methylene blue (MB) in liquid phase under
visible light irradiation.

The research of A. Nishimura et al. entitled “CO2

reforming characteristics under visible light response of Cr- or
Ag-doped TiO2 prepared by sol-gel and dip-coating process”
presents the preparation of Cr- or Ag-doped TiO2 film by sol-
gel and dip-coating process and study their photocatalytic
activity for CO2 reforming under the visible light.

In the paper entitled “Photocatalytical properties and
theoretical analysis of N, Cd-codoped TiO2 synthesized by
thermal decomposition method,” X. Zhao et al. present the
preparation of N, Cd-codoped TiO2 by thermal decompo-
sition method. The products represented good performance
in photocatalytic degradation of methyl orange. The effect
of the incorporation of N and Cd on electronic structure
and optical properties of TiO2 are studied by first-principle
calculations based on density functional theory (DFT).

There is also the paper by Tang et al. “Nitrogen-doped
TiO2 photocatalyst prepared by mechanochemical method:
doping mechanisms and visible photoactivity of pollutant
degradation.” Nitrogen-doped TiO2 (N/TiO2) photocata-
lysts are prepared using a mechanochemica1 method with
raw amorphous TiO2 as precursors and various nitroge-
nous compounds doses (NH4F, NH4HCO3, NH3·H2O,
NH4COOCH3, and CH4N2O). Their photocatalytical activ-
ities were evaluated with the degradation of p-nitrophenol
and methyl orange under UV or sunlight irradiation. The
catalysts have a strong visible light absorption which is
corresponding to doped nitrogen and consequent oxygen
deficient.

In the paper entitled “Effect of electronegativity and charge
balance on the visible-light-responsive photocatalytic activity of
nonmetal doped anatase TiO2,” Y. Dai et al. investigate the
origin of visible light absorption and photocatalytic activity
of nonmetal doped anatase TiO2 in details in this work
based on density functional theory calculations. Their results
indicate that the electronegativity is of great significance in
the band structures, which determines the relative positions
of impurity states induced by the doping species, and
further influences the optical absorption and photocatalytic
activities of doped TiO2. The effect of charge balance on the
electronic structure is also discussed, and it is found that the
charge-balance structures may be more efficient for visible-
light photocatalytic activities.

In the paper entitled “Photocatalytic activity and char-
acterization of carbon-modified titania for visible-light-active
photodegradation of nitrogen oxides,” C.-H. Huang et al.
present the preparation of carbon-modified titania powders,
which are prepared by impregnation method using a com-
mercial available titania powder, Hombikat UV100, as matrix
material while a range of alcohols from propanol to hexanol
are used as precursors of carbon sources. Rising the carbon
number of alcoholic precursor molecule, the modified titania
shows increasing visible activities of NOx photodegradation.

In the paper entitled “One-step cohydrothermal synthesis
of nitrogen-doped titanium oxide nanotubes with enhanced
visible light photocatalytic activity,” T.-C. Hsu et al. present

a kind of nitrogen-doped TiO2 nanotubes synthesized using
commercial titania P25 as raw material by a facile P25/urea
cohydrothermal method, which shows enhanced visible light
photocatalytic activity. The nitrogen content and surface
area, rather than the crystallinity is found to be the crucial
factors in affecting the photocatalytic efficiency of the
nitrogen-doped TiO2 nanotubes.

In the paper entitled “Highly active rare-earth metal
La-doped photocatalysts: fabrication, characterization, and
their photocatalytic activity,” S. Anandan et al. present the
investigation of highly active La-doped TiO2 nanoparticles
with different proportion of La content for the degradation
of MCP in aqueous solution. It is observed that the rate
of degradation of MCP over La-doped TiO2 increases with
increasing La loading. 1.0 wt% La-doped TiO2 is found to
be the most active among all the catalysts, which shows high
relative photonic efficiencies. The effects of electron trapping
by lanthanum metal ions, particle size, surface area, and
surface roughness of the photocatalysts are supposed to be
the reason for the enhanced activity.

In the paper entitled “Preparation, characterization, and
photocatalytic property of Cu2O-TiO2 nanocomposite,” M.
Zhang and L. Li present a serial of Cu2O-TiO2 nanocom-
posits with high visible light photocatalytic activity for the
degradation of methyl orange, which is prepared by the
homogeneous hydrolysation, followed by the solvothermal
crystallization and ethylene glycol-thermal reduction pro-
cess, respectively. The prepared Cu2O-TiO2 nanocomposites
exhibit higher photocatalytic activities for the decomposition
of MO than the pure Cu2O and the commercial Degussa P25
under visible light irradiation.

In the paper entitled “AgBr coupled TiO2: a visible het-
erostructured photocatalyst for degrading dye pollutants,” Liu
et al. present a series of AgBr/TiO2 photocatalysts with het-
erojunction structure and high-visible-light photocatalytic
activity, which is synthesized using Ti(OC4H9)4, KBr and
AgNO3 as precursors. It is found that the coupled AgBr/TiO2

shows a stable and enhanced photodegradation rate of
methylene blue under visible light irradiation, compared
with the noncoupled photocatalysts of AgBr, AgBr/P25 and
P25. The synergetic effect of heterostructured AgBr/TiO2 is
responsible for the strongest absorption in whole UV-vis
light region.

The research of Z. Liu et al. entitled “Hierarchical
CuO/ZnO membranes for environmental applications under
the irradiation of visible light” studies a new kind of high
active hierarchical CuO/ZnO nanomaterial prepared using
a facile process, which has a great potential in environ-
mental applications with solar visible light. This novel
CuO/ZnO membrane shows improved photodegradation of
contaminants and antibacterial activity under the irradiation
of visible light. It is found that the special hierarchical
nanostructure of CuO/ZnO is in favour of enhancing light
utilization rate, enlarging specific surface and reducing the
recombination of electrons and holes at the interfacial
between CuO and ZnO, which is the reason for the high
photocatalytic activity.

In the paper entitled “Photocatalytic oxidation of gaseous
isopropanol using visible-light active silver vanadates/SBA-15



International Journal of Photoenergy 3

composite,” C.-M. Huang et al. present an environ-
mentally friendly visible-light driven photocatalyst, silver
vanadates/SBA-15, which is prepared through an incipi-
ent wetness impregnation procedure with silver vanadates
(SVO). All the composites loaded with various amount
of SVO inherit the higher adsorption capacity and larger
mineralization yield than those of P25 and pure SVO, which
is resulting from a favorable crystalline phase combined with
the high intensities of Brønsted and Lewis acids.

In the paper entitled “Sol-gel-hydrothermal synthesis of
the heterostructured TiO2/N-Bi2WO6 composite with high-
visible-light and ultraviolet-light-induced photocatalytic per-
formances,” Z.-H. Huang et al. present a heterostructured
TiO2/N-Bi2WO6 composite prepared by a facile sol-gel-
hydrothermal method, which has a high UV and visible light
photocatalytic performance. The TiO2/N-Bi2WO6 compos-
ites exhibit much higher photocatalytic performances than
TiO2 as well as Bi2WO6, owing to the effective electron-hole
separations at the interfaces of the two semiconductors.

In the paper entitled “Preparation of TiO2-fullerene
composites and their photocatalytic activity under visible
light,” Ken-ichi Katsumata et al. present the preparation
and characterization of TiO2-fullerene composites which are
prepared by a solution process. It is found that the rutile-
C60 exhibit higher activity than the rutile under visible light,
resulting from the transfer of photogenerated electrons from
the C60 to the rutile under visible light irradiation.

The research of J. J. Murcia et al. entitled “Photocatalytic
ethanol oxidative dehydrogenation over Pt/TiO2: effect of the
addition of blue phosphors” investigates the effect of blue
phosphors on the ethanol oxidative dehydrogenation over
Pt/TiO2 photocatalyst. It is found that the blue phosphors
produced an increase in the level of ethanol conversion
over the Pt/TiO2 catalyst keeping at the same time the high
selectivity to acetaldehyde.

In the paper entitled “Application of Pt/CdS for the
photocatalytic flue gas desulfurization,” W. Yao et al. design a
photocatalytic flue gas desulfurization technology to control
emissions of SO2 from the combustion of fossil fuels. CdS
loaded with Pt are selected as the model photocatalyst for
the photocatalytic flue gas desulfurization, and the factors
influencing the rate of hydrogen production and ammonia
sulfite solution oxidation are detected in this paper.

The research of Y.-H. Chen and K.-J. Tu entitled
“Thickness dependent on photocatalytic activity of hematite
thin films” obtains a result that the photocatalytic activity of
hematite films increases with the increasing film thickness,
which is because the hematite film with a thicker thickness
has a rougher surface, providing more reaction sites for
photocatalysis. In addition, the lower band gap of a hematite
film would generate more electron-hole pairs under visible-
light illumination to enhance the photocatalytic efficiency.

In the paper entitled “Photoresponse of visible light active
CM-n-TiO2, HM-n-TiO2, CM-n-Fe2O3, and CM-p-WO3

towards water splitting reaction,” Y. A. Shaban and S. U. M.
Khan summarize their studies on thin film photoelectrodes
of Visible light active carbon modified titanium oxides (CM-
n-TiO2); Visible light active hydrogen modified n-type tita-
nium oxide (HM-n-TiO2) thin films; carbon modified iron

oxides (CM-n-Fe2O3) thin films; visible light active carbon
modified p-type tungsten oxides (CM-p-WO3) thin film.

In the paper entitled “Preparation of porous F-WO3/TiO2

films with visible-light photocatalytic activity by microarc
oxidation,” K.-R. Wu et al. present a kind of porous F-
WO3/TiO2 (mTiO2) films prepared on titanium sheet sub-
strates using microarc oxidation (MAO) technique, which
shows an enhanced photocatalytic degradation of dye under
UV and visible light irradiation, owing to its high specific
surface area from the porous microstructure.

In the paper entitled “Silver orthophosphate immobi-
lized on flaky layered double hydroxides as the visible-light-
driven photocatalysts,” Q. Zhang et al. present a visible-
light driven photocatalyst FLDH/Ag3PO4 fabricated by the
coprecipitation method. It is found that the photocatalytic
activities of Ag3PO4 immobilized on the surface of FLDH
are significantly enhanced for the degradation of acid red G
under visible light irradiation compared to bare Ag3PO4.

In the paper entitled “Photodegradation of malachite green
by nanostructured Bi2WO6 visible light induced photocatalyst,”
Zhang et al. study the photodegradation of malachite green
by the Bi2WO6 photocatalyst for the first time. The effects of
the concentration of malachite green, the pH value, and the
concentration of Bi2WO6 on the photocatalytic efficiency are
investigated in this paper.

In the paper entitled “Synthesis, property characterization,
and photocatalytic activity of novel visible light-responsive
photocatalyst Fe2BiSbO7,” J. Luan and Z. Hu present the
preparation and characterization of visible light induced
photocatalyst Fe2BiSbO7, which is synthesized by a solid-
state reaction method for the first time. It is found that the
Fe2BiSbO7 possesses higher photocatalytic degradation of
MB under visible light irradiation, compared with Bi2InTaO7

or pure TiO2 or N-doped TiO2. The possible photocatalytic
degradation pathway of MB over Fe2BiSbO7 is obtained in
this paper.

In the paper entitled “Sm2FeTaO7 photocatalyst for degra-
dation of indigo carmine dye under solar light irradiation,” L.
M. Torres-Martı́nez et al. study the degradation of indigo
carmine dye over Sm2FeTaO7 pyrochlore-type compound,
which is synthesized by using conventional solid state
reaction and sol-gel method. It is found that the solar-light-
induced degradation active of sol-gel photocatalyst is 8 times
to the active of solid state. When Sm2FeTaO7 is impregnated
with CuO as cocatalyst the photocatalytic activity is increased
because CuO acts as electron trap decreasing electron-hole
pair recombination rates.

In the paper entitled “Photosensitized oxidation of 9,10-
dimethylanthracene on dye-doped silica composites,” M. A.
Valenzuela et al. present a series of cationic dyes, methylene
blue (MB), safranin O (SF), toluidine blue (TB), and
neutral red (NR) successfully incorporated into a silica
matrix by using ultrasound irradiation during the Stöber
process. Among these four different types of dye-doped silica
composites, the SiO2-SF composite shows the most efficient
delivery of singlet oxygen. This result is explained in terms of
a higher dispersion of the SF on the silica matrix.

In the paper entitled “Synthesis, characterization, and
evaluation of boron-doped iron oxides for the photocatalytic



4 International Journal of Photoenergy

degradation of atrazine under visible light,” D. Zhu et al.
investigate the photocatalytic degradation of atrazine by
boron-doped iron oxides under visible light irradiation.
Boron-doped goethite and hematite are successfully prepared
by sol-gel method. It is found that the B-doped iron
oxides shows higher atrazine degradation rate than that of
pristine iron oxides, and the B-doped goethite exhibits better
photocatalytic activity than B-doped hematite. The better
crystal structure, larger BET surface area, enhanced light
absorption ability, and narrowed band-gap energy induced
by the B-doping are responsible for the high photocatalytic
activity.

In the paper entitled “Photocatalytic degradation of pesti-
cides in natural water: effect of hydrogen peroxide,” N. Miguel
et al. evaluate the effectiveness of photocatalytic treatment
with titanium dioxide in the degradation of 44 organic pesti-
cides analyzed systematically in the Ebro river basin (Spain).
The effect of the addition of hydrogen peroxide in this
treatment is studied in this paper. It is found that the addition
of hydrogen peroxide could increase the average degrada-
tion of pesticides. The pesticides which are best degraded
are parathion methyl, chlorpyrifos, α-endosulphan, 3,4-
dichloroaniline, 4-isopropylaniline, and dicofol, while the
worst degraded are HCHs, endosulphan-sulphate, hep-
tachlors epoxide, and 4,4′-dichlorobenzophenone.

Jinlong Zhang

Masaya Matsuoka

Jae Sung Lee

Shifu Chen
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A series of cationic dyes, methylene blue (MB), safranin O (SF), toluidine blue (TB), and neutral red (NR), were successfully
incorporated into a silica matrix by using ultrasound irradiation during the Stöber process. Several analyses were performed,
including scanning dynamic light scattering (DLS), electron microscopy (SEM), nitrogen physisorption, FTIR spectroscopy, UV-
vis, and diffuse reflectance spectroscopy. The entrapped dyes on silica were evaluated in singlet oxygen (1O2) generation under
visible light irradiation, by means of the photosensitized oxidation of 9,10-dimethylanthracene (DMA). According to the results,
the photocatalytic performance of the silica composites was improved, and the leakage of the dye from the particles was suppressed.
Among these four different types of dye-doped silica composites, the SiO2-SF composite showed the most efficient delivery of 1O2.

1. Introduction

A photosensitized reaction is defined as the process leading
to photochemical or photophysical changes in a substrate by
means of the absorption of radiation by other entity called
a photosensitizer [1]. Since the 1960s, several fundamental
works have been published related to photosensitization in
presence of oxygen and have distinguished two competing
mechanisms referred as Type I and Type II [2–5]. Type I pho-
tooxygenation involves the formation of a sensitizer triplet
state (3S∗) which interacts with a substrate (XH) giving rise
to a pair of free radicals by electron-transfer or hydrogen-
transfer mechanisms [1]. These produced radicals react with
oxygen to regenerate the sensitizer and to form peroxy
or superoxide radicals. Type II mechanism implicates the
direct interaction of the sensitizer excited state with oxygen,
generating upon energy transfer singlet oxygen [1O2, ( 1Δg)]
which reacts directly with numerous organic substrates [6].

In spite of many efforts and successful results in the
study of photosensitized reactions in homogeneous media,
there are some disadvantages by this route mainly due to the
solubility of the sensitizers in the reaction solvent and their
removal from the reaction mixture [7]. These problems can
be overcome by the immobilization of the sensitizer in ap-
propriated solid carriers. For instance, the advantages of

using a dye dispersed on a solid carrier are the oligomeriza-
tion of the dye can be prevented, a higher photostability of
the dye is obtained, a higher purity of the final products, and
the reusability of the dye [8]. Important applications, for
example, fine chemical synthesis, wastewater treatment, and
photodynamic processes, among others, have been found for
photosensitized singlet oxygen production [7–14].

Although many solid carriers such as polymers, zeolites,
semiconductors, glasses, silica gel, among others, have been
used to support a variety of sensitizers [15], we are interested
to develop a hybrid organic-inorganic systems made of dye-
doped silica particles active under visible-light irradiation for
fine chemical synthesis. Silica is a very attractive material
for many industrial and medical applications because it is
inexpensive, chemically inert, thermally stable, and biocom-
patible. In fact, silica particles have captured much attention
over the past two decades for their application in catalysis,
separation, biosensors, and adsorption [16]. Silica particles
can be tuned from 50 to 300 nm containing pore diameters
between 2 and 10 nm allowing for different dyes loadings.
Also, they have a high surface area (>700 m2/g) and large
pore volume (>0.9 mL/g) allowing high loading of chemicals
[16]. The doping of organic dyes into a silica matrix is not
an easy task due to the weak interaction between the or-
ganic-inorganic hybrid compound [17]. Usually, the main
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problem to solve is the instability of the composites, and
dye molecules with small size are easy to leak out from
the matrix [17]. Several approaches have been developed to
incorporate organic dyes into a silica matrix, for instance,
covalent coupling [18], reverse microemulsion [19], and
electrostatic interaction (Stöber method) [20]. However,
there is still no effective method to control the dispersion of
the dye molecules, since they are quickly and spontaneously
accumulated into the silica particles [21].

Herein, we reported a simple and modified Stöber meth-
od to synthesize SiO2-dyes composites by employing ultra-
sound irradiation during the hydrolysis and condensation
steps of the silica source and dye addition. It was found that
the as-synthesized composites were well dispersed into the
silica particles with high stability during the photooxidation
of 9,10-dimethylanthracene under visible light.

2. Experimental

2.1. Synthesis of SiO2-Dye Composites. Tetraethyl orthosili-
cate (TEOS), methylene blue (MB), safranin O (SF), tolui-
dine blue (TB), neutral red (NR), and SiO2 nanopowder were
purchased from Sigma-Aldrich and used without further
purification. Ethanol (HPLC grade) was used as solvent; dou-
ble distilled water and ammonium hydroxide (NH4OH) were
also used during the synthesis. The molecular structure of the
dyes can be seen in Figure 1.

The composites were synthesized by using a modified
Stöber method where the dye was incorporated since the
formation of the SiO2 particles. TEOS was used as silica
source and NH4OH as catalyst, and the composites silica-dye
were obtained in one-step process. Briefly, it was prepared
two solutions, one containing TEOS and ethanol (solution 1)
and another with NH4OH, water, and dye (solution 2). Solu-
tion 1 was poured drop by drop into solution 2, ultrasonic
irradiation was applied during 10 min, and the samples
were aged for 12 h under constant agitation. The obtained
powders were completely dried under vacuum at 318 K.
The molar ratios used in the preparation of the composites
were 1/20/0.1/30 for TEOS/water/NH4OH/ethanol, and the

nominal concentration of dye was 1×10−5 or 1×10−6 moles
of dye/g of SiO2.

2.2. Characterization. The dynamic light scattering (DLS)
measurements were determined by a Zetasizer Nano instru-
ment (Malvern), and ethanol was used as dispersant. A
Quanta 3D FEG (Fei) scanning electron microscope (SEM)
was used; the dry samples were deposited onto a carbon tape
before analysis. The SiO2 and SiO2-MB samples were an-
alyzed in an Asap 2405 (Micromeritics) automated gas sorp-
tion system to obtain the nitrogen adsorption isotherms
at 77.4 K. The specific surface area was estimated with the
Brunauer-Emmett-Teller (BET) model, and the pore size
distribution was evaluated with the BJH model. All samples
were outgassed at 373 K for 1 h prior to analysis. FTIR spectra
in the region 4000–400 cm−1 were obtained with a Nexus 470
Spectrometer (Nicolet). The powders were mixed with KBr
to form a pellet. UV-vis spectra were obtained on a Cintra 20
Spectrometer (GBC). The diffuse reflectance measurements
were done using the lab sphere RSA-PE-20 accessory using
BaSO4 as reference. In all cases the spectra were recorded in
the 400–800 nm region.

2.3. Photocatalytic Evaluation. The photooxygenation of 9,
10-dimethylanthracene (DMA) was carried out in acetoni-
trile (HPLC grade) using a Newport solar simulator (Model
67005) equipped with a 150 W Xe lamp with a maximum
emission around 460 nm. It was used a 10 mL batch reactor
for the evaluation of the SiO2-MB composites and an 80 mL
batch reactor for the evaluation of the different SiO2-dye
composites. The temperature was kept constant at 298 K, and
the incident light was filtered in order to cut out light below
400 nm and eliminate any photochemical reaction of DMA.
The initial concentration of DMA was 16 mg/L, and the com-
posite loading was 1 g/L or 0.5 g/L. The reaction samples were
analyzed using HPLC (GBC model 1120) equipped with a
UV detector (λ = 254 nm), using a 70/30 acetonitrile/water
mobile phase (1 mL/min) and a 15 cm column (Grace Prevail
C18 5 μ). The samples were also analyzed using a GC-MS
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1 μm

Figure 2: SEM image of SiO2-MB composite; [MB] = 1×10−5 mol/
g SiO2.

(Perkin-Elmer model TurboMass) using a 30 m capillary col-
umn (Alltech EC5).

3. Results and Discussion

3.1. Characterization Results of SiO2-MB Composites. The in-
fluence of the dye over the final particle size of the composite
was determined by DLS. During the polymerization of TEOS
through the formation of Si–O–Si bonds, the cationic part
of MB molecule can interact with part of Si–O groups by
electrostatic forces, increasing the stability of the hybrid sys-
tem [17] and leading to an amount of the average size from
110 nm (as-prepared SiO2) to 141 and 185 nm by using 1 ×
10−6 and 1× 105 mol/g SiO2 MB concentration, respectively.
The stability of the SiO2-MB composites was compared in
a blank experiment, where a solution of MB in ethanol was
mixed under stirring with the as-prepared SiO2 particles
during 12 h and then dried under vacuum and 318 K. The
resulting material was rinsed with ethanol, and the MB
was completely washed out, causing a total decolorization.
However, the SiO2-MB composite prepared by the modified
Stöber method never exhibited this behavior. The remaining
ethanol used in the SiO2-MB composite washes was analyzed
by UV-vis, and the characteristic absorption bands of MB
were not observed, confirming the high stability of the
composite.

A SEM image of the SiO2-MB composite shows the
morphology of the spheres in Figure 2. It can be seen
spheres ranging from 100 to 200 nm in size, in some cases
well dispersed but also forming particle agglomerates. The
morphology of the silica spheres (not shown here) was
similar than that of the composite.

Figure 3 shows the nitrogen adsorption-desorption iso-
therm of the SiO2 and the SiO2-MB composite. The shape
corresponds to a type IV isotherm according to the IUPAC
classification [22]. The hysteresis loop (H3/H4 types) can
be attributed to the presence of slit-shaped pores and open
pores where no condensation was evident. According to
these results, the pore size varies between 10 and 100 nm
dia-meter (see Figure 3(a)). The corresponding surface

Table 1: Characteristic bands of different MB species [26].

Species Wavelength (nm) Assignment

(AM+)n 570–590 Trimer and higher aggregates

(AM+)2 600–620 Dimer

AM+ 650–675 Monomer

area was 91 m2/g for SiO2 and 23 m2/g for the SiO2-MB
composite. Note that slight changes in the composite adsorp-
tion-desorption isotherm (Figure 3(b)) caused a dramatic
decrease in specific surface area and a bimodal behavior of
pore size distribution with an important amount of macro-
pores. These results could be indicative that MB was in-
corporated, probably of irregular form, into the silica matrix
modifying the shape and size of the pores.

FT-IR spectra of MB, SiO2, and SiO2-MB composite
([MB] = 1 × 10−5 mol/g SiO2) are presented in Figure 4.
The main absorption bands of MB at 1610, 1505, 1405, and
1355 cm−1 are assigned to the = N+ cation, the heterocyclic
skeleton, and to the −CH3 symmetric and asymmetric
bending vibrations, respectively [23, 24] (Figure 4(a)). The
obtained spectrum of SiO2 (Figure 4(b)) reproduces the
general features often reported for this compound [24, 25]. It
is worth noting that bands at 1200, 1100, 800, and 460 cm−1

are attributed to Si–O–Si vibrations and band at 960 cm−1

corresponds to the Si–OH vibration. The spectrum also pre-
sented a broad band located between 3750 and 3000 cm−1;
this can be generated by the hydration of the solid (bands
located at 3350 and 1630 [24]) or by the presence of SiO–H
vibrations [25]. The FT-IR spectrum of the SiO2-MB com-
posite was quite similar than that of SiO2, which can be
attributed to the low concentration of MB in the material, so
that the main absorption bands of MB overlap with SiO2

bands (Figure 4(c)). Note that a slight deformation of
Si–O–Si bands at 1200 cm−1 and 3000–3750 cm−1 is detected
in the composite which can be indicative of a bonding inter-
action between the organic dye and SiO2 [17].

The visible light absorption spectra of SiO2-MB compos-
ites and a mechanical mixture (MB + commercial SiO2) are
compared in Figure 5. In the mechanical mixture sample, a
strong band appears at 670 nm and one shoulder at 610 nm
(Figure 5(b)). The main band is associated to free molecules
of MB (monomer, see Table 1), and the shoulder is assigned
to the formation of the so-called H-aggregates (dimers)
[26, 27]. In the diffuse reflectance spectrum of SiO2-MB
composite [MB] = 1× 10−6 mol/g SiO2 (Figure 5(a)), a wide
band appears with a maximum at around 610 nm indicat-
ing that the predominant species was MB dimers. If the
concentration of MB is increased to 1 × 10−5 mol/g SiO2,
the maximum of absorption is shifted to around 590 nm,
which is interpreted as the formation of trimers and higher
aggregates [26].

The visible light absorption spectra of the different SiO2-
dye composites prepared by the modified Stöber method
and the mechanical mixture preparations are shown in
Figure 6. In general, each kind of preparations presented
different optical properties. For instance, the composites
prepared by the modified Stöber method showed a better
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Figure 3: Nitrogen adsorption isotherms: (a) SiO2 material as-synthesized; (b) SiO2-MB composite; [MB] = 1× 10−5 mol/g SiO2.
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Figure 4: FT-IR spectra of (a) MB powder, (b) as-prepared SiO2,
(c) SiO2-MB, [MB] = 1× 10−5 mol/g SiO2.

band definition compared with the wide and irregular
profile of the mechanical mixture bands. Note that a broad
absorption band with a maximum at 490 nm was observed
for commercial SiO2 + SF (Figure 6(d)); in comparison
with the SiO2-SF composite, a sharper absorption band
appeared at 515 nm (Figure 6(a)). These results indicated
that, in the first case, dye aggregates were the predominant
species meanwhile; in the second case there were more
monomeric dye species incorporated into the silica matrix
[28, 29]. The SiO2-NR composite and its mechanical mixture
are shown in Figures 6(b) and 6(e). In the mechanical
mixture, a broad absorption band from 400 to 650 nm, with a
maximum centered at 505 nm, was previously assigned to the
absorption of H-aggregates (dimers) of the dye [29]. When
the dye was incorporated since the formation of the SiO2

matrix, a solvatochromical shift in the absorption maximum
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Figure 5: Visible light absorption spectra of (a) SiO2-dye nanocom-
posites and (b) mechanical mixture of MB + commercial SiO2

nanoparticles.

to 535 nm was absorbed, and a slight shoulder at 480 nm
was also observed. The absorption band associated to the
free molecules of NR is located around 535 nm [29–31], and
the absorption associated with the uncharged form of NR
is located around 450–460 nm in methanol [30, 32]. Hence,
the predominant species in the SiO2-NR composite was the
free molecules of the dye although the neutral form (pKa =
6.8 [30]) could be present, due to basic media used in the
preparation of the materials, causing the observed shoulder.
In the case of TB, the mechanical mixture with commercial
SiO2 (Figure 6(f)), the absorption spectrum presented an ill-
defined band with a maximum centered at 585 nm, produced
by the presence of TB dimers [33, 34]. When TB was
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Figure 6: Visible light absorption spectra of SiO2-dye composites prepared by modified Stöber method: (a) SF, (b) NR, (c) TB, and prepared
by mechanical mixture with commercial SiO2: (d) SF, (e) NR, and (f) TB.

incorporated into the SiO2 composites (Figure 6(c)), a well-
defined band appeared in the absorption spectrum centered
at 615 nm and a slight shoulder also appeared at 495 nm. The
absorption at 615 nm was produced by the presence of TB
monomers in the composite.

3.2. Photosensitized Oxidation of DMA . In photosensitized
reactions, the photosensitizer molecule absorbs the energy
of a photon (hν) of ultraviolet or visible radiation to be-
come an excited singlet state which rapidly converts into an
excited triple state. The lifetime of the triplet is longer (mi-
croseconds) than that of the singlet (nanoseconds) so that
energy transfer from the triplet to dissolved oxygen molecule
to form singlet oxygen (1O2) is possible. The amount of
singlet oxygen generated by a photosensitizer is determined
by the rate of absorption of photons, the triplet quantum
yield, and the efficiency of the energy transfer process [35].
After singlet oxygen is generated, it either reacts with a

substrate or losses its excitation energy as heat or light
emission (phosphorescence). Scheme 1 shows a reaction
scheme considering the visible light irradiation of a SiO2-
dye composite in presence of oxygen, ethanol, and the main
substrate DMA.

Scheme 1 (reaction scheme of the photosensitized oxidation
of DMA on dye-doped silica composites).

SiO2-dye + hν −→ SiO2-dye∗ I , (1)

SiO2-dye∗ + 3O2 −→ SiO2-dye + 1O2 k, (2)

DMA + 1O2 −→ DMA endoperoxide kc, (3)

1O2 −→ 3O2 kd, (4)

where I is the light intensity, k is a rate constant for the
quenching of excited SiO2-dye by triplet oxygen to produce
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singlet oxygen, kc is the rate constant of chemical quenching
of singlet oxygen in presence of DMA; however, singlet ox-
ygen also decays to the ground state by energy transfer to the
solvent or with other species in solution with a rate constant
kd [36]. A rough estimation of the rate constant in (3) can
be obtained by considering that an excess of singlet oxygen is
produced compared with the initial concentration of DMA
and then a pseudofirst-order reaction is proposed (5)–(8):

−d[DMA]
dt

= kc[DMA]
[

1O2

]
= k′[DMA], (5)

where

k′ = kc
[

1O2

]
= ΦI

kc

kd
, (6)

[DMA]t = [DMA]0e
−k′t, (7)

ln
[DMA]0

[DMA]t
= k′t. (8)

The concentration profiles of DMA, during the photooxida-
tion in presence of SiO2-MB, are shown in Figure 7. Note
that raw data fit well to a first-order reaction at two concen-
trations of MB, with k′ values of 0.0762 and 0.0154 min−1 for
1× 10−5 and 1× 10−6 moles of dye/g of SiO2, respectively.

As shown in Figure 8, the conversion of DMA followed a
similar behavior (first order kinetics) with the different SiO2-
dye composites. However, the rate constants had different
values, and it is clearly seen that SiO2-MB is not a good
photocatalyst for this reaction. Note that the k′ values had
the following increasing order depending of the dye used in
the photooxidation of DMA (Figure 9): SF > TB > NR >
MB. These results revealed that the singlet oxygen generation
depended on the type of composite used. Therefore, in the
particular case of SiO2-SF composite instead of presenting
almost the same absorption properties than MB, it presented
a rate constant one order of magnitude higher compared
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Figure 10: Reaction path scheme of DMA endoperoxide formation
as well as the unidentified V and VI products detected by HPLC and
GC-MS (see Supplementary Information available online at doi:
10.1155/2012/987606).

with MB which should be interpreted as SF dye was homo-
genously dispersed on the silica matrix, as indicated by the
UV-vis spectra results (Figures 5 and 6), where the SiO2-SF
composite presented a sharper absorption band at 515 nm,
mainly as a consequence of the presence of monomeric spe-
cies of SF in the material. Further studies are in progress in
our lab in order to know in detail the properties and be-
havior of the SiO2-SF composites for fine chemical synthesis
under visible light irradiation.

Finally, a reaction path scheme showing the formation
of DMA endoperoxide and two unidentified byproducts (V
and VI), which were found with all series of dye-doped silica
particles, is presented in Figure 10. As mentioned before, the
main product was the DMA endoperoxide; however, the two
unidentified byproducts were detected by HPLC and GC-
MS (supplementary information). As is well known, the en-
doperoxides are highly instable compounds so that easily
decompose to other oxygenated compounds following a
parallel path forming stable products as the unidentified V
and VI byproducts.

4. Conclusion

In this study, a novel procedure (modified Stöber method)
to obtain stable and active SiO2-dye composites for the
photosensitized oxidation of 9,10-dimethylanthracene was
developed. We found important differences in the mechan-
ical mixtures and Stöber’s method preparations of our four
dye-doped silica composites than can be attributed to the
higher electrostatic interaction and dispersion of the dye
into the silica matrix by the second procedure. According to
the results, all dyes had a larger affinity to the matrix and
can be easily incorporated. These findings agreed with the
photocatalytic behavior, and the SiO2-SF composite showed
the most efficient delivery of 1O2. Two byproducts were
also detected during the photooxidation of DMA which are
probably assigned to the decomposition of the endoperoxide.
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Photoresponses of visible light active carbon modified titanium oxide (CM-n-TiO2), hydrogen modified titanium oxide (HM-n-
TiO2), carbon modified iron oxide (CM-n-Fe2O3), carbon modified tungsten oxide (CM-p-WO3) towards water splitting reaction
are reported in this article. Carbon and hydrogen in titanium oxide were found to be responsible for red shift from UV region
to visible region which in turn enhanced the photoconversion efficiency by an order of magnitude for water splitting reaction.
Photocurrent densities and photoconversion efficiencies of regular n-TiO2 and CM-n-TiO2 towards water splitting reaction under
monochromatic light illumination from a xenon lamp and sunlight were compared and found in reasonable agreement. These
oxides were characterized by photocurrent measurements, UV-Vis spectra, scanning electron microscopy (SEM), energy dispersive
x-ray spectroscopy (EDS) and x-ray diffraction (XRD) studies and these results are also reported in this article.

1. Introduction

Sunlight is the unlimited source of clean and renewable
energy if it could be efficiently utilized to split water
to hydrogen and oxygen. Numerous studies focused on
photoelectrochemical water splitting reaction [1–36]. The
enhancement of efficiency of a solar hydrogen production
process is of considerable importance because high efficiency
translates into lower costs. It is, therefore, important to
search for a stable and low-cost material for efficiently har-
vesting the solar energy. To use semiconductors as possible
photoelectrodes, their viability depends on their ability to
absorb enough sunlight as well as their stability against
photocorrosion. The electronic structure of a semiconductor
plays a key role in its photoactivity. Unlike a conductor,
a semiconductor consists of a valence band (VB) and the
conduction band CB). Energy difference between these two
levels is said to be the bandgap (Eg) [37].

For efficient H2 production using a visible-light-driven
semiconductor (Figure 1), the bandgap should be less than
3.0 eV, but larger than 1.23 eV [38–41]. Moreover, the
conduction band (CB) and valence band (VB) levels should

satisfy the energy requirements set by the reduction and
oxidation potentials for H2O, respectively. For hydrogen
production, the CB level should be more negative than
hydrogen production level EH2O/H2 while the VB should
be more positive than water oxidation level EH2O/O2 for
efficient oxygen production from water by photocatalysis
(Figure 1). Figure 2 shows the bandgap energies; CB and
VB positions at pH 2 for different oxide materials that
can be used as photoelectrodes. It shows that the CB
levels of SrTiO3 and KTaO3 are above H+/H2 but the
VB levels of these oxides are below H2O/O2 redox energy
level. This means that only the SrTiO3 and KTaO3 can
photosplit water without external bias. The TiO2 needs at
least 0.3 volt of external bias to photosplit water. How-
ever, most of these oxides have very high bandgap energy
(>3.1 eV) and hence cannot absorb the visible light of solar
spectrum.

1.1. Mechanism of Hydrogen Production from Water. Pho-
toelectrolysis of water in a photoelectrochemical cell (PEC)
involves several processes within photoelectrodes and at the
photoelectrode/electrolyte interface, including the following.
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Autoionization of Water Molecules. In an electrolyte solution,
water molecules dissociates into H+ and OH−:

4H2O −→ 4H+ + 4OH−. (1)

Light-Induced Excitation. When a semiconductor electrode
is illuminated by a light source or directly by solar radiation
that can provide the electrode with photonic energy (hν)
greater than its bandgap energy (Eg), then an electron from
the valence band will be excited into the conduction band,
and correspondently, a positively charged hole will be left in
the valence band:

photoanode + sunlight −→ 4h+ + 4e−. (2)

Reduction of Hydrogen Ions. The electrons generated as a
result of (2) are transferred over the external circuit to
cathode, resulting in the reduction of hydrogen (H+) ions to
gaseous hydrogen:

4H+ + 4e− −→ 2H2(gas) (3)

at cathode.

Oxidation of Hydroxyl Ions. The light-induced holes from
(2), at the photoanode/electrolyte interface, oxidize the
hydroxyl (OH−) ions to gaseous oxygen as

4OH− + 4h+ −→ O2(gas) + 2H2O (4)

at photoanode.
The overall reaction will be

photoanode + sunlight + H2O −→ 1
2

O2(gas) + H2(gas).

(5)

1.2. Development of Photoelectrodes for Water Splitting.
Among the photoelectrode materials, titanium dioxide (n-
TiO2) was found to be the most promising because of its
low cost, chemical inertness, nontoxicity, and photostability.
However, its wide bandgap (3.0–3.2 eV) limits its photore-
sponse in the ultraviolet region which is only a small fraction
(∼5%) of the sun energy compared to visible light from

400 nm to 750 nm (∼49%). Hence, any shift in the optical
response of n-TiO2 from the UV to the visible spectral range
will have a profound positive effect on the photocatalytic
efficiency of the material. Several attempts were made to
lower the bandgap of n-type titanium oxide (n-TiO2) by
transition metal dopants [42, 43] but no noticeable change
in bandgap energy of n-TiO2 was observed. The visible
light absorption by the transition metal-doped n-TiO2 was
found to be mainly due to d-d transition of electrons in the
transition metal dopants but not due to bandgap lowering.
The transition metal dopants acted adversely on photocat-
alytic activity of n-TiO2 because they acted as recombination
centers for the photogenerated electron-hole pairs.

However, recent studies involved doping of n-TiO2

by carbon [1, 15–24, 44–49], nitrogen [50, 51], sulphur
[52], also fabricating the carbon-modified (CM)-n-TiO2 in
mesoporous [53, 54], and nanostructure [55, 56] forms.
Photocatalytic activity of sulphur-doped n-TiO2 was found
to diminish under UV and visible light illuminations due to
catalytic poisoning induced by oxidation of sulfur to SO2 and
SO2−

4 . Photocatalytic activity of nitrogen-doped n-TiO2 was
reported to be much lower than carbon-doped n-TiO2 [44].

It was found that carbon modification of n-TiO2 photo-
catalyst synthesised by thermal oxidation of Ti metal sheet
in a natural gas flame lowered the bandgap energy of n-
TiO2 to 2.32 eV and exhibited water splitting to hydrogen and
oxygen with a photoconversion efficiency of 8.35% [1] under
artificial light illumination from a Xenon lamp. This progress
stimulated further investigation into carbon-modified n-
TiO2 (CM-n-TiO2) as visible light active photocatalysts [43–
49] and also as photoelectrodes [14–24, 55–59] for water-
splitting reaction with enhanced photoconversion efficiency.
Xu and Khan [16] also showed enhanced rate of water
splitting at spray pyrolytically synthesised visible light active
carbon-doped n-TiO2 thin films. Enhanced photoresponse
for water splitting at nanocrystalline carbon-doped n-TiO2

thin films was also reported by Xu et al. [17]. Argon
was found to be the most effective calcining ambient to
enhance the carbon doping of n-TiO2 films. The resultant
carbon-modified n-TiO2 thin film calcined in Ar at the
optimum temperature of 700◦C contained 3.8 at % carbon
and showed higher photoresponse in both UV and visible
regions compared to those calcined in air at the optimum
temperature of 500◦C that contained 2.3 at % carbon.
Carbon content in these samples calcined in presence of
oxygen in air reduced due to removal of some carbon in the
forms of CO and CO2. This wet process synthesis allowed
molecular scale mixing of the carbon source with precursor
of TiO2 for improved doping homogeneity and was capable
of tuning the carbon content in the film.

Importantly, Mohaputra et al. [18] synthesised CM-n-
TiO2 thin films by flame oxidation of Ti metal sheet and
reported photoconversion efficiency of 8.5% for water split-
ting which is slightly higher than earlier results [1]. Carbon
doping was considered to be responsible for the lowering of
the bandgap of n-TiO2 and consequent high photocatalytic
activity under visible light illumination. Noworyta and
Augustynski [19] observed shift in the spectral response (up
to 425 nm) during water-splitting reaction for carbon-doped
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Figure 2: Diagram showing bandgap energy of different oxide materials and relative energies in terms of vacuum level and normal hydrogen
electrode level in electrolyte of pH = 2 [69].

n-TiO2 film electrodes formed in the flame of a burner fed
with various gas mixtures. Shankar et al. [57] investigated
the effect of flame annealing on the spectral photoresponse
of titania nanotubes and demonstrated the enhancement
of the visible light absorption and the photocurrent for
water splitting due to annealing in the flame. However, in
their study, the flame annealing was carried out at 1020◦C
which is much higher than the optimum temperature of
850◦C observed earlier [1]. Such high temperature generally
removes considerable amounts of carbon from the sample
and thus reduces its photoresponse. Given the sensitivity of
CM-n-TiO2 to flame temperature, Shankar et al. [57] and Xu
et al. [59] prepared highly ordered n-TiO2 nanotube arrays
by electrochemical anodization of Ti metal sheet followed
by calcinations in an electric oven and further oxidation in
natural gas flame at optimum temperature to incorporate
carbon in it. Significant enhancement of the photoresponse
of these carbon-modified (CM) n-TiO2 nanotube films for
water splitting was also reported [58, 59]. Hahn et al.
[60] prepared carbon-doped self-organized TiO2 nanotubes
layers formed by electrochemical anodisation of Ti in an
HF/Na2HPO4 electrolyte. The tubes were treated at 500◦C
under a mixed flux of N2 and acetylene (C2H2). Nakano
et al. [61] prepared TiO2:C films by oxidative annealing
of sputtered TiC films. They reported three bands having
energies 0.86 eV, 1.30 eV, and 2.34 eV below the conduction
band of carbon-doped n-TiO2. They attributed the 0.86 eV
level to the intrinsic nature of TiO2, whereas the 1.30 eV and
the 2.34 eV levels were newly introduced by C-doping and
behaved as deep-level bands. In particular, the pronounced
2.34 eV band contributed to bandgap narrowing by mixing
C 2p with the O 2p valence bands. Therefore, the 2.34 eV
level played a significant role for the visible-light sensitivity
in TiO2:C. Ren et al. [62] synthesised a visible light active
TiO2 photocatalyst by carbon doping using glucose as carbon
source. The preparation was performed by a hydrothermal

method at temperature as low as 160◦C. The carbon-doped
n-TiO2 showed absorption in the 400–450 nm range with
a red shift in the bandgap transition. Sun et al. [63]
reported that carbon-doping-made In2O3 red shifted from
UV to visible range up to 500 nm and 40% contribution
from visible light was observed for the photoelectrochemical
splitting of water to hydrogen. Cardenas et al. [64] reported
marked decrease in resistivity of carbon-doped antimony
sulfide (Sb2S3) thin films to 102Ω cm compared to 108Ω
cm for undoped samples, and electrical resistivity was also
possible to tune by controlling the carbon content (wt %)
in the sample. The bandgap energy the carbon-doped Sb2S3

thin films was found to decrease to 1.7 eV from 2.57 eV for
undoped sample. This result indicates that carbon doping of
Sb2S3 is not only capable of bandgap lowering but can also
enhance the conductivity of the sample.

In an important theoretical study, Nie and Sohlberg [65]
reported the lowering of the bandgap of n-TiO2 to 2.32 eV
(535 nm) due to carbon incorporation and predicted that
the bandgap value of 1.58 eV may be possible to achieve
by some complex carbon incorporation. Interestingly, it
was found experimentally that enhanced carbon doping
lowered the bandgap of n-TiO2 up to 1.45 eV [16]. Wang
and Lewis [66, 67] addressed theoretically the effects of
carbon dopants concentration on the photoresponse of
n-TiO2 in the visible-light region. They found that the
substitutional and interstitial carbon dopants incorporated
into TiO2 drastically affected the electronic structure of the
material, thus improving its photoactivity. They predicted
the low bandgap of 2.35 eV for carbon-doped TiO2 as it
was experimentally observed earlier [1]. The theoretical
findings of Di Valentin et al. [68] revealed the presence
of substitutional and interstitial carbon in carbon-modified
(CM)-n-TiO2 (Figure 3) which were found to be responsible
for the lowering of its main bandgap as well as generating a
mid-gap band.
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Figure 3: Partial geometry of the models for (a) one substitutional
C atom to O (CS−O), (b) one substitutional C atom to Ti (CS−Ti), (c)
one interstitial C atom (CI), and (d) one interstitial C atom nearby
an oxygen vacancy (CI+VO) in the rutile supercell. The yellow spheres
represent O atoms, the small brown spheres represent Ti atoms, and
the black sphere presents the carbon impurity [68].

Among various oxide semiconductor photocatalysts, iron
(III) oxide (Fe2O3) is a low-cost semiconductor with high
stability. Iron (III) oxide has a bandgap of 2.0–2.3 eV;
therefore, it can absorb solar radiation up to 620 nm, which
covers ∼37% of the photons of the solar spectrum of global
AM 1.5 (1 sun) [70]. However, challenges are set by its
quite low photoresponse due to its high resistivity and
consequent recombination of photogenerated carriers. To
minimise these limitations, it has been reported that dopants,
either n-type [4, 7, 26, 27] or p-type [28–30], improved
the photoresponse of iron (III) oxide (Fe2O3) towards water
splitting to hydrogen. Thin films of n-Fe2O3 were extensively
studied [4, 7, 25–36]. For example, n-Fe2O3 films were
synthesised by a sputtering method [30], by pressing powders
of Fe2O3 [32–34], and by spray pyrolysis method [4, 7, 28–
30, 32]. Silicon-doped Fe2O3 films synthesised by ultrasonic
spray pyrolysis showed 1.0 mA cm−2 at +0.1 V versus AgCl
[36] under solar-simulated light illumination at 1 sun, AM
1.5 (100 mW cm−2).

Tungsten trioxide (WO3) is also of great interest and has
been investigated extensively due to its promising physical
and chemical properties [70–73] The WO3 films are nontoxic
and have relatively low price. Semiconducting tungsten oxide
(WO3) is an interesting candidate for photocataylsis because
of its relatively low bandgap energy (Eg = 2.6 eV), [74–
76] resulting in possible utilization of 12% of the solar
spectrum [77]. Spectral response studies were carried out
for n-type WO3 by different workers [78, 79]. For example,
n-WO3 films were synthesized by conventional evaporation
techniques [80, 81] and, more recently, with the sol-gel
process [82, 83]. It is important to note that regular undoped
tungsten oxide is an n-type semiconductor, but when it

is carbon-doped or carbon-modified, it was found to be
a p-type tungsten oxide. Carbon-modified p-type tungsten
oxide (CM-p-WO3) films were synthesized by thermal flame
oxidation method at several flame temperatures for different
lengths of time [84].

In this paper, we summarize our studies on thin-film
photoelectrodes of the following

(i) visible light active carbon-modified titanium oxides
(CM-n-TiO2);

(ii) visible light active hydrogen modified n-type tita-
nium oxide (HM-n-TiO2) thin films;

(iii) carbon-modified iron oxides (CM-n-Fe2O3) thin
films;

(iv) visible light active carbon-modified p-type tungsten
oxides (CM-p-WO3) thin film.

The results of photocurrent density measurements on
these photoelectrodes for water splitting to H2 and O2

and the maximum photoconversion efficiencies under both
Xenon lamp and natural sunlight of global AM 1.5 illu-
minations are also provided. Synthesized thin-film photo-
electrodes are characterized in terms of bandgap energies,
X-ray diffraction pattern, scanning electron micrograms,
and carbon contents to correlate with their photoresponse
towards water-splitting reaction.

2. Experimental Details and Results

2.1. Visible Light Active Carbon-Modified Titanium Oxides
(CM-n-TiO2) Thin Films. Shaban and Khan [23] synthe-
sized visible light active carbon-modified n-type titanium
oxide (CM-n-TiO2) thin films by flame oxidation of Ti metal
sheets both flat and grooved and also by using combination
of spray pyrolysis and flame oxidation methods. Also un-
doped reference n-TiO2 samples were synthesized in an elec-
tric oven for comparison. The flame was custom designed
by Knight Co. The flame temperature was controlled by
adjusting the flow rates of oxygen and natural gas.

2.1.1. Dependence of Photocurrent Density on Measured Elec-
trode Potential for Titanium Oxides. Plots of photocurrent
density ( jp, mA cm−2) as a function of measured potential,
Emeas (V/SCE) for oven-made n-TiO2 synthesized at 825◦C
for 16 min (sample 1); CM-n-TiO2 synthesized by only
thermal flame oxidation of Ti at 825◦C for 16 min (sample
2); grooved CM-n-TiO2 synthesized by only thermal flame
oxidation of Ti (0.005 inch groove depth) at 820◦C for 18 min
(sample 3); CM-n-TiO2 synthesized by spray pyrolysis of
0.175 M TiCl4 in ethanol at substrate temperature of 460◦C
for 20 sec at carrier gas (oxygen) pressure of 20 psi followed
by thermal flame oxidation at 825◦C for 16 min (sample
4) are shown in Figure 4. Sample 1 shows the lowest pho-
tocurrent density of 1.6 mA cm−2 measured at –0.4 V/SCE.
The observed low photocurrent density for sample 1 was
due to absence of carbon as well as lower thickness in
such electric oven-made samples. Sample 4 generated the
highest photoresponse compared to samples, 1, 2, and 3.
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Figure 4: Photocurrent density, jp (measured under light intensity
of 100 mW cm−2 from a 150 Watt Xenon lamp) as a function of
measured potential, Emeas (V/SCE), for oven-made n-TiO2 synthe-
sized at 825◦C for 16 min (sample 1); CM-n-TiO2 synthesized by
only thermal flame oxidation of Ti at 825◦C for 16 min (sample 2);
grooved CM-n-TiO2 synthesized by only thermal flame oxidation
of Ti (0.005 in groove depth) at 820◦C for 18 min (sample 3); CM-
n-TiO2 synthesized by spray pyrolysis of 0.175 M TiCl4 in ethanol
at substrate temperature of 460◦C for 20 sec at carrier gas (oxygen)
pressure of 20 psi followed by thermal flame oxidation at 825◦C for
16 min (sample 4); electrolyte solution of 5 M KOH was used. The
electrode potentials at open circuit condition under illumination,
Eaoc, were found to be −0.977 V/SCE (sample 1), −0.940 V/SCE
(sample 2), −0.942 V/SCE (sample 3), and −0.915 V/SCE (sample
4) [21–23].

Photocurrent density, measured at –0.7 V/SCE, increased sig-
nificantly from 9.17 mA cm−2 for sample 2 to 11.44 mA cm−2

for sample 3. The surface grooving of Ti metal increased
the effective surface area of oxide layer in sample 3 and
consequently generated higher photocurrent density. A sharp
increase in photocurrent density to 14.68 mA cm−2 measured
at –0.7 V/SCE for sample 4 can be attributed to increased
thickness of the oxide layer synthesized by combination
of spray pyrolysis and flame oxidation methods. This is
because increased thickness allows absorption of more light
to generate more electron-hole pairs (excitons).

2.1.2. Dependence of Photoconversion Efficiency on Applied
Potential for CM-n-TiO2 Films. The calculation of total
percent photoconversion efficiency (%εphoto(total)) of light
energy under white light illumination to chemical energy
in the presence of an external applied potential (Eapp) was
carried out using the equation given earlier [1, 4] as

%εphoto(total) =
jp
[
Eo

rev −
∣∣∣Eapp

∣∣∣]
Po

× 100, (6)

where jp is the photocurrent density (mA cm−2), Eo
rev is

the standard reversible potential (which is 1.23 V for water
splitting reaction), Po is the power density of incident light
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Figure 5: Dependence of photoconversion efficiency,
%εphoto(total), on applied potential Eapp (V versus Eaoc), for samples
1, 2, 3, and 4 [21–23].

(mW cm−2), |Eapp| is the absolute value of the applied
potential which is obtained as [1]

Eapp = (Emeas − Eaoc), (7)

where Emeas (versus SCE) is the potential at which the
photocurrent density was measured, Eaoc (versus SCE) is the
electrode potential at open circuit condition in the same
electrolyte solution under the same illumination intensity at
which the photocurrent density was measured. The values
of Eaoc (versus SCE) were found to be −0.847 V, −0.940 V,
−0.942 V, −0.915 V for samples 1, 2, 3, and 4, respectively.

The corresponding maximum photoconversion efficien-
cies (see Figure 5) were found to be 1.2% at 0.447 V bias,
9.08% at 0.240 V bias, 11.31% at 0.242 V bias, and 14.04%
at 0.215 V bias for samples 1, 2, 3, and 4, respectively, under
illumination intensity of 100 mW cm−2cm−2 from a 150 watt
Xenon lamp.

2.1.3. Monochromatic Photocurrent Density-Wavelength
Dependence for CM-n-TiO2 Films. The plots of monochro-
matic photocurrent density, jp(λ), as a function of
wavelength of light, λ, for samples 1, 2, 3, and 4 are
shown in Figure 6. The monochromatic photocurrent
density, jp(λ), was measured at measured potentials
corresponding to applied potential at which maximum
%εphoto(total) was observed (see Figure 5) under white
light illumination. The values of Eapp used were 0.477 V,
0.240 V 0.242 V, and 0.215 V for samples 1, 2, 3, and 4,
respectively. Performing integration under the curve, total
photocurrent densities of 1.25 mA cm−2, 8.95 mA cm−2,
11.30 mA cm−2, and 13.58 mA cm−2 were found for samples
1, 2, 3, and 4, respectively. These values are a little lower than
the corresponding photocurrent density values under white
light illumination from the Xenon lamp because of loss of
some light passing through the monochromator.

Note that the observed photocurrent in the visible region
for the CM-TiO2 samples cannot be due to artifact of
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Figure 6: The monochromatic photocurrent density, jp(λ), as a
function of wavelength of light, λ, for samples 1, 2, 3, and 4,
respectively [21–23].

a monochromator or due to second harmonic generation
because if that would be the case the regular n-TiO2

would have shown photocurrent in the visible region.
Figure 6 clearly shows no photocurrent for regular n-TiO2

in the wavelength region between 500 nm 750 nm. Recent
combined sputtering and XPS studies showed that carbon

incorporation was limited to few angstroms (15 ´̊A to 20 ´̊A)
deep. Hence, the amounts of visible light absorption were low
as demonstrated by low photocurrent in the visible region
between 500 nm to 750 nm (see Figure 6).

2.1.4. Photoconversion Efficiency from Monochromatic Pho-
tocurrent Density for CM-n-TiO2 Films. Alternatively, the
percent total photoconversion efficiency (%εphoto(total)) of
light energy to chemical energy can be obtained by using the
following equation [20, 21, 68, 70]:

%εphoto(total) =
∫ λg

λmin
jp(λ)

[
Eo

rev −
∣∣∣Eapp(λ)

∣∣∣]dλ∫∞
λmin

Po(λ)dλ
× 100,

(8)

where jp(λ) is wavelength-dependent photocurrent density
under monochromatic light illumination (mA cm−2 nm−1)
and Po(λ) is the power density of incident wavelength-
dependent monochromatic light (mW cm−2 nm−1). Note
that the applied potential, Eapp(λ), was also found to be
wavelength-dependent and can be expressed as

Eapp(λ) = Emeas − Eaoc(λ), (9)

where Eaoc(λ) is the electrode potential in volts at open-
circuit conditions under monochromatic light illumination.
However, λmin = 250 nm for light from Xenon lamp and
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Figure 7: The photoconversion efficiency, %εphoto(λ), as a function
of wavelength of light, λ, for samples 1, 2, 3, and 4 [21–23].

300 nm for sunlight were used, and λg = 1239.85/Eg is the
threshold wavelength corresponding to bandgap energy, Eg ,
of the sample in electron volt unit.

Note that wavelength-dependent percent photoconver-
sion efficiency, %εphoto(λ) can be expressed as [20, 21],

%εphoto(λ) =
jp(λ)

[
Eo

rev −
∣∣∣Eapp(λ)

∣∣∣]∫ λmax
λmin Po(λ)dλ

× 100. (10)

The plot of %εphoto(λ) versus wavelength, λ, using (10) is
given in Figure 7 where total intensity in the denominator of
(10) was taken as 100 mW cm−2. Performing the integration
(as given in (8)) from λmin = 250 nm (for Xenon lamp white
light) to λg nm or determining the area under the curve
in Figure 7 obtained using (10), the total photoconversion
efficiencies of 0.94%, 8.86%, 11.16%, and 13.79% were
obtained for samples 1, 2, 3, and 4, respectively. Note
that λmax represents the maximum wavelength available in
sunlight which is 4200 nm. These values are little lower
but comparable to 1.2%, 9.08%, 11.31%, and 14.04%
(when calculated using (6) under white light illumination
of intensity 100 mW cm−2 from a 150 W Xenon lamp) for
samples 1, 2, 3, and 4, respectively. These lower values can be
attributed to loss of some light through the monochromator
as well as the use of average value of Eapp(λ) instead of using
its experimentally determined value at each wavelength, λ.

2.1.5. Bandgap Energy Determination for n-TiO2 and CM-
n-TiO2 Films. The bandgap energy, Eg , can be determined
from the frequency of light, ν, dependent quantum efficiency,
η(ν), using the following equation [4, 5, 7]:

η(ν)hν = A
(
hν− Eg

)n
, (11)
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where A is a constant, n equals either 0.5 for allowed direct
transition or 2 for allowed indirect transitions, hν is the
photon energy of frequency ν. The wavelength, λ, dependent
quantum efficiency, η(λ), or incident photon conversion
efficiency, IPCE(λ), can be expressed as [20, 21]

η(λ) = IPCE(λ) = jp(λ)

[eIo(λ)]

=
[

1239.85(Vnm) jp(λ)
(
mA cm−2nm−1

)]
[λ(nm)Po(λ)(mW cm−2nm−1)]

,

(12)

where e is the electronic charge and the incident photon
flux, and the wavelength-dependent photon flux, Io(λ),
(cm−2 nm−1 s−1) was expressed as [20, 21]

Io(λ) = Po(λ)
λ

hc

Io(λ) =
[
Po(λ)

(
mW cm−2nm−1

)
λ(nm)

]
[1239.85(V nm)e]

,

(13)

where h is the Planck’s constant and c is the velocity of light.
Figure 8 shows [η(λ)hν]1/2 versus hν plot for samples 1,

2, 3, and 4, respectively. From the intercepts of the straight
lines the bandgaps were obtained. It shows two indirect
bandgap energies for all CM-n-TiO2 photoelectrodes. The
first bandgap energy of 2.65 eV corresponds to lowering of
original bandgap (samples 2, 3, and 4) and second bandgap
with values of 1.6 eV and 1.4 eV can be attributed to mid-
gap band generated by carbon doping as shown in the
schematic diagram in Figure 9. Theoretical analysis [65, 66,
70] and experimental findings [20, 21] also showed multiple
bandgaps in CM-n-TiO2. Oven-made n-TiO2 showed only
one bandgap of 2.9 eV, and as a result, poor photoresponse
was obtained. Note that the first bandgap energy values
for all CM-n-TiO2 samples were found equal. The slopes
of bandgap plots for sample 4 were found to be the

2.65 eV

h+
h+
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e− e−
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O2/H2O

Ev

Ec

E f

CM-n-TiO2

Semiconductor electrolyte interface
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Mid-gap band

hA
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Figure 9: A schematic diagram of valence, conduction, and mid-
gap bands to show the bandgaps in CM-n-TiO2 films synthesized
by thermal flame oxidation of Ti metal sheet [21–23].

highest, which is in accordance with the highest observed
photoresponse generated by this sample.

2.1.6. Spectral Distribution of Light for Global AM 1.5 Natural
Sunlight (1 Sun) and Xenon Lamp Light (100 mW cm−2). It
is important to compare the spectral distribution of light
from both Xenon lamp and sunlight. Figure 10 compares the
spectral distribution of these two lights. The integrated value
of the intensity from 300 up to 800 nm for global sunlight
AM 1.5 (1 sun = 100 mW cm−2 measured by NREL [85])
was found to be 59.00 mW cm−2 clearly indicating that the
contribution from remaining light from 800 nm to 4100 nm
present in global sunlight will be 41.00 mW cm−2 [= (100–
59) mW cm−2]. Hence, total Xenon lamp light comparable to
sunlight (1sun) will be 98 mW cm−2 [= (57 + 41) mW cm−2]
where 57.00 mW cm−2 is the integrated value of intensity
from 200 nm to 800 nm for Xenon lamp light.

Note that the spectral distribution of Xenon lamp light
begins below 250 nm compared to global AM 1.5 sunlight
that begins at 300 nm. Furthermore, the spectral distribution
of Xenon lamp light is higher in the UV region, but
in the visible region, it is lower than that of sunlight.
Hence, one will expect comparable photocurrent density
and photoconversion efficiencies for CM-n-TiO2 samples
for water splitting under actual global sunlight illumination
of AM 1.5 (1 sun) and the Xenon lamp illumination of
intensity of 100 mW cm−2. However, relatively higher values
for photocurrent density and photoconversion efficiency
under Xenon lamp illumination will be expected compared
to those under sunlight for CM-TiO2 due to higher spectral
distribution of the former in the UV region than in the visible
region (see Figure 10) and that the absorption coefficient of
light for CM-TiO2 in UV region is much higher compared
to that in the visible region. Also, only 1.5 to 2.0 nm deep
carbon modified region in CM-n-TiO2 could not absorb
enough light in the visible region.

2.1.7. Photocurrent Density and Photoconversion Efficiency for
Titanium Oxides from IPCE(λ) Using Illumination Intensity,
Io(λ) of Natural Global AM 1.5 Sunlight. Utilizing the values
of the wavelength-dependent incident photon conversion
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Figure 10: The wavelength-dependent intensity of light from a
150 W Xenon lamp at intensity of 100 mW cm−2, measured by
using silicon photon detector (UDT Sensors. Inc., Model 10DP/SB),
compared to the wavelength-dependent intensity of natural global
AM 1.5 sunlight in the wavelength range from 300 to 800 nm
obtained from NREL website [85].

efficiency IPCE (λ) or quantum efficiency η(λ) of these
samples, it is possible to determine the photocurrent density,

j
sunlight
p (λ), under natural global AM 1.5 sunlight illumina-

tion as [20, 21]

j
sunlight
p (λ) = IPCE(λ)eI

sunlight
o (λ), (14)

where I
sunlight
o (λ) is the wavelength-dependent photon flux of

incident global AM 1.5 sunlight which can be obtained using

(13) in which photon power density of sunlight P
sunlight
o (λ)

was used from the tabulated data given in National Renew-
able Energy Laboratory (NREL) website [85].

The plots of j
sunlight
p (λ) [data obtained from (14)] versus

the wavelength of light, λ, for samples 1–4 are given in
Figure 11. The integrated values of total current density
under sunlight illumination were found to be 0.85 mA
cm−2, 5.89 mA cm−2, 7.71 mA cm−2, and 12.27 mA cm−2 for
sample 1, 2, 3, and 4, respectively.

The total photocurrent density, j
sunlight
p (total), under

sunlight illumination can be expressed as [20, 21]

j
sunlight
p (total) = e

∫ λg

λmin
IPCE(λ)Io(λ)dλ. (15)

The total photoconversion efficiency under natural sunlight
illumination can be expressed as [20, 21]

%ε
sunlight
solar (total) =

∫ λg

λmin
j

sunlight
p (λ)

[
Eo

rev −
∣∣∣Eapp(λ)

∣∣∣]dλ∫ λmax
λmin

P
sunlight
o (λ)dλ

× 100,
(16)
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Figure 11: Wavelength-dependent photocurrent density under

global sunlight illumination, j
sunlight
p (λ) = [IPCE(λ) × e ×

global sunlight intensity, I
sunlight
o (λ)], versus wavelength, λ of inci-

dent sunlight for samples 1, 2, 3, and 4 (14) [23].

where the denominator was taken as 100 mW cm−2 for actual
natural global AM 1.5 sunlight (1 sun).

Hence, using (15) and the denominator in (16) as
100 mW cm−2 for global AM 1.5 sunlight, one can express
the simplified form of (16) as

%ε
sunlight
solar (λ)

=
j

sunlight
p (λ) mA cm−2

[
1.23−

∣∣∣Eapp

∣∣∣
average

volt
]

100 mW cm−2

× 100,
(17)

%ε
sunlight
solar (total)

=
j

sunlight
p (total) mA cm−2

[
1.23−

∣∣∣Eapp

∣∣∣
average

volt
]

100 mW cm−2

× 100,
(18)

where Eo
rev = 1.23 volt was used for water-splitting reaction

and an average value of the absolute value of applied
potential, |Eapp|average, was used for all wavelength, λ values.

Photoconversion efficiencies under sunlight illumination
were obtained using (16) or (18). Figure 12 shows the
calculated wavelength-dependent percent photoconversion

efficiencies under sunlight illumination, %ε
sunlight
solar (λ), as

a function of wavelength of incident light λ using (17).
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under sunlight illumination, %ε
sunlight
solar (λ), versus wavelength, λ of

incident light for samples 1, 2, 3, and 4 (17) [21–23].

Performing the integration under the curve from 300 nm to
λg, photoconversion efficiencies of 0.67%, 5.63%, 7.62, and
12.26% were found for samples 1, 2, 3, and 4, respectively.
These results indicate that CM-n-TiO2 thin films synthe-
sized by combination of spray pyrolysis and natural gas
flame oxidation (sample 4) can be expected to split water
with ≥10% even under actual sunlight illumination. The
photoconversion efficiency values for these 4 samples under
different illumination conditions are summarized in Table 1.

2.1.8. UV-Vis Spectra of n-TiO2 and CM-n-TiO2 Films. The
UV-Vis absorbance of n-TiO2 and CM-n-TiO2 photoelec-
trodes is shown in Figure 13. The absorption spectra of
CM-n-TiO2 samples 1, 2, 3, and 4 demonstrate a wide
absorption in the UV and visible regions with a tail extending
to near infrared region up to 800 nm. This indicates low
bandgap energy values for these samples. The reference
oven-made n-TiO2 (sample 1) shows absorption only up
to 415 nm which corresponds to bandgap energy of 3.0 eV.
The lower bandgaps of CM-n-TiO2 samples may be due
to carbon incorporation during the flame oxidation of Ti
metal sheet. Note that carbon modification also generates
oxygen vacancy by partial reduction of TiO2 and this intern
may be partially responsible for visible light activity of
carbon-modified titanium oxide (CM-n-TiO2). The UV-Vis
spectroscopic results show higher absorption in UV as well
as in the visible regions for CM-n-TiO2 films synthesized by
combination of spray pyrolysis and flame oxidation (sample
3) compared to sample 2. Also, these UV-Vis spectra are
consistent with the higher photocurrent densities at CM-
n-TiO2 thin-film electrodes prepared by the combination
of two methods. Importantly, this observation conforms to
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Figure 13: UV-Vis Spectra of titanium oxides (samples 1–4) [21–
23].

the important hypothesis that the spray pyrolysis increased
the thickness of the visible light active CM-n-TiO2 films.
Consequently, these films absorbed more light.

However, the UV-Vis spectra (see Figure 13) do not
match well with the monochromatic photocurrent density-
wavelength dependence (see Figure 6). The UV-Vis spectra
represent the excitation of electron from lower energy state
(to generate holes in this state) to higher energy state by
absorption of light. However, to have observed photocurrent,
photogenerated holes will have to (1) transport to the
interface and (2) undergo transition across the interface to
available (thermally distributed) hole acceptor states (e.g.,
OH−) in solution. These two extra processes are responsible
not having UV-Vis spectra to match with the monochro-
matic photocurrent density-wavelength-dependent plots.

The electrons that are excited to conduction band from
the shallow mid-gap states in CM-n-TiO2 (see Figure 9) by
light of around 500 nm reasonable amount of absorption
were observed in the UV-Vis spectra but the holes generated
in the mid gap band (see Figure 9) were lost due to very low
availability of acceptor states of holes in solution (e.g., OH−

ion) and consequently generated negligible photocurrent
density (see Figure 6). However, absorption in UV-Vis spec-
tra around 500 nm is observed since such absorption does
not need availability of acceptor state of holes in solution.
Furthermore, the light around 500 nm (2.48 eV) having
sub-bandgap energy cannot be absorbed by CM-n-TiO2 to
generate electron-hole pairs in its valence band. However,
the light around 600 nm to 700 nm can excite electrons
from the valence band to mid-gap band states of CM-n-
TiO2 (see Figure 9) and these electrons move to the counter
electrode. The corresponding holes generated in the valence
band undergo transition to available hole acceptor states in
solution. Consequently, some photocurrents are observed
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Table 1: Maximum photoconversion efficiencies (%) under Xenon lamp light and actual natural sunlight illumination conditions for
reference electric oven-made (n-TiO2), flame-made, and spray-flame-made CM-n-TiO2 samples and their bandgap and mid-gap Energies
[21–23].

Titanium
Oxide,TiO2

samples

%εphoto(total) Bandgap energies

Under white light
illumination from
Xenon lamp light

Under monochromatic light
illuminations from Xenon lamp

Under monochromatic actual
natural sunlight illuminations
(integrated from 300 nm
present in sunlight)

Bandgap
energy (eV)

Mid-gap
energy (eV)

Integrated from
250 nm

Integrated from
300 nm

Oven-made
(sample 1)

1.2% 0.94% 0.84% 0.67% 2.9 None

Flame made
(sample 2)

9.08% 8.86% 7.62% 5.63% 2.65 1.6

Flame made on
grooved Ti surface
(sample 3)

11.31% 11.16% 8.41% 7.62% 2.65 1.6

Spray pyrolysis
and Flame made
(sample 4)

14.04% 13.79% 12.89% 12.26% 2.65 1.4

1 μm

Figure 14: SEM images for a CM-n-TiO2 (sample 2) [21–23].

in this wavelength region (see Figure 6). Furthermore, it
should be noted that the carbon modification or doping
was confined to surface region (2.0 nm deep) in CM-n-
TiO2, the absorption of light in the visible region was found
low.

2.1.9. Scanning Electron Microscopy (SEM) of CM-n-TiO2

Films. The surface characterization of a CM-n-TiO2 film
(sample 2) was performed by employing a scanning electron
microscope (SEM) and the image is shown in Figure 14.
The surface looks extremely rough and nanocrystalline
nanowalls hence provided much higher surface area to
absorb incident light, multiple absorption, and reflection
to absorb more light and consequently generated enhanced
photoresponse. Generation of multiple electron-hole pairs
(excitons) by absorption of single high-energy photon in
UV-region in nanocrystals (Ncs) was observed and also
explained theoretically in terms of impact ionization [86–
92]. Furthermore, the microscopic rough surface could
temporarily trap microscopic oxygen gas bubbles on rough
surface that may have acted as tiny lens and spherical mirrors
that helped to concentrate the incident light [93] on the
electrode surface and hence augmented the photoresponse
for water splitting by an order of magnitude.
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Figure 15: X-ray diffraction (XRD) patterns for samples 1, 2 and 3,
and identified as S1, S2, and S3, respectively [21–23].

2.1.10. X-Ray Diffraction (XRD) for Titanium Oxides. X-
ray diffraction (XRD) measurements were carried out to
characterize the structure of n-TiO2 and CM-n-TiO2 sam-
ples. Figure 15 shows the XRD patterns for oven-made n-
TiO2 (S1); CM-n-TiO2 synthesized by only thermal flame
oxidation (S2) and the CM-n-TiO2 synthesized by spray
pyrolysis and thermal flame oxidation (S3).

The peaks of these XRD spectra of both CM-n-TiO2

photoelectrodes (S2 and S3) are consistent with the rutile
structure. The XRD results demonstrate that the crystal
structure of oven-made n-TiO2 (S1) is of mixture of anatase
and rutile forms. It is important to note that some peaks of
rutile structure are missing in both CM-n-TiO2 samples (S2
and S3) compared to those in oven-made n-TiO2 (S1). This
indicates the marked influence of carbon modification on the
structure of n-TiO2.

2.1.11. Energy-Dispersive Spectroscopy (EDS) for CM-n-TiO2

Films. Figure 16 shows the pattern of energy-dispersive
spectroscopic (EDS) data for samples 1, 2, 3, and 4.
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Figure 16: Pattern of energy-dispersive spectroscopy (EDS) of samples 1, 2, 3, and 4 [21–23].

The carbon contents increased significantly from 17.60
atom % for CM-n-TiO2 synthesized by only thermal flame
oxidation to 23.23 atom % for CM-n-TiO2 synthesized by
combination of spray pyrolysis and thermal flame oxidation
(see Table 2 for detail).

2.2. Visible Light Active Hydrogen-Modified n-Type Titanium
Oxide (HM-n-TiO2) Thin Films. Frites and Khan [94]
reported a new method for the synthesis of hydrogen-
modified (HM)-n-TiO2 thin films by thermal oxidation of
Ti metal sheet (Alfa Co. 0.25 mm thick) to TiO2 in an
electric oven followed by incorporation of hydrogen in it
by electrochemical generation of hydrogen gas on it under
cathodic polarization at −1.6 V versus Pt in an alkaline
medium at room temperature and also provided its photo-
electrochemical behavior during water-splitting reactions.

2.2.1. Photocurrent Density-Potential Dependence for HM-n-
TiO2. The photoresponse of the HM-n- TiO2 was evaluated
by measuring the rate of water-splitting reaction to hydrogen
and oxygen in terms of photocurrent density, Jp. The
optimized electric oven-made n-TiO2 and HM-n-TiO2 pho-
toelectrodes showed photocurrent densities of 0.2 mA cm−2

and 1.60 mA cm−2, respectively, at a measured potential of
−0.4 V versus Pt at illumination intensity of 100 mWcm−2

from a 150 W Xenon lamp (Figure 17). This indicated an
eightfold increase in photocurrent density for HM-n-TiO2

compared to oven-made n-TiO2 at the same measured
electrode potential. The band-gap energy of HM-n-TiO2

was found to be 2.7 eV compared to 2.82 eV for electric
oven-made n-TiO2 and a mid-gap band at 1.67 eV above
the valence band was also observed. The HM-n-TiO2 thin-
film photoelectrodes were characterized using photocurrent
density under monochromatic light illumination and UV-Vis
spectral measurements.

2.2.2. Monochromatic Photocurrent-Wavelength Dependence
for HM-n-TiO2. The monochromatic photocurrent den-
sity, Jp(λ), was measured under wavelength, λ, dependent
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Figure 17: Photocurrent density, Jp, as a function of measured
potential, Emeas (V versus Pt) at light intensity of 100 mW/cm2 from
a 150 W Xenon lamp for (1) oven-made n-TiO2 at 835◦C for 5 min
and (2) HM-n-TiO2 samples [94].

monochromatic light illumination from a Xenon lamp by
using a Spectra Physics monochromator (Model 77250) at a
measured potential of −0.1 V versus Pt (see Figure 18). Per-
forming integration under the curve in the wavelength range
between 250 nm and 775 nm in Figure 18, a total photocur-
rent density of 2.2 mA/cm2 was observed at HM-n-TiO2

electrode. This value is little higher within the experimental
error than the corresponding photocurrent density values of
2.1 mA/cm2 for HM-n-TiO2 samples under white light illu-
mination, at the same measured potential of −0.1 V versus
Pt (see Figure 17). The monochromatic photocurrent density
versus wavelength plots shows a clear shift of the photosen-
sitivity of the HM-n-TiO2 to the visible region with a second
peak around 630 nm compared to oven-made n-TiO2 which
shows only one pick in the UV region only (see Figure 18).

2.2.3. Bandgap Energy Determination for HM-n-TiO2. The
bandgap of HM-n-TiO2 becomes narrower from 3.0 eV for
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Table 2: Atomic percent of elements Ti, O, and C in n-TiO2 and CM-n-TiO2 films from EDS data.

Element
Atomic %

Flat n-TiO2 by flame CM-n-TiO2 by flame Grooved CM-n-TiO2 by flame CM-n-TiO2 by spray and flame

Ti 33.33 15.73 13.96 10.10

O 66.66 66.67 66.67 66.67

C 0 17.60 19.38 23.23
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Figure 18: The monochromatic photocurrent density, Jp(λ), as
a function of wavelength of light, λ (nm), for HM-n-TiO2, and
unreduced n-TiO2 under monochromatic light illumination from
a Xenon lamp; using a Spectra Physics monochromator (Model
77250) with a 0.75 mm slit width. The applied potential was kept
at −0.1 V/Pt for both electrodes [94].

regular rutile TiO2 to 2.7 eV (Figure 19). Also, a mid-gap
band was created within the bandgap of n-TiO2 due to
hydrogen reduction; which is located 1.67 eV above the
valence band for the hydrogen-modified titanium oxide.

2.3. Carbon-Modified Iron Oxides (CM-n-Fe2O3) Thin Films.
Shaban and Khan [23] synthesized nanocrystalline carbon-
modified iron (III) oxide (CM-n-Fe2O3) thin films by flame
oxidation of Fe metal sheet at different temperatures (700–
850◦C) and oxidation time (3–15 min), using a custom-
designed large area flame (Knight, model RN. 3.5 xa wc)
under controlled oxygen and natural gas flows.

2.3.1. Photocurrent Density-Potential Dependence for Iron
Oxides Photoelectrodes. Figure 20 shows the dependence of
photocurrent density (Jp, mA cm−2) for water splitting
on measured electrode potentials (Emeas, V/SCE) at light
intensity of 100 mW cm−2, for oven-made-n-Fe2O3 (sample
A) and flame-made CM-n-Fe2O3 (sample B). Under illumi-
nation of light intensity of 100 mW cm−2, and at measured
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Figure 19: [η(λ)hν]1/2 versus hν plot for electric oven-made n-TiO2

and hydrogen-modified HM-n-TiO2 films [94].
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Figure 20: Photocurrent density ( jp, mAcm−2) versus measured
potential (Emeas, V/SCE) for oven-made n-Fe2O3 (sample A) and
flame-made CM-n-Fe2O3 (sample B) under light intensity of
100 mW cm−2. Both samples were prepared at the same optimum
conditions of 850◦C for 15 minutes. 5.0 M KOH was used as an
electrolyte solution [23].

potential of −0.1 V/SCE, photocurrent density increased
from 2.8 mA cm−2 for oven-made n-Fe2O3 to 7.83 mA cm−2

for carbon-modified n-CM-n-Fe2O3 synthesized by thermal
flame oxidation. The electrode potentials at open circuit
condition under illumination of light, Eaoc, were found to
be –0.498 V/SCE and −0.510 V/SCE for samples A and B,
respectively.
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Figure 21: Photoconversion efficiency, %εphoto(total), at light
intensity of 100 mWcm−2 versus applied potential, Eapp (V versus
Emeas) for oven-made n-Fe2O3 (samples A) and flame-made CM-n-
Fe2O3 (sample B) [23].
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Figure 22: The monochromatic photocurrent density, jp(λ), as a
function of wavelength of light, λ, for CM-Fe2O3 [23].

2.3.2. Photoconversion Efficiency-Potential Dependence for
Iron Oxides Photoelectrodes. Figure 21 shows the photocon-
version efficiency, %εphoto(total), as a function of applied
potential, Eapp (V versus Emeas), for samples A and B. Under
illumination intensity of 100 m W cm−2, the maximum
photoconversion efficiency for water splitting improved
significantly from 3.61% (at a minimal applied potential of
+0.5 V versus Eaoc) for sample A 6.5% (at a minimal applied
potential of +0.402 V versus Eaoc) for sample B.

2.3.3. Monochromatic Photocurrent-Wavelength Dependence
for Iron Oxides. The dependence of monochromatic pho-
tocurrent density, jp(λ), versus the wavelength, λ, of light
for CM-n-Fe2O3 (sample B) is shown in Figure 22. The
monochromatic photocurrent density, jp(λ), at measured
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Figure 23: The photoconversion efficiency, %εphoto(λ), as a function
of wavelength of light, λ, for CM-Fe2O3 [23].
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Figure 24: The respective plot of [η(hν)]1/2 versus hν to determine
the bandgap energies of both oven-made n-Fe2O3 and flame-made
CM-n-Fe2O3 films [23].

potential of 0.0 V/SCE was measured under monochromatic
light illumination from a 150 watt Xenon lamp by using a
spectra physics monochromator (Model 77250). Performing
integration under the curve, total photocurrent densities of
7.2 mA cm−2 were found for CM-n-Fe2O3. This value is less
than that under white light illumination (7.83 mA cm−2).
This is due to loss of light through the monochromator. It
is also due to steady-state measurements of photocurrents
under monochromatic light illumination. Note that the
photocurrent densities under white light illumination were
measured with a scan rate of 50 mV/sec.

2.3.4. Photoconversion Efficiency from Monochromatic Pho-
tocurrent Densities at Iron Oxide Electrodes. The plot of
%εphoto(λ) versus wavelength, λ, using (10) for CM-n-Fe2O3

is given in Figure 23 where total intensity in the denominator
of (10) was used as 100 mW cm−2. Performing integration
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Figure 25: UV-visible spectra for iron oxides [23].
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Figure 26: X-ray diffraction (XRD) patterns for flame-made CM-
n-Fe2O3 (top plot) and the reference oven-made n-Fe2O3(bottom
plot) films. The detected probable formulas to comply with peaks
are a = Fe2O3; b = Fe3O4; c = FeO; d = Fe; e = FeC; f = Fe2C; g =
Fe3C; h = FeCO3 [23].

Table 3: Atomic percent of elements Fe, O, and C in n-Fe2O3 and
CM-n- Fe2O3 films from EDS data.

Element
Atomic %

Oven-made n-Fe2O3 Flame-made CM-n-Fe2O3

Fe 43.7 36.2

O 56.3 55.4

C 0.0 8.4

in (8) from λmin = 250 nm to λg = 1240/Eg or determining
the area under the curve in Figure 23 obtained using (10), a
total photoconversion efficiency of 5.9% is also lower than
that under white light illumination (6.5%) for the reasons
mentioned in the above conditions.

2.3.5. Bandgap Energy Determination for Iron Oxides.
Figure 24 shows [η(hν)]1/2 versus hν for samples A and B,
respectively. From the intercept of these plots, the bandgaps

were found to be 2.3 eV and 1.95 eV for samples A and B,
respectively. These bandgap values are in agreement with
those obtained from UV-Vis spectra (see Figure 25). Note
that η(λ) is the wavelength, λ, dependent quantum efficiency
as expressed in (12).

2.3.6. UV-Vis Spectra for Iron Oxides. Figure 25 compares the
UV-Vis absorbance of flame-made CM-n-Fe2O3 and oven-
made n-Fe2O3 photoelectrodes having maximum photocon-
version efficiencies of 6.5% and 3.61%, respectively. Both
electrodes were synthesized at the same optimum conditions
of 850◦C for 15 min. The UV-Vis spectroscopic results show
a significant increase in the absorbance of light in the UV
as well as in the visible regions for flame-made CM-n-
Fe2O3 film compared to that of the oven-made n-Fe2O3. The
UV-Vis spectra are consistent with the higher photocurrent
densities of flame-made CM-n-Fe2O3 thin-film electrodes.
The absorption spectra demonstrate a wide absorption in the
UV and visible regions with a tail extending up to 600 nm
which corresponds to a bandgap energy of 1.95 eV for flame-
made CM-n-Fe2O3 and up to 545 nm which corresponds
to bandgap energy of 2.3 eV for oven-made n-Fe2O3. The
low bandgap energy value for flame-made CM-n-Fe2O3 can
be attributed to carbon incorporation during the flame
oxidation process of Fe metal sheet.

2.3.7. X-Ray Diffraction (XRD) for Iron Oxides. XRD pat-
terns (Figure 26) show that in addition to Fe2O3, Fe3O4 and
FeO are also present in both oven-made and flame-made thin
films. Analysis of XRD confirms carbon incorporation in
flame-made iron (III) oxide film (sample B) by the presence
the peaks for iron carbide compounds in the forms of FeC,
Fe2C, Fe3C, and FeCO3. None of these peaks for iron carbide
compounds were observed in oven-made iron (III) oxide
(sample A). It can be concluded that the flame oxidation
process is responsible for carbon incorporation onto iron
(III) oxide thin film.

2.3.8. Energy-Dispersive Spectroscopy (EDS) for Iron Oxides.
Table 3 shows the EDS results of oven-made n-Fe2O3 (sample
A) and flame-made CM-n-Fe2O3 (sample B) photoelec-
trodes. The presence of carbon in CM-n-Fe2O3 photo-
electrode and its absence in the oven-made n-Fe2O3 were
observed. The corresponding EDS spectra of oven-made n-
Fe2O3 and flame-made CM-n-Fe2O3 samples are shown in
Figures 27(a) and 27(b), respectively. Note that the regular
oven-made n-Fe2O3 did not show any carbon peak.

2.3.9. Scanning Electron Microscopic (SEM) Images of Iron
Oxides. Morphological differences were observed from the
scanning electron microscopic (SEM) images (Figure 28)
between (a) oven-made n-Fe2O3 film and (b) flame-made
CM-n-Fe2O3 film. The surface of oven-made n-Fe2O3 shows
nanowires but CM-n-Fe2O3 surface of sample B does not
show nanowires even at higher magnification (200 nm
compared to 1 micro meter used for oven-made sample a).
The nanowires on oven-made n-Fe2O3 films (Figure 28(a))
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Figure 27: Pattern of energy-dispersive spectroscopy (EDS) of samples (a) and (b) [23].
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Figure 28: SEM images of (a) oven-made-n Fe2O3 [23] and (b) flame-made CM-n-Fe2O3 films.

helped to minimize the recombination rate of photogen-
erated carriers and consequently generated much higher
photoresponse compared to its nanocrystalline thin films
synthesized by spray pyrolysis methods earlier (4). The CM-
n-Fe2O3 films show only the nanocrystals (Figure 28(b)).

2.4. Visible Light Active Carbon-Modified p-Type Tungsten
Oxides (CM)-p-WO3 Thin Film. Shaban and Khan [84]
synthesized carbon-modified p-type tungsten oxide (CM-p-
WO3) photoelectrodes by flame oxidation of tungsten metal
sheets (Alfa Co. 0.25 mm thick) at several temperatures for
different lengths of time.

2.4.1. Photocurrent Density-Potential Dependence for Tungsten
Oxides Photoelectrodes. The photocatalytic activity of CM-p-
WO3 was evaluated by measuring the rate of water-splitting
reaction to hydrogen and oxygen, which is proportional to
photocurrent density, jp. Carbon-modified tungsten oxide
photoelectrodes exhibited p-type photoresponse in acidic

medium of 0.5 M H2SO4. The highest photocurrent density
of 2.08 mA cm−2 was observed under illumination intensity
of 80 mW cm−2 from a 150 Watt (Kratos Model LH 150/1)
Xenon arc lamp at an optimal thermal oxidation temperature
of 900◦C for 15 min at applied potential of−0.4 V versus Eaoc

(Figure 29).

2.4.2. Photoconversion Efficiency-Potential Dependence for
Tungsten Oxides Photoelectrodes. The optimized CM-p-WO3

photoelectrodes were found to generate the highest photo-
conversion efficiency of 2.16% for photosplitting of water
(Figure 30).

2.4.3. Monochromatic Photocurrent Density-Wavelength De-
pendence for CM-p-WO3 Electrodes. The dependence of
monochromatic photocurrent density, jp(λ), versus the
wavelength, λ, of light for CM-p-WO3 thin-film electrodes,
having photoconversion efficiency of 2.16% (synthesized by
thermal oxidation of W metal at oxidation temperature of
900◦C for 15 minutes), is shown in Figure 31.
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Figure 29: Photocurrent density ( jp, mAcm−2) versus measured
potential (Emeas, V/SCE) for CM-p-WO3 synthesized by thermal
oxidation of tungsten metal sheets at different flame temperatures
850, 900, and 950◦C. All these samples were synthesized at the same
flame oxidation time of 15 minutes [84].
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Figure 30: Photoconversion efficiency (%εphoto(total)) versus mea-
sured potential (Emeas, V/SCE) for CM-p-WO3 synthesized by
thermal oxidation of tungsten metal sheets at different flame tem-
peratures 850, 900, and 950◦C. All these samples were synthesized
at the same flame oxidation time of 15 minutes [84].

Significant visible light absorption activity by carbon-
modified p-WO3 can be noticed, where a maximum
monochromatic photocurrent density value of 3.25 μA cm−2

at 425 nm was observed.

2.4.4. Dependence of Percent Incident Photon Conversion
Efficiency (IPCE %) on Wavelength of Light, λ. Maximum
IPCE (%) of 42.7% at wavelength of 260 nm can be observed
(Figure 32). However, in the visible region, the CM-p-WO3

shows incident photon conversion efficiency percent (IPCE
%) in the range between 0.9% at 500 nm and 9.9% at 400 nm.
These activities in the visible region can be attributed to
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Figure 31: Monochromatic photocurrent density, jp(λ), versus
the wavelength, λ, of light for CM-p-WO3 thin-film electrodes
synthesized by thermal oxidation of W metal at temperature of
900◦C for 15 minutes; electrolyte solution of 0.5 M H2SO4; under
monochromatic light illumination of Xenon lamp; using a Spectra
Physics monochrometer (Model 77250) with a 0.75 mm slit width,
and Silicon detector (UDT Sensors. Inc. Model 10DP/SB) [84].
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Figure 32: Incident photon conversion efficiency percent (IPEC
%) as a function of wavelength, λ, of light for CM-p-WO3

synthesized by thermal oxidation of W metal at temperature of
900◦C for 15 minutes; electrolyte solution of 0.5 M H2SO4; under
monochromatic light illumination of Xenon lamp; using a Spectra
Physics monochrometer (Model 77250) with a 0.75 mm slit width,
and Silicon detector (UDT Sensors. Inc. Model 10DP/SB) [84].

carbon modification of WO3 during the flame oxidation
process of tungsten metal.

2.4.5. Bandgap Energy. Figure 33 shows the plot for
[η(hν)]1/2 versus hν for thermally prepared CM-p-WO3 at
oxidation temperature of 900◦C for 15 min. From the inter-
cept of the straight line, the bandgap is obtained. It can be
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Figure 33: Plot of [η(hν)]1/2 versus hν to determine the bandgap of
CM-p-WO3 thin-film electrodes synthesized by thermal oxidation
of W metal at temperature of 900◦C for 15 minutes; electrolyte
solution of 0.5 M H2SO4; under monochromatic light illumination
of Xenon lamp; using a Spectra Physics monochrometer (Model
77250) with a 0.75 mm slit width, and Silicon detector (UDT
Sensors. Inc., Model 10DP/SB) [84].
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Figure 34: UV-Visible spectra of flame-made-CM-p-WO3 and
oven-made n-WO3 photoelectrodes synthesized by heating at
temperature of 900◦C for 15 minutes [84].

observed that the bandgap energy became lower from 2.6 eV
for regular n-WO3 (to 2.42 eV for of CM-p-WO3). This low
bandgap energy can be attributed to carbon incorporation
during the flame oxidation process of tungsten metal.

2.4.6. UV-Vis Spectra on CM-p-WO3. The UV-Vis absorp-
tion spectra show (Figure 34) a significant improvement
in the absorbance of light in UV and visible regions for
flame-made CM-p-WO3 films compared to oven-made n-
WO3. The absorption spectra of flame-made p-WO3 show
higher absorption in the visible region with a tail extending
to 512 nm which corresponds to bandgap energy value of
2.42 eV.

The threshold of absorption for oven-made-n-WO3 is
at 475 nm (2.6 eV) which is in agreement with a bandgap
value of 2.6 eV for n-WO3 [74, 75]. The low bandgap energy
value of 2.42 eV for CM-p-WO3 films can be attributed to
the carbon incorporation during the flame oxidation process
of tungsten metal sheet. This low bandgap energy values
for CM-p-WO3 determined by UV-Vis spectra (Figure 34)
agree well with the values obtained from the monochromatic
photocurrent densities and the corresponding quantum
efficiencies (Figure 33).

References

[1] S. U. M. Khan, M. Al-Shahry, and W. B. Ingler Jr., “Efficient
photochemical water splitting by a chemically modified n-
TiO2,” Science, vol. 297, no. 5590, pp. 2243–2245, 2002.

[2] S. Licht, B. Wang, S. Mukerji, T. Soga, M. Umeno, and
H. Tributsch, “Efficient solar water splitting, exemplified by
RuO2-catalyzed AlGaAs/Si photoelectrolysis,” Journal of Phys-
ical Chemistry B, vol. 104, no. 38, pp. 8920–8924, 2000.

[3] O. Khaselev and J. A. Turner, “A monolithic photovoltaic-
photoelectrochemical device for hydrogen production via
water splitting,” Science, vol. 280, no. 5362, pp. 425–427, 1998.

[4] S. U. M. Khan and J. Akikusa, “Photoelectrochemical splitting
of water at nanocrystalline n-Fe2O3 thin-film electrodes,”
Journal of Physical Chemistry B, vol. 103, no. 34, pp. 7184–
7189, 1999.

[5] S. U. M. Khan and J. Akikusa, “Stability and photoresponse
of nanocrystalline n-TiO2 and n-TiO2/Mn2O3 thin film
electrodes during water splitting reactions,” Journal of the
Electrochemical Society, vol. 145, no. 1, pp. 89–93, 1998.

[6] J. Akikusa and S. U. M. Khan, “Photoresponse and AC
impedance characterization of n-TiO2 films during hydrogen
and oxygen evolution reactions in an electrochemical cell,”
International Journal of Hydrogen Energy, vol. 22, no. 9, pp.
875–882, 1997.

[7] S. A. Majumder and S. U. M. Khan, “Photoelectrolysis of
water at bare and electrocatalyst covered thin film iron oxide
electrode,” International Journal of Hydrogen Energy, vol. 19,
no. 11, pp. 881–887, 1994.

[8] O. N. Srivastava, R. K. Karn, and M. Misra, “Semiconductor-
septum photoelectrochemical solar cell for hydrogen produc-
tion,” International Journal of Hydrogen Energy, vol. 25, no. 6,
pp. 495–503, 2000.

[9] T. Bak, J. Nowotny, M. Rekas, and C. C. Sorrell, “Photo-
electrochemical properties of the TiO2-Pt system in aqueous
solutions,” International Journal of Hydrogen Energy, vol. 27,
no. 1, pp. 19–26, 2002.

[10] J. Akikusa and S. U. M. Khan, “Photoelectrolysis of water to
hydrogen in p-SiC/Pt and p-SiC/n-TiO2 cells,” International
Journal of Hydrogen Energy, vol. 27, no. 9, pp. 863–870, 2002.

[11] J. G. Yu, H. G. Yu, B. Cheng, X. J. Zhao, J. C. Yu, and W.
K. Ho, “The effect of calcination temperature on the sur-
face microstructure and photocatalytic activity of TiO2 thin
films prepared by liquid phase deposition,” Journal of Physical
Chemistry B, vol. 107, no. 50, pp. 13871–13879, 2003.

[12] N. Serpone and E. Pelizzetti, Photocatalysis: Fundamentals and
Applications, Wiley, New York, NY, USA, 1989.

[13] J. Nowotny, T. Bak, M. K. Nowotny, and L. R. Sheppard, “Tita-
nium dioxide for solar-hydrogen I. Functional properties,”
International Journal of Hydrogen Energy, vol. 32, no. 14, pp.
2609–2629, 2007.



18 International Journal of Photoenergy

[14] S. K. Mohapatra, V. K. Mahajan, and M. Misra, “Double-side
illuminated titania nanotubes for high volume hydrogen gen-
eration by water splitting,” Nanotechnology, vol. 18, no. 44,
Article ID 445705, 2007.

[15] C. F. Chi, Y. L. Lee, and H. S. Weng, “A CdS-modified TiO2 na-
nocrystalline photoanode for efficient hydrogen generation
by visible light,” Nanotechnology, vol. 19, no. 12, Article ID
125704, 2008.

[16] C. Xu and S. U. M. Khan, “Photoresponse of visible light
active carbon-modified -n-Ti O2 thin films,” Electrochemical
and Solid-State Letters, vol. 10, no. 3, pp. B56–B59, 2007.

[17] C. Xu, R. Killmeyer, M. L. Gray, and S. U. M. Khan, “Enhanced
carbon doping of n-TiO2 thin films for photoelectrochemical
water splitting,” Electrochemistry Communications, vol. 8, no.
10, pp. 1650–1654, 2006.

[18] S. K. Mohaputra, M. Mishra, and V. K. Mahajan, “Design of a
highly efficient photoelectrolytic cell for hydrogen generation
by water splitting: application of TiO2−xCx nanotubes as a
photoanode and Pt/TiO2 nanotubes as a cathode,” The Journal
of Physical Chemistry C, vol. 111, pp. 8677–8685, 2007.

[19] K. Noworyta and J. Augustynski, “Spectral photoresponses
of carbon-doped TiO2 film electrodes,” Electrochemical and
Solid-State Letters, vol. 7, no. 6, pp. E31–E33, 2004.

[20] Y. A. Shaban and S. U. M. Khan, “Visible light active carbon
modified n-TiO2 for efficient hydrogen production by pho-
toelectrochemical splitting of water,” International Journal of
Hydrogen Energy, vol. 33, no. 4, pp. 1118–1126, 2008.

[21] Y. A. Shaban and S. U. M. Khan, “Surface grooved visible light
active carbon modified (CM)-n-TiO2 thin films for efficient
photoelectrochemical splitting of water,” Chemical Physics, vol.
339, no. 1–3, pp. 73–85, 2007.

[22] Y. A. Shaban and S. U. M. Khan, “Carbon modified (CM)-n-
TiO2 thin films for efficient water splitting to H2 and O2 under
xenon lamp light and natural sunlight illuminations,” Journal
of Solid State Electrochemistry, vol. 13, no. 7, pp. 1025–1036,
2009.

[23] Y. A. Shaban and S. U. M. Khan, “Efficient photoelectrochem-
ical splitting of water to H2 and O2 at nanocrystalline carbon
modified (CM)-n-TiO2 and (CM)-n-Fe2O3 thin films,” Inter-
national Journal of Nanotechnology, vol. 7, no. 1, pp. 69–98,
2010.

[24] Y. Li, D. S. Hwang, N. H. Lee, and S. J. Kim, “Synthesis and
characterization of carbon-doped titania as an artificial solar
light sensitive photocatalyst,” Chemical Physics Letters, vol.
404, no. 1–3, pp. 25–29, 2005.

[25] H. Wang, T. Deutsch, and J. A. Turner, “Direct water splitting
under visible light with nanostructured hematite and WO3

photoanodes and a GaInP2 photocathode,” Journal of the
Electrochemical Society, vol. 155, no. 5, pp. F91–F96, 2008.

[26] C. Sanchez, K. D. Sieber, and G. A. Somorjai, “The pho-
toelectrochemistry of niobium doped α-Fe2O3,” Journal of
Electroanalytical Chemistry, vol. 252, no. 2, pp. 269–290, 1988.

[27] R. Shinar and J. H. Kennedy, “Photoactivity of doped αFe2O3

electrodes,” Solar Energy Materials, vol. 6, no. 3, pp. 323–335,
1982.

[28] W. B. Ingler Jr., J. P. Baltrus, and S. U. M. Khan, “Pho-
toresponse of p-Type zinc-doped iron(III) oxide thin films,”
Journal of the American Chemical Society, vol. 126, no. 33, pp.
10238–10239, 2004.

[29] W. B. Ingler Jr. and S. U. M. Khan, “Photoresponse of spray
pyrolytically synthesized copper-doped p-Fe2O3 thin film
electrodes in water splitting,” International Journal of Hydrogen
Energy, vol. 30, no. 8, pp. 821–827, 2005.

[30] W. B. Ingler Jr. and S. U. M. Khan, “Photoresponse of spray
pyrolytically synthesized magnesium-doped iron (III) oxide
(p-Fe2O3) thin films under solar simulated light illumination,”
Thin Solid Films, vol. 461, no. 2, pp. 301–308, 2004.

[31] S. Virtanen, P. Schmuki, H. Böhni, P. Vuoristo, and T. Mäntylä,
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The aim of this paper is to evaluate the effectiveness of photocatalytic treatment with titanium dioxide in the degradation of
44 organic pesticides analyzed systematically in the Ebro river basin (Spain). The effect of the addition of hydrogen peroxide
in this treatment is studied, and a monitoring of effectiveness of photocatalytic processes is carried out by measurements of
physical-chemical parameters of water. The application of photocatalytic treatment with 1 g L−1 of TiO2 during 30 minutes
achieves an average degradation of the studied pesticides of 48%. Chlorine demand, toxicity, and dissolved organic carbon (DOC)
concentration of water are reduced. If hydrogen peroxide is added with a concentration of 10 mM, the average degradation of
pesticides increases up to 57%, although chlorine demand and toxicity of water increase while DOC concentration remains
unchanged with this treatment. The application of either photocatalytic treatments does not produce variations in the physical-
chemical parameters of water, such as pH, conductivity, colour, dissolved oxygen, and hardness. The pesticides which are best
degraded by photocatalytic treatments are parathion methyl, chlorpyrifos, α-endosulphan, 3,4-dichloroaniline, 4-isopropylaniline,
and dicofol while the worst degraded are HCHs, endosulphan-sulphate, heptachlors epoxide, and 4,4′-dichlorobenzophenone.

1. Introduction

During recent years, numerous organic substances consid-
ered to be hazardous have been detected in waters of Ebro
river basin (Spain). These substances have been detected in
surface and ground waters and they can be considered haz-
ardous substances according to the current legislation be-
cause they are toxic, persistent, and bioaccumulative sub-
stances.

Pesticides, artificially synthesized substances used to fight
pests and improve agricultural production, are especially
problematic. These are monitored by the Pesticides Control
Network (Ebro river basin), which systematically analyzes 44
organic pesticides in surface waters. These pesticides were
selected because of their appearance in lists of hazardous
substances and/or their high level of use in Spanish agri-
culture. The 44 pesticides analyzed in the Ebro river
basin are alachlor, aldrin, ametryn, atrazine, chlorfenvin-
fos, chlorpyrifos, pp′-DDD, op′-DDE, op′-DDT, pp′-DDT,

desethylatrazine, 3,4-dichloroaniline, 4,4′-dichlorobenzo-
phenone, dicofol, dieldrin, dimethoate, diuron, α-endos-
ulphan, endosulphan-sulphate, endrin, α-HCH, β-HCH,
γ-HCH, δ-HCH, heptachlor, heptachlor epoxide A, hep-
tachlor epoxide B, hexachlorobenzene, isodrin, 4-isopropyl-
aniline, isoproturon, metholachlor, methoxychlor, molinate,
parathion methyl, parathion ethyl, prometon, prometryn,
propazine, simazine, terbuthylazine, terbutryn, tetradifon,
and trifluralin.

Due to the presence of hazardous substances, both natu-
ral water used to supply the population and water which is
to be reused have to be treated in water treatment plants to
ensure that they comply with the minimum criteria estab-
lished in the current legislation [1–3].

Water treatments consist of several operations which
often do not achieve the removal of hazardous substances or
entail other problems deriving from the treatment.

In the case of drinking water production, an impor-
tant successful development is the possible formation of
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organic-halogenated compounds, potentially carcinogenic
and chlorinated deriving from methane, as reaction products
between chlorine (common disinfectant product) and the
organic matter in water. The most abundant of these are
trihalomethanes (THMs) whose concentration is limited by
Spanish Royal Decree 140/2003 at to 100 μg L−1.

The drawbacks in the use of compounds with chlorine,
among others, have derived in the research of other alterna-
tive treatments for removing pollutants in water treatments.
Among these, advanced oxidation processes (AOPs) are
based on the generation of reactive oxygen species, which
are highly reactive, nonselective, and do not generate toxic
byproducts [4, 5]. These species are capable of degrading a
substantial number of pollutants by radicalary mechanisms.
The generation of these species can be carried out by
processes with ozone, hydrogen peroxide, metallic catalysts,
UV radiation, and so forth.

One of the most frequently investigated AOPs in recent
years is the photocatalytic process. Photocatalysis entail the
combination of radiation and catalyst. Both are necessary
in order to achieve or accelerate a chemical reaction, and
therefore photocatalysis can be defined as the “acceleration
of a photoreaction by the presence of a catalyst.”

Catalysts used in these processes are semiconductor
metallic oxides materials. The surface of semiconductor
metallic oxides provides a place where oxidation-reduction
reactions can be started by radiation. Semiconductors have
bands associated with energy levels spaced between them.
Photoexcitation with energy equal to or greater than that of
the gap between the valence and conduction bands moves
an electron from the valence band to the conduction band,
generating a hole deficient in electrons. The oxidation
of an adsorbed molecule can be produced in holes and
simultaneously the reduction of another molecule can be
produced in the opposite part of the catalyst.

Numerous semiconductor substances have been tried as
catalyst in photocatalytic processes. Generally, it is known
that titanium dioxide is one of the most effective. Moreover,
it has a high stability and photoactivity, low cost, nontoxicity,
and solubility. The activation of titanium dioxide is produced
with radiation at λ < 387 nm.

As a result of the application of photocatalytic processes
based on titanium dioxide, the number of references in the
literature in recent decades related to the degradation of
toxic and hazardous substances in water can be counted in
their thousands. As regards the group of pesticides under
study, photocatalytic processes have been applied in several
ways and there are many references to the degradation of
such pesticides such as triazines [6, 7], organic-phosphorated
pesticides [8–10], alachlor [11, 12], diuron [7, 13], and
parathion methyl [14].

The addition of hydrogen peroxide to photocatalytic
treatment with titanium dioxide can be used to increase the
effectiveness of the latter process because, as hydrogen
peroxide is a more powerful oxidant than oxygen, it generates
a larger collection of electrons and this avoids the recombi-
nation of electron-hole pairs formed in the photocatalytic
process. Hydrogen peroxide is an electron acceptor and it

can react with electrons in the conduction band and generate
radicals.

Similarly, there are several references concerning the
removal of pesticides by photocatalytic treatments with
hydrogen peroxide, such as the degradation of atrazine,
isoproturon, alachlor and diuron [7], organic-phosphorated
pesticides [9, 10], and other triazines [15].

However, the results show a big disparity with respect to
the effect of hydrogen peroxide. It is sometimes beneficial
while at other times it is damaging to the effectiveness
of the process. This phenomenon, the effect of hydrogen
peroxide in photocatalytic treatments, produces additional
drawbacks when complex mixtures of pollutants are used.
The damaging effect in the degradation rate is produced by
a modification of the catalyst surface by hydrogen peroxide
adsorption [16] and the inhibition of generated holes in the
valence band and reaction with hydroxyl radicals [17]. When
the effect of hydrogen peroxide is beneficial, a substantial
consumption of hydrogen peroxide is sometimes necessary
in order to obtain only a small increment of the degradation
rate.

The aim of this research work is to evaluate the degrada-
tion of the 44 pesticides systematically analyzed in the Ebro
river by photocatalytic treatment with titanium dioxide and
to study the effect of hydrogen peroxide in this treatment.
Moreover, a monitoring of the effectiveness of the photo-
catalytic processes is carried out by measuring the physical-
chemical parameters of water.

2. Materials and Methods

2.1. Samples. Samples of natural water from the Ebro river
upstream from Zaragoza (Spain) were prepared by fortifica-
tion with 44 pesticides in concentrations of 500 ng L−1. These
44 organic pesticides, listed in the introduction section, are
systematically analysed in surface waters by the Network of
Control of Pesticides in the Ebro river basin.

2.2. Sample Characterization. The characterization of the
samples was carried out using the parameters shown in
Table 1. The equipment used and standard methods applied
are detailed below.

The analysis of the chromatographic conditions of the
pesticides is shown in Table 2 and the results of the validation
of this analysis in Table 3.

Previously to the analysis of pesticides by GC/MS a solid-
liquid extraction was carried out. This extraction consisted
of the retention of organic compounds in a solid phase and
subsequent elution with an organic solvent.

The extraction was carried out using an AUTOTRACE
WorkStation automatic extractor (Zymark). Before extrac-
tion, 100 ng L−1 of surrogate compounds used to control the
extraction process (simazine-D5, atrazine-D5, and prome-
tryn-D6) were added to the water sample. During solid-
liquid extraction, 900 mL of the sample was passed through
cartridges containing a solid ENV+ filter (polystyrene divinyl
benzene copolymer) (ISOLUTE cartridges, 200 mg 6 mL−1).
The pesticides contained in the sample were retained in
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Table 1: Parameters, equipment, and standardized methods used for the characterization of samples.

Parameter Equipment Standard method Reference

pH and temperature pH-meter CRISON GLP21 SM 4500-HB [18]

Conductivity Conductivity-meter CRISON Basic30
UNE-EN

27888 : 1994
[19]

Dissolved organic carbon (DOC)
concentration

Analyzer Shimadzu TOC-VCSH SM 5310B [18]

Chlorine Demand — SM 5710B [18]

Turbidity Turbidity-meter Hanna LP2000 ISO 7027: 1999 [20]

Color Multiparametric Photometer Hanna C99 SM 2120B [18]

Dissolved oxygen concentration Multiparametric Photometer Hanna C99 SM 4500-O C [18]

Hydrogen peroxide concentration — — [21]

Hardness Multiparametric Photometer Hanna C99 SM 2340B [18]

Suspended solids concentration
Multiparametric Photometer Hach Lange

DR2800
SM 2540D [18]

Phosporous concentration Multiparametric Photometer Hanna C99 SM 4500-P C [18]

Ammonia concentration Multiparametric Photometer Hanna C99 SM 4500-NH3 C [18]

Cyanide concentration Multiparametric Photometer Hanna C99 SM 4500-CN E [18]

Fluoride, chloride, nitrate, phosphate,
and sulphate concentration

Ionic Chromatographer DIONEX
ICS-1000

SM 4110B [18]

Toxicity Toxicity-meter LUMIStox 300 ISO 11348: 1999 [22]

Pesticides
Gas chromatographer TRACE2000 and

mass spectrometer POLARIS
EPA 525.2 [23]

Table 2: Conditions of pesticide analysis.

Gas chromatographer TRACE GC 2000 (Thermo Finnigan)

Column DB5-MS (J&W, 30 m, 0.25 mm, 0.25 μm)

Program of temperatures 90◦C (1 min), 20◦C min−1, 180◦C (1 min), 2◦C min−1, 240◦C (1 min), 20◦C min−1, 310◦C (10 min)

Injector temperature 250◦C

Injection volume 1 μL, splitless 0.8 min

Carrier gas He (N55), 1 mL min−1

Mass spectrometer POLARIS (Thermo Finnigan)

Ionization energy 70 eV

Acquisition mode Full scan

Mass interval 50–450 amu

Screen speed 1 scan s−1

Acquisition time 32.5 min

the solid phase and dried under N2 for 10 minutes. They
were then eluted by passing 10 mL of ethyl acetate (SDS for
pesticide analysis) through the cartridge, thus facilitating the
passage of these compounds from the water phase to an
organic phase. The extracts thus obtained were concentrated
under a N2 flow until an approximate volume of 1 mL was
obtained, after which 3 mL of isooctane was added (SDS
for pesticide analysis) in order to carry out a change of
solvent. The extract was then concentrated until obtaining an
approximate volume of 0.5 mL. Anthracene deuterate (D10,
SUPELCO) was added to each extract as an internal standard
for subsequent quantification of the pesticides present in the
samples. These extracts were analysed by GC/MS.

2.3. Experimental Procedure in Photocatalytic Treatments.
The titanium dioxide used in this work was Degussa P25.
The tests were carried out with a dose of 1 g L−1, the same as
that used in previous studies and determined as optimal in
the stages of disinfection [24–26]. The TiO2 was added to 1 L
of sample to be treated and shaken at 300 rpm to promote
contact between the sample and the catalyst and provide
oxygen to the reaction medium. The reaction time was 30
minutes.

For tests with hydrogen peroxide, the compound was
added to the sample H2O2 30% v/v (Carlo Erba) with a con-
centration of 10 mM. This same dose has been used and
determined as optimal in many research works evaluating
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Table 3: Results of the methodology validation of the pesticide analysis.

Pesticide
Quantification limit (μg L−1) Calibration

interval (μg L−1)
Validity

interval (μg L−1)
Recovery interval (%)

Instrumental step Full method Instrumental step Full method

Isoproturon 20 0.030 20–500 0.030–300 75–130 63–110

Diuron 20 0.030 20–500 0.030–300 82–128 70–123

3,4-Dichloroaniline 20 0.030 20–500 0.030–300 88–130 47–106

4-Isopropylaniline 20 0.030 20–500 0.030–300 80–130 60–125

Desethylatrazine 20 0.030 20–500 0.030–300 76–130 80–129

Trifluralin 20 0.015 20–500 0.030–300 70–130 70–127

Dimethoate 20 0.030 50–500 0.030–300 66–124 54–137

Simazine 50 0.030 20–500 0.030–600 75–135 64–127

Prometon 20 0.030 20–500 0.030–300 76–124 0–125

Atrazine 200 0.100 200–5000 0.100–300 78–130 75–127

Propazine 20 0.015 20–500 0.015–300 86–130 73–127

Terbuthylazine 20 0.015 20–500 0.015–300 79–130 83–128

Parathion methyl 50 0.030 50–500 0.030–300 78–139 72–130

Parathion ethyl 20 0.030 20–500 0.030–300 74–122 64–128

Alachlor 20 0.015 20–500 0.015–300 75–125 70–124

Ametryn 20 0.030 20–500 0.030–300 78–130 0–116

Prometryn 20 0.030 20–500 0.030–300 80–120 17–116

Terbutryn 20 0.030 20–500 0.030–300 80–120 13–114

Chlorpyrifos 20 0.015 20–500 0.015–300 75–120 73–116

Chlorfenvinfos 20 0.015 20–500 0.015–300 76–130 70–126

HCHs 20 0.015 20–500 0.015–300 84–124 70–120

Hexachlorobenzene 20 0.030 20–500 0.030–300 70–130 74–136

Heptachlor 20 0.015 20–500 0.015–300 75–130 58–113

Heptachlor epoxide A 20 0.015 20–500 0.015–300 85–125 62–112

Heptachlor epoxide B 20 0.015 20–500 0.015–300 84–130 58–113

Aldrin 20 0.015 20–500 0.015–300 85–125 64–126

4,4′-Dichlorobenzophenone 20 0.015 20–500 0.015–300 75–120 68–126

Isodrin 20 0.015 20–500 0.015–300 85–125 66–120

α-Endosulphan 20 0.015 20–500 0.015–300 70–125 70–93

pp′-DDE 20 0.015 20–500 0.015–300 89–122 64–107

Dieldrin 20 0.015 20–500 0.015–300 70–125 62–120

Endrin 20 0.015 20–500 0.015–300 80–125 74–122

pp′-DDD + op′-DDT 40 0.030 40–1000 0.030–600 79–125 66–139

Endosulphan-sulphate 20 0.015 20–500 0.015–300 83–125 73–126

pp′-DDT 20 0.030 20–500 0.030–300 76–130 50–120

Dicofol 50 0.030 50–500 0.030–300 80–148 63–136

Methoxychlor 20 0.015 20–500 0.015–300 77–126 75–130

Metholachlor 20 0.015 20–500 0.015–300 76–115 73–128

Molinate 20 0.015 20–500 0.015–300 91–130 75–113

Tetradifon 20 0.015 20–500 0.015–300 85–130 70–116

the effectiveness of photocatalytic treatment with hydrogen
peroxide on the degradation of different compounds, or
even on the generation of ROS: degradation of dyes [27–
30], pesticides [31, 32], antibiotics [33], and ROS production
[34]. In these tests, hydrogen peroxide was removed after the
treatment.

The UV/VIS radiation source was provided using an
ATLAS SUNTEST CPS+/XLS+ solar chamber. This chamber
is an instrument equipped with a xenon lamp used for
lighting and the ageing of materials. It can be used as
simulator of natural sunlight. The chamber also includes an
agitation system, a quartz filter, UV radiation, visible light,
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temperature control. It is equipped with a programmable
system for measuring and for regulating the irradiation
intensity. The irradiation range of the equipment is from
250 to 785 W m−2 with a wavelength of 300 to 800 nm.
The samples were subjected to a radiation intensity from
500 W m−2 which corresponds to 50% of the intensity of
natural solar radiation at midday [35].

All the tests were performed in duplicate, using glass
beakers of 1 L and with shaking. Moreover, blank tests were
carried out.

3. Results and Discussion

The results of the two photocatalytic treatments (TiO2/radi-
ation and TiO2/H2O2/radiation) on the solutions of natural
water fortified with the 44 pesticides under study relating to
the sample characterization and the removal of pesticides are
presented below.

3.1. Sample Characterization. The characterization of the
initial sample and the samples treated with the two photo-
catalytic processes is shown in Table 4.

The results show the following.

(i) The application of photocatalytic treatments does
not produce significant variations with respect to the
initial values of pH, conductivity, color, dissolved
oxygen, hardness, ammonium concentration, and
concentration of ions in solution.

(ii) The turbidity of the sample, in both cases, declines
slightly, and solids in suspension make it significantly
through the chemical oxidation of organic matter
produced in the treatment.

(iii) Chlorine demand in the TiO2/radiation-treated sam-
ple is reduced significantly, up to a value of of
1 mg L−1. However, the application of TiO2/H2O2/ra-
diation treatment produces an enormous increase in
this parameter. This is possibly due to the various
byproducts formed after the application.

(iv) Regarding the toxicity of treated sample, TiO2/radia-
tion treatment reduces the initial toxicity of the
sample to approximately half its initial value. On the
other hand, the application of TiO2/H2O2/radiation
produces an increase in the initial toxicity, due to
the formation of byproducts more toxic than the
original. This has occurred in other research works
concerning the application of these photocatalytic
treatments [14, 36–38].

(v) The COD undergoes no variation through the TiO2/
H2O2/radiation treatment while it is reduced by 36%
after the application of TiO2/radiation. This suggests
the mineralization of organic matter present in the
process with hydrogen peroxide [39].

(vi) Suspended solids are removed by both photocatalytic
treatments. This is due to the organic matter present
in the water by this advanced oxidation process.

(vii) Hydrogen peroxide appears after the TiO2/radiation
treatment formed as a by-product in photocatalytic
reactions. In the case of the TiO2/H2O2/radiation
treatment, where it is used initially as a reagent,
almost its total consumption is observed.

3.2. Pesticide Removal. Photocatalytic experiments were car-
ried out in duplicate. Table 5 shows the average concen-
tration of each pesticide studied in the initial sample and
the final concentration after the photocatalytic treatments.
It is worth noting that average concentrations are shown
because the variations obtained in these analyses were very
low, always below 2%.

In addition to the photocatalytic treatments, blank tests
were carried out. These blank tests were solution of pesticides
with titanium dioxide without radiation and with radiation
without catalyst. The results obtained are shown in Table 6.
Only for some pesticides were degradations different to zero
achieved.

As can be observed, some of the studied pesticides can be
degraded by TiO2 without radiation and by radiation with-
out TiO2. The degradation of these pesticides by TiO2 only
is due to their adsorption in the catalyst. The degradation
of these pesticides by radiation only is due to the advanced
oxidation process with UV by which hydroxyl radicals are
generated.

Table 7 shows the average removal percentages of the
pesticides.

The photocatalytic treatments achieved an average degra-
dation of 48% by photocatalysis (TiO2/radiation) and 57%
by photocatalysis with hydrogen peroxide (TiO2/H2O2/radi-
ation).

The photocatalytic treatments were very effective in the
removal of parathion methyl, chlorpyrifos, α-endosulphan,
3,4-dichloroaniline, 4-isopropylaniline, and dicofol. The
treatments were less effective in the degradation of HCHs,
endosulphan-sulphate, heptachlors epoxide, and 4,4′-di-
chlorobenzophenone.

As can be seen in Tables 5 and 7, the addition of hydro-
gen peroxide to the process slightly improves the average
percentage of pesticide removal. However, this improvement
does not occur for all the pesticides studied. In fact, some
of them present the same removal percentages by both pho-
tocatalytic treatments. The increase in the average percentage
of degradation is due to an improvement in some of the
studied pesticides to add hydrogen peroxide. These are
some triazines, α-endosulphan, molinate, trifluralin, and an-
ilides, for which removal is improved by 5–20% using hy-
drogen peroxide; isodrin, aldrin, DDTs, and 4,4′-dichlo-
robenzophenone, for which removal is improved by 25–50%
using hydrogen peroxide.

The degradation percentages of the pesticides in their
individual group are as follows.

Triazines. The rates of degradation of triazines obtained
by the photocatalytic treatments are between 35 and 60%.
By photocatalysis, these percentages are from 35 to 55%.
Degradation of these pesticides is very similar, 40–60%, when
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Table 4: Characterization of samples of surface wáter fortified with pesticides in photocatalytic treatments.

Initial sample

Physical-chemical parameters

pH 8.0 Colour (PCU) 0

Conductivity (μS cm−1) 508 Dissolved oxygen (mg L−1) 9.9

Turbidity (NTU) 69 Hardness (mg CaCO3 L−1) 108

Suspended solids (mg L−1) 27 NH4
+ concentration (mg L−1) 0.15

Phosphorous (mg L−1) 0.8 CN− concentration (mg L−1) 0.002

DOC (mg C L−1) 22 Toxicity (% inhibition) 33.6

Chlorine demand (mg Cl2 L−1) 6.0

Anion concentrations in solution (mg L−1)

Fluorides 0.1 Nitrates 10.8

Chlorides 63.8 Phosphates <0.2

Sulphates 98

Sample after treatment TiO2/radiation

Physical-chemical parameters

pH 8.0 Colour (PCU) 0

Conductivity (μS cm−1) 589 Dissolved oxygen (mg L−1) 6.2

Turbidity (NTU) 54 Hardness (mg CaCO3 L−1) 109

Suspended solids (mg L−1) 7 NH4
+ concentration (mg L−1) 0.15

Phosphorous (mg L−1) 0.4 CN− concentration (mg L−1) 0.0015

DOC (mg C L−1) 14 Toxicity (% inhibition) 18.9

H2O2 concentration (mg L−1) 5 Chlorine demand (mg Cl2 L−1) 1.0

Anion concentrations in solution (mg L−1)

Fluorides <0.1 Nitrates 11.6

Chlorides 66.4 Phosphates <0.2

Sulphates 101.0

Sample after treatment TiO2/H2O2/radiation

Physical-chemical parameters

pH 8.0 Colour (PCU) 0

Conductivity (μS cm−1) 625 Dissolved oxygen (mg L−1) 9.8

Turbidity (NTU) 56 Hardness (mg CaCO3 L−1) 95

Suspended solids (mg L−1) 5 NH4
+ concentration (mg L−1) 0.15

Phosphorous (mg L−1) 0.2 CN− concentration (mg L−1) 0.001

DOC (mg C L−1) 22 Toxicity (% inhibition) 43.3

H2O2 concentration (mg L−1) 0.5 Chlorine demand (mg Cl2 L−1) 55.6

Anion concentrations in solution (mg L−1)

Fluorides <0.1 Nitrates 11.4

Chlorides 65.0 Phosphates <0.2

Sulphates 99.2

hydrogen peroxide is added to the treatment. Therefore,
the addition of this reagent is not compensated for by the
increase of the effectiveness in the degradation of triazines
by photocatalytic treatment. Among the triazines studied are
atrazine and desethylatrazine, the most difficult to degrade
by photocatalytic treatments.

Organic Phosphorated. The five organic-phosphorated pesti-
cides studied are degraded between 40 and 90% by photo-
catalytic treatments. The degradation percentages obtained
for these pesticides are similar whether or not hydrogen

peroxide is added. The degradation of dimethoate and chlor-
fenvinfos only slightly improves when hydrogen peroxide is
added. Methyl parathion and chlorpyrifos are the pesticides
that degrade best by photocatalysis (degradation of 80–
90%) while chlorfenvinfos is the most difficult organic-
phosphorated pesticide to degrade (maximum degradation
of 55%).

HCHs and HCB. With regard to HCHs, the degradation
percentages obtained by the photocatalytic treatments are
the lowest. In all cases, adding hydrogen peroxide makes
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Table 5: Concentration of pesticides in samples in photocatalytic treatments.

Pesticide
Concentration (ng L−1)

Initial After TiO2/radiation After TiO2/H2O2/radiation

Alachlor 505 253 177

Aldrin 512 230 26

Ametryn 501 225 225

Atrazine 551 358 331

Chlorfenvinfos 492 295 221

Chlorpyrifos 520 104 104

pp′-DDD 510 332 102

op′-DDE 480 288 144

op′-DDT 482 313 96

pp′-DDT 482 386 145

Desethylatrazine 593 385 356

3,4-Dichloroaniline 658 0 0

4,4′-Dichlorobenzophenone 519 493 363

Dicofol 568 57 57

Dieldrin 508 356 356

Dimethoate 608 274 243

Diuron 501 125 125

α-Endosulphan 475 48 0

Endosulphan-sulphate 483 459 435

Endrin 486 243 243

α-HCH 511 109 409

β-HCH 519 441 441

γ-HCH 521 443 417

δ-HCH 504 428 428

Heptachlor 491 246 246

Heptachlor epoxide A 495 347 347

Heptachlor epoxide B 487 341 341

Hexachlorobenzene 503 327 327

Isodrin 516 206 0

4-Isopropylaniline 512 0 0

Isoproturon 521 78 78

Metholachlor 524 262 210

Methoxychlor 519 234 130

Molinate 551 248 165

Parathion ethyl 507 228 228

Parathion methyl 508 51 51

Prometon 492 271 271

Prometryn 489 220 220

Propazine 508 330 305

Simazine 554 305 277

Terbuthylazine 524 262 262

Terbutryn 514 231 206

Tetradifon 493 296 296

Trifluralin 566 255 170

no difference to the degradation percentages obtained so
its use is redundant. The HCB is degraded 35% by the
photocatalyisis, and the addition of hydrogen peroxide does
not produce any improvement.

Heptachlors. Degradation rates obtained for the heptachlors
are 50% while the heptachlors epoxides are more difficult
to degrade (30%). The addition of hydrogen peroxide to
the process does not improve the degradation percentages
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Table 6: Degradation of pesticides in blank experiments.

Pesticide Removal by TiO2 Removal by radiation

Trifluralin 0 28

Heptachlor 14 45

Aldrin 20 50

Isodrin 24 55

pp′-DDE 33 46

pp′-DDD + op′-DDT 21 13

pp′-DDT 25 28

of these pesticides. In case of heptachlors, the blanks exper-
iments show a degradation of 45% by radiation. The pho-
tocatalytic treatment does not therefore improve its degrada-
tion with respect to radiation only.

Endosulphans. Under photocatalysis, α-endosulphan shows
almost total degradation while endosulphan-sulphate is
practically undegraded by photocatalytic treatments. Both
have the same behavior after the addition of hydrogen per-
oxide, showing an improvement of 5%, although again this
small improvement does not compensate for its use.

Drins. With regard to these pesticides, it can be seen by
these treatments that aldrin and isodrin (isomers between
them) are more easily degradable that endrin and dieldrin
(isomers between them), especially in the case of using
hydrogen peroxide. The rates of degradation of dieldrin
and endrin, 50% and 30% respectively, do not improve
when adding hydrogen peroxide. In the case of aldrin and
isodrin, blank experiments show an important degradation
by radiation. Thus radiation and not the photocatalytic
treatment is responsible for their degradation. However, the
degradation of aldrin and isodrin is noticeably more effective
when using hydrogen peroxide treatment, achieving their
complete degradation.

DDTs. The DDTs studied degrade between 20% and 40%
under the photocatalytic treatments. However, similar degra-
dations are achieved in the blank experiments. The degra-
dation could thus occur by the effect of titanium dioxide
or radiation only, not by photocatalytic treatment. These
degradation rates increase significantly by adding hydrogen
peroxide, reaching 70–80%. Therefore, for the DDTs the
presence of hydrogen peroxide notably favours their degra-
dation.

Anilines. The two studied anilines, 3,4-dichloroaniline and
4-isopropylaniline, are completely degraded by the photocat-
alytic treatments. Therefore, the use of hydrogen peroxide
is not necessary for increasing the effectiveness of the
treatment.

Ureas. Isoproturon and diuron, the studied pesticides that
are derivatives of urea, present high degradation rates
under the photocatalytic treatments, being 85% and 75%,

respectively. The same percentages are obtained when using
hydrogen peroxide, so that its use does not improve the
process.

Anilides. The three anilides studied also show the same
behaviour with photocatalytic treatments, and the addi-
tion of hydrogen peroxide produces a slight improvement,
from 5% to 20%. Under photocatalysis, the degradation
percentages are 50–55%. These percentages increase slightly
when hydrogen peroxide is added to the treatment system,
achieving rates of 60–75% degradation in this case.

Other Pesticides. For the rest of the pesticides under study,
molinate, trifluralin, tetradiphon, dicofol, and 4,4′-dichlo-
robenzophenone, very different degradations are achieved.
Molinate and trifluralin are degraded 55% by the photo-
catalysis and this percentage increases to 70% when hydro-
gen peroxide is added. Therefore, the use of this reagent
represents a significant improvement in the degradation of
these two pesticides. In the case of trifluralin, the blank
experiment with radiation produced 30% degradation but
its removal is greater by photocatalysis. Degradation of
dicofol is very effective by the photocatalytic treatment, being
90%. The presence of hydrogen peroxide does not favour
degradation in this case. The same applies to tetradiphon,
which degrades to a lesser extent (40%), but hydrogen
peroxide does not increase the effectiveness of the process.
The 4,4′-dichlorobenzophenone is barely degraded at all by
photocatalysis but its degradation increases up to 30% when
adding hydrogen peroxide to the treatment.

4. Conclusions

After the completion of this study, the following conclusions
can be drawn.

(i) The pesticides most effectively removed by the photo-
catalytic treatments, reaching yields higher than 80%,
are parathion methyl, α-endosulphan, chlorpyrifos,
3,4-dichloroaniline, 4-isopropylaniline, and dicofol.
The least degraded, below 30%, are HCHs, endos-
ulphan-sulphate, heptachlors epoxides, and 4,4′-di-
chlorobenzophenone.

(ii) Photocatalytic treatment, TiO2/radiation, achieves a
partial removal of the studied pesticides of 48%.
When hydrogen peroxide is added the average per-
centage increases to 57%. The addition of hydrogen
peroxide improves the degradation of some of the
pesticides studied, mainly isodrin, aldrin, DDTs, 4,4′-
dichlorobenzophenone, some triazines, molinate, α-
endosulphan, trifluralin, and anilides.

(iii) TiO2/radiation treatment produces a reduction of
36% of the initial COD, 43% of the initial toxicity,
and chlorine demand is reduced to 1 mg L−1. The
same treatment with hydrogen peroxide produces a
large increase in toxicity and chlorine demand of the
treated sample and there is no variation in the COD
due to the generation of intermediate compounds



International Journal of Photoenergy 9

Table 7: % Removal of pesticides by photocatalytic treatments.

Group Pesticide Removal after TiO2/radiation (%) Removal after TiO2/H2O2/radiation (%)

Triazines

Simazine 45 50

Atrazine 35 40

Propazine 35 40

Terbuthylazine 50 50

Prometon 45 45

Ametryn 55 55

Prometryn 55 55

Terbutryn 55 60

Desethylatrazine 35 40

Organic phosphorated

Parathion methyl 90 90

Parathion ethyl 55 55

Chlorpyrifos 80 80

Chlorfenvinfos 40 55

Dimethoate 55 60

HCHs

α-HCH 20 20

β-HCH 15 15

χ-HCH 15 20

δ-HCH 15 15

HCB Hexachlorobenzene 35 35

Heptachlors
Heptachlor 50 50

Heptachlor epoxide A 30 30

Heptachlor epoxide B 30 30

Endosulphans
α-Endosulphan 90 100

Endosulphan-sulphate 5 10

Drins

Endrin 50 50

Dieldrin 30 30

Isodrin 60 100

Aldrin 55 95

DDTs
pp′-DDE 40 70

pp′-DDD + op′-DDT 35 80

pp′-DDT 20 70

Anilines
3,4-Dichloroaniline 100 100

4-Isopropylaniline 100 100

Ureas
Isoproturon 85 85

Diuron 75 75

Carbamate Molinate 55 70

Nitroderivate Trifluralin 55 70

Anilides
Alachlor 50 65

Metholachlor 50 60

Methoxychlor 55 75

Chlorophenols
Tetradiphon 40 40

Dicofol 90 90

Chlorinated diphenyl 4,4′-Dichlrobenzophenone 5 30

Average 48 57

(no mineralization) that can be more toxic than the
original.

(iv) Both the studied photocatalytic processes produce a
reduction of turbidity and of the solids in suspension
in the treated samples.
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A variety of carbon-modified titania powders were prepared by impregnation method using a commercial available titania powder,
Hombikat UV100, as matrix material while a range of alcohols from propanol to hexanol were used as precursors of carbon
sources. Rising the carbon number of alcoholic precursor molecule, the modified titania showed increasing visible activities of
NOx photodegradation. The catalyst modified with cyclohexanol exhibited the best activities of 62%, 62%, 59%, and 54% for the
total NOx removal under UV, blue, green, and red light irradiation, respectively. The high activity with long wavelength irradiation
suggested a good capability of photocatalysis in full visible light spectrum. Analysis of UV-visible spectrum indicated that carbon
modification promoted visible light absorption and red shift in band gap. XPS spectroscopic analysis identified the existence of
carbonate species (C=O), which increased with the increasing carbon number of precursor molecule. Photoluminescence spectra
demonstrated that the carbonate species suppressed the recombination rate of electron-hole pair. As a result, a mechanism of
visible-light-active photocatalyst was proposed according to the formation of carbonate species on carbon-modified TiO2.

1. Introduction

In the field of environmental protection, photocatalysis is
believed to have an extraordinary potential to treatment
of contaminating compounds in water purification and air
pollutants control, such as degradation of nitrogen oxides
(NOx), sulfur oxides (SOx), and volatile organic compounds
(VOCs) [1–5]. Among the semiconductors, titania has been
regarded as the most promising material for photocatalysis
due to its several advantages, including complete mineraliza-
tion without other derivative chemicals, solar-light-induced
operation at room temperature, non-toxicity, and low cost
[6, 7]. Generally, titania may exist in three different forms
of crystalline phases: rutile, brookite, and anatase phase
[8]. Rutile is thermodynamically stable and formed after
calcination over 600◦C with dense structure, resulting in low
photocatalytic efficiency [9, 10]. Brookite and anatase are

structures of metastable states, whereas the former is not
stable enough to exist alone. Anatase is recognized as the
most suitable phase for photocatalysis [5]. However, with
the band gap of 3.2 eV, anatase phase TiO2 can be photo-
activated under UV light irradiation (wavelength shorter
than 388 nm), which only accounts for 4% of the solar
spectrum. To extend the utilization over the main part (45%)
of visible region in solar spectrum, several attempts have
been made to reduce the band gap.

One strategy is preparing metal-modified titania by
doping or loading transitional metals, such as V, Mn, Fe,
Cr, Cu, Ni, W, and others [11–15]. The noble metals were
reported to produce the highest Schottky barrier and to
facilitate electron capture [16]. Therefore, Ag, Ru, and Pt
[17–21] were employed to modify TiO2 for enhancing UV
photocatalytic efficiency and/or visible light activities.
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Nonmetal doping is the other approach to achieve the
goal of TiO2 modification. Sato [22] discovered the red-
shift phenomena of N-promoted TiO2. Afterward Asahi et al.
[23] reported that a small amount of substitutional N
atoms into the TiO2 structure by the sputtering method will
induce the Ti3+ sites on the TiO2 surface and significantly
narrow the band gap. Nakamura et al. [24] found that TiO2

treated with hydrogen plasma can generate oxygen vacancies
and create subband gap to promote visible light response,
despite the expensive appliance. Organic dyes as the light
sensitization agents were also considered to be added on
the TiO2 surface to improve the light efficiency [25, 26].
However, the consumption of dye molecules during the
reaction process will limit the application. Recently, carbon
was widely used for visible modification of TiO2 [27–31].
It was reported that carbon modification is more efficient,
even higher than nitrogen modification [28]. The carbon
doped TiO2 could be prepared by simple method such as
mechanochemical operation by grinding TiO2 with ethanol
in air [32]. On a comprehensive survey, carbon is one of
the practicable materials, for the consideration of economic
and practical mass production. Therefore, in this study, we
tried to use carbon precursors to modify TiO2 powder by
impregnation method, enabling the significant visible pho-
toactivity. Moreover, a possible photocatalytic mechanism
was proposed to speculate the role of carbonaceous species
functioning with TiO2, based on the evidences observed
from various characterization techniques.

2. Experimental

2.1. Preparation of Carbon-Modified TiO2 Photocatalysts.
All chemicals in this study are reagent-grade without fur-
ther purification. A commercially available TiO2 powder
(Hombikat UV100, Sachtleben Chemie, 100% anatase),
symbolized as UV100, was used as the matrix material
for modification. Seven kinds of alcohols were adopted as
the carbon sources: 2-propanol, n-propanol, 2-butanol, i-
butanol, 4-methyl-2-pentanol, n-hexanol, and cyclohexanol,
symbolized as 2-C3, C3, 2-C4, iC4, 2-C6, C6, and cC6,
respectively, according to the carbon number of molecule
and the isomer structure. Impregnation method was used to
prepare carbon-modified TiO2. The synthesis procedures are
depicted in Figure 1. Firstly, 5 g UV100 powder was added
into an alcoholic solution containing 30 mL alcohol and
70 mL D.I. water. After ultrasonic bath for several minutes,
the slurry was then magnetically stirred for 30 min with
sufficient mixing. Subsequently, the modified sample was
evaporated in an oven at 110◦C for 4 h and then milled
to powder, followed by calcination at a heating rate of 1◦C
/min up to 200◦C for 5 h in a furnace. Finally, seven kinds
of carbon-modified TiO2 were obtained and symbolized
as 2-C3/UV100, C3/UV100, 2-C4/UV100, iC4/UV100, 2-
C6/UV100, C6/UV100, and cC6/UV100, ascribed to their
alcoholic precursors.

2.2. Experimental Apparatus and Procedure. Photocatalytic
degradation of nitrogen oxides (De-NOx) was carried out at

D.I. water

Mixing

30 mL alcohol

Stirred for 30 min

Pulverized

Calcined at 200◦C for 5 h

Carbon-modified
TiO2 powder

Synthesis process

5 g UV100
added

Dried at 110◦C

Figure 1: Schematic procedure for synthesis of carbon-modified
TiO2 powder by impregnation method.

room temperature by the setup consisting of a continuous
flow reactor (a round-shaped Pyrex glass vessel) connected
to the gas suppliers and the analytic system, as shown in
Figure 2. To simulate atmospheric environment and reach
the optimal value, the relative humidity was maintained at
50% by adjusting a humidified air stream with a dry air
stream [4]. Then, a nitric oxide (NO) gas stream, provided
by a cylinder containing 100 ppmv NO (San Fu Chemical
Co., N2 balance), was added to the air stream to reach a
desired NO concentration of 1 ppmv and a total volumetric
flow rate of 1 L/min as the feedstock. The photocatalyst with
amount of 0.5 g was dispersed into an appropriate amount
of D.I. water contained in a 50 mL beaker, followed by well
stirring. Then the mixed slurry was uniformly spread on
a disk-like glass plate (diameter = 12 cm). After drying at
110◦C for 30 min, dehydrated powder attached to the plate
was obtained. Subsequently, the glass plate coated with the
photocatalyst was set in the center of reactor for use. A
UV light lamp over the reactor delivered the ultraviolet
illumination in the wavelength range of 330–420 nm. For vis-
ible light reaction, three light-emitting diodes (LEDs) were
employed, including blue LEDs (BLED, 430–530 nm), green
LEDs (GLED, 470–570 nm), and red LEDs (RLED, 590–
680 nm). The related photon energy distribution profiles are
shown in the inset of Figure 2. The intensity of the light
source was controlled at 1 mW/cm2 and was measured by a
spectrophotometer (Ocean Optics, USB2000).

In a typical experiment, the feedstock was introduced
to the reactor with sample plate for several minutes in
the dark. Light was turned on as the system reached the
adsorption equilibrium (i.e., NO concentration recovering
to 1 ppmv). Meanwhile, the effluent concentrations of NO
and nitrogen dioxide (NO2) from reactor were measured
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Figure 2: Schematic diagram of De-NOx system. The inset shows photon energy distribution of UV lamp and LEDs.

by an on-line chemiluminescent NOx analyzer (Eco Physics,
CLD 700AL). In addition, blank test was performed under
the same condition except photocatalyst existence. The result
certainly guaranteed all the materials of the system inactive
on photocatalytic De-NOx.

NO is oxidized in a serial steps (NO→NO2 →NO3
−)

over the photocatalyst under illumination [4]. The final
product, NO3

− ion, was adsorbed on the photocatalyst
surface and could be easily washed out by water for
photocatalyst in reuse [17]. In data analysis, the total
NOx concentration ([NOx]), NO conversion (NOC), NO2

selectivity (NO2S), and total NOx removal (NOxR) were
defined as follows:

[NOx] = [NO] + [NO2], (1)

NO conversion = [NO]in − [NO]out

[NO]in
, (2)

NO2 selectivity = [NO2]out

[NO]in − [NO]out
, (3)

Total NOx removal = [NO]in − [NOx]out

[NO]in
. (4)

The photocatalyst performance could be evaluated by the
total NOx removal, or the NO conversion conjunctive with
the NO2 selectivity.

2.3. Characterization and Analysis. The particle sizes and
the morphology of photocatalysts were examined by field-
emission scanning electron microscopy (FE-SEM, Hitachi
S4800-1) and transmission electron microscopy (TEM,
Philips Tecnai 20). Each powder sample was dispersed in
anhydrous alcohol and then transferred to a copper grid
(with carbon support film, 300-mesh). After drying at 50◦C
in an oven, the pretreatment was completed for use.

The specific surface areas (SSAs) were measured by
nitrogen adsorption at 77 K using Micrometrics equipment
(Model ASAP 2000). Samples were outgassed to a vacuum
lower than 10−4 Torr at 200◦C for 2 h to remove adsorbed
impurities prior to each measurement. Specific surface areas
were evaluated by Barrett-Emmet-Teller (BET) method [33].

The crystal structures were analyzed by an X-ray powder
diffractometry (XRD, Rigaku RU-H3R) in the reflection
mode with Cu Kα radiation. The angular domain was 20–
80◦ (2θ). The surface structures were identified by a Micro-
Raman spectrometer (Renishaw 1000B), conducted with a
low-power green laser (100 mW) at 532 nm. Weak laser of
1% to 10% power was used to examine the surface structure
of the samples.

The UV-visible absorption spectra of all samples were
performed by a powder UV-visible spectrophotometer (UV-
VIS, Shimadzu UV-2450) equipped with an integrating
sphere accessory for diffuse reflectance spectra over a range
of 200–800 nm by using BaSO4 as the reference. The obtained
reflectance data (R) was converted to the absorbance value,
F(R), based on the Kubelka-Munk theory, as follows:

F(R) = (1− R)2

2R
. (5)

The surface composition and the chemical states of
catalysts were investigated by an X-ray photoelectron spec-
troscopy (XPS, Physical Electronics ESCA PHI 1600) with
Mg Kα radiation. The charging effects were corrected by
adjusting the C 1s peak to a position of 284.5 eV.

The decomposition behavior of products was determined
by thermogravimetric analysis (TGA) using a thermo-
gravimeter mass spectrometer (Seiko instruments, TG/DT
6200) at a heating rate of 10◦C/min between 200 to 800◦C in
flowing nitrogen. Samples (about 3 mg) were set and heated
to 200◦C for 30 min prior to each experiment.

The photoluminescence (PL) emission spectra were
measured by using a Xe lamp with wavelength of 325 nm
as an excitation light source. The reflectance spectra of the
samples are over a range of 200–800 nm.
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Figure 3: De-NOx activities including NO conversion (A), NO2 selectivity (B), and total NOx removal (C) on UV100 (a), 2-C3/UV100 (b),
C3/UV100 (c), 2-C4/UV100 (d), iC4/UV100 (e), 2-C6/UV100 (f), C6/UV100 (g), and cC6/UV100 (h).

3. Results and Discussion

3.1. Photocatalytic Ativity of Carbon-Modified TiO2. The
NO conversion (NOC), NO2 selectivity (NO2S), and total
NOx removal (NOxR) on unmodified UV100 and carbon-
modified UV100 under various light irradiations are illus-
trated in Figure 3. In a serial oxidation steps (NO→
NO2 →NO3

−), NOC, NO2S, and NOxR represent the initial
oxidation of NO converted, the undesired byproduct ratio,
and the total oxidation ability, respectively. Accordingly, a
well-active photocatalyst should basically provide a high
NOC as well as a low NO2S, resulting in a high NOxR. With
the same NO conversion, the one with lower NO2 selectivity
catalyzed the oxidation of NO2 to NO3

− more completely.

In UV light reaction, unmodified UV100 exhibited a high
NOC (71%) attributed to its pure anatase phase structure
and high specific surface area [34]. However, the high NO2S
revealed (27%) the insufficiency in NO2 suppressive ability
and led to the reduction of NOxR (51%). Compared with
UV100, carbon-modified UV100 showed a similar or slight-
lower NOC. It was referred that carbonaceous residues on
TiO2 surface partly obstructed UV absorption, as evidenced

in UV-VIS analysis (discussed later). Even so, carbon species
probably functioned with TiO2 and substantially lowered the
NO2S. As a result, all carbon-modified TiO2 displayed higher
NOxR than UV100.

In visible light reaction, apparently UV100 provided
poor activities, especially under GLED and RLED irradiation
with the NOxR of 3% and 1%, respectively. In contrast,
carbon-modified UV100 showed progressive activity under
whichever visible light irradiation. It suggested that the
visible light response may be offered by the conjugation
of carbonaceous residues and TiO2. Additionally, like the
performance in UV reaction, NO2S was also successfully
suppressed on carbon-modified UV100 under visible light
irradiation. Furthermore, the visible light activity increased
with the increase of carbon number in alcoholic precursors.
Visible-photocatalytic activities were in the order of UV100 <
2-C3/UV100 < C3/UV100 < 2-C4/UV100 < iC4/UV100 < 2-
C6/UV100 < C6/UV100 < cC6/UV100. Among the products,
cC6/UV100, prepared by modification of the highest carbon
number in alcoholic precursor, exhibited the highest visible
activity of 62%, 59%, and 54% for BLED, GLED, and RLED
reaction, respectively. Compared with its UV activity (62%),
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Table 1: Characterization of the band gap, specific surface area, and weight loss in TGA.

Sample Band gapb (eV) Specific surface area (m2/g)
Weight lossa (wt.%, between 200 and 800◦C)

Total 200–380◦C 380–600◦C 600–800◦C

UV100 3.26 249 4.23 2.33 1.01 0.90

2-C3 3.24 252 3.53 1.71 0.95 0.87

C3 3.24 272 4.84 2.10 2.18 0.57

2-C4 3.24 279 4.88 2.13 2.18 0.58

iC4 3.23 298 5.73 2.86 2.01 0.89

2-C6 3.18 290 5.71 2.44 2.69 0.58

C6 3.07 294 7.73 3.70 3.18 0.86

cC6 3.04 297 6.82 2.91 3.27 0.64
a
All samples were pretreated at 200◦C before test.

bDetermined by the intercept in Tauc Plot.

Table 2: The elemental surface composition and atomic ratio of
O/Ti resulted from XPS analysis.

Sample Ti (%) O (%) N (%) C (%) O/Ti

UV100 15.7 58.9 1.4 24.0 3.8

2-C3 20.6 52.7 — 26.7 2.6

C3 18.8 49.9 — 31.3 2.7

2-C4 16.7 49.3 — 34.0 3.0

iC4 11.4 49.9 — 38.7 4.3

2-C6 16.0 52.6 — 31.4 3.3

C6 12.1 45.2 — 42.7 3.7

cC6 14.0 42.3 — 43.7 3.0

cC6/UV100 was stable enough to extend its photoactivity to
visible region, even under red light irradiation. As can be seen
in Tables 1–3, specific surface area, carbon amount, and C–
C and C=O ratio obviously increase with increasing carbon
number of alcoholic precursor. In addition, higher visible
light absorbance and lower band gap were observed as the
carbon number of alcoholic precursor increased (Figure 7).
All these positive factors may contribute to the highest
activity of cC6/UV100 catalyst.

In summary, via impregnation with alcoholic precursors
followed by low temperature calcination at 200◦C, car-
bonaceous residues acted as sensitizing agent with TiO2 to
lower NO2 production efficiently, facilitated more complete
reaction, and improved the visible photoactivity. Visible
activities increased with the rise of carbon number in
precursor molecule. And with the same carbon number (e.g.,
n = 6), photocatalytic levels were in the order of 2-Cn <
Cn < cCn, depending on the isomer structure. Therefore,
the carbonaceous species resulted from different molecular
structure of alcoholic precursors may play an important role
on visible light activity.

3.2. Characterization of Carbon-Modified TiO2

3.2.1. Morphology. Figure 4 shows the FE-SEM and TEM
images of various photocatalysts. FE-SEM photographs
indicated that the primary particle size was unchanged

(7–14 nm) after carbon-modification, while the secondary
particle was more agglomerate. From TEM photographs, it
could be found that amorphous carbonaceous species exist
on the interfaces or surface of TiO2. It may be the reason for
high agglomeration of carbon-modified TiO2 catalysts.

3.2.2. Specific Surface Area. The specific surface areas of
all samples were in range of 249–298 m2/g (Column 3 in
Table 1). All the modified samples showed larger specific
surface areas than UV100 (249 m2/g). The higher the carbon
number in precursor molecule was, the higher the specific
surface area of the catalyst was obtained. Zhang et al.
[35] investigated carbon-modified TiO2 by using glucose
as precursor and mentioned that carbon residue did not
make TiO2 growth. Same thing was observed in this study.
Therefore, the carbonaceous species, existing on the TiO2

surface, may create more specific surface area and favor the
photocatalytic efficiency.

3.2.3. Crystal Structure. The XRD patterns are shown in
Figure 5. All the crystal structures of samples were almost
anatase, attributed to several main peaks (2θ = 25.3 with
[101], 37.8 with [004], 48.1 with [200], 54.0 with [105],
and 62.7 with [204]). There was no significant difference
between samples, which meant that carbon modification
did not obviously change the crystal phase through low-
temperature calcination. According to Scherrer’s equation,
the crystal size is larger with sharper main peak. All the
crystal sizes of samples were in range of 9–12 nm, consistent
with those observed in TEM graphs.

Raman spectrum is surface-sensitive for surface charac-
terization. The Raman spectra of all samples are shown in
Figure 6. Firstly, a weak laser power (1% of 100 mW) was
introduced as the source to detect Raman signals. As shown
in Figure 6(a), all samples showed anatase peaks mainly.
However, a shoulder peak at 480 cm−1 grew up with the
increasing carbon number. It was attributed to brookite,
regarded as a visible-light-responsive phase [36]. When the
laser power was enhanced to 10% of 100 mW, the brookite
peak disappeared (Figure 6(b)) due to its characteristics
of unstable phase. This phenomenon confirmed that the
unstable phase was brookite. Moreover, 10% of 100 mW
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Table 3: Deconvolution results of C 1s and O 1s spectra from XPS analysis.

Sample
Deconvolution of C 1s spectraa Deconvolution of O 1s spectrab

C–C ratio
(%)

C=O ratio
(%)

Ti–O ratio
(%)

O–H ratio
(%)

C=O ratio
(%)

UV100 22.6 1.4 47.2 10.7 1.0

2-C3 19.9 6.8 44.9 2.9 4.9

C3 22.8 8.5 42.5 2.7 4.7

2-C4 25.4 8.6 40.1 2.7 6.5

iC4 26.1 12.6 38.3 3.2 8.3

2-C6 18.8 12.6 39.3 3.7 9.6

C6 29.2 13.4 33.4 2.6 9.1

cC6 31.4 12.3 28.1 3.1 11.1
a
Peaks fitted at 284.5–284.7 eV and 287.2–287.6 eV for C–C and C=O bonding.

bPeaks fitted at 529.3–529.9 eV, 530.9–531.5 eV, and 531.9–532.8 eV for Ti–O, O–H, and Ti=O bonding, respectively.

power was employed to treat the same sample for several
times. The main crystal phase would transform from anatase
to rutile (Figure 6(c)) over repeated treatment because the
strong incident power might cause transformation to the
ultimately stable phase, that is, rutile. Basically, UV100 was
almost of anatase phase. After carbon impregnation, small
portion of brookite phase was observed on UV100 surface.
And visible light activities might be enhanced with the
brookite phase.

3.2.4. UV-Visible Absorption. The apparent colors are whit-
ish for UV100, pale-yellowish for 2-C3/UV100, C3/UV100
and 2-C4/UV100, yellowish for iC4/UV100 and 2-C6/
UV100, and brownish for C6/UV100 and cC6/UV100. The
colors shift from white to brown indicated the extent of
visible light absorption influenced by carbon modification,
depending on the carbon number of precursor molecule.
The UV-visible absorbance spectra for various TiO2 samples
can be seen in Figure 7(a). Obviously, UV100 displayed
strong absorbance in UV region, corresponding to a sharp
absorption edge near 380 nm. The band gap of UV100
was well known as 3.2 eV based on the pure anatase phase
structure. In the presence of carbon residue, the visible
absorbance increased with the increasing carbon number
of precursor molecule for carbon-modified TiO2. Despite
a little expense of UV absorbance, the modified samples
still provided sufficient UV activities in De-NOx reaction.
In addition, the optical absorption edges of carbon-modified
TiO2 showed obvious red shifts and long absorption tailing
over 700 nm in visible region, especially in samples of
C6/UV100 and cC6/UV100. This phenomenon implied
certain change in band gap structure occurred due to the
existence of carbon residue.

For semiconductor material, the direct band gap can be
derived by establishing Tauc Plot of transformed Kubelka-
Munk function versus the absorbed light energy [37]. As can
be seen in Figure 7(b), the so-called Tauc optical band gap
is obtained at the intercept between the extension line of
slop and the base line. For example, the band gap of UV100
is calculated as 3.26 eV from the Tauc Plot, corresponding
to the wavelength of 380 nm. The direct band gaps were

thus calculated and listed in Table 1 (Column 2). The band
gap reduced with increasing carbon number of precursor
molecule, which evidenced that the alcoholic modification
certainly made a red shift and thus the absorption of visible
light. The red shift essentially provided the activity of catalyst
under the visible light illumination.

For carbon-modified TiO2, there exist two types of
structure, that is, oxygen substitution to form Ti-C bonding
and carbon residue deposition in the form of carbonate
species (C=O). In former case, a subband gap may be
created to show both main peak and shoulder peak in
UV-Vis spectrum [27, 38]. In the latter case, the carbon
residues are usually deposited on the interfaces or surface of
TiO2, making a red shift in UV-VIS spectrum [39]. In this
study, obvious red shift was found for carbon-modified TiO2

samples. Therefore, the formation of carbonate species was
expected.

3.2.5. XPS Analysis

Analysis of Chemical Elements. XPS analysis revealed the
elemental surface composition of the samples, including Ti,
O, N, and C, as summarized in Table 2. According to the
synthesis procedure, element N was not detectable in the
carbon-modified TiO2 sample as expected, while trace N
was detected in UV100 catalyst probably introduced with
stray ions in the commercial manufacturing process. The
composition of elements Ti and O and its atomic ratio
of O/Ti are demonstrated in Table 2. The atomic ratios of
O/Ti were in range of 2.6–4.3, greater than theoretical value
of 2, probably due to the surface phydrophilicity. Carbon-
modified TiO2 showed lower O/Ti ratio than that of UV100
(3.8), indicating the decrease of hydrophilicity caused by
the existence of carbon residue. The carbon content showed
relatively high values in range of 24.0–43.7%. The carbon
might come from two sources: adventitious element carbon
from the impurity of equipment chamber [36], and carbon
residues from the impregnation of alcoholic precursor. The
carbon content detected in UV100 could be regarded as
the baseline amount of adventitious element carbon. The
content higher than that baseline could be determined as
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Figure 4: FE-SEM images (A) of UV100 (a), C3/UV100 (b), C6/UV100 (c), and cC6/UV100 (d) and TEM image of cC6/UV100 (B).
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Figure 5: XRD patterns of the photocatalysts.

the amount of carbon residues from impregnated alcoholic
precursor. Obviously, the higher the carbon number of
precursor molecule was, the larger amount of carbon residue
was obtained.

Analysis of Chemical States. Ti 2p, C 1s, and O 1s spectra
were conducted for analysis of chemical states. No differ-
ence was found in Ti 2p spectrum (not shown here) for
various samples, indicating no change of surface Ti bonding
occurred because of the impregnation of carbon precursor.
For C 1s spectrum (Figure 8(a)), two peaks at 284.5 eV
and 287-288 eV were observed for all the carbon-modified
samples, except for the original UV100 sample. The peak
at 284.5 eV denoted C–C bonding caused by adventitious
element carbon. The peak at 287-288 eV denoted C=O

bonding represented by carbonate species. All the carbon-
modified samples showed higher intensity of C=O peak than
that of UV100, indicating the effect of carbon residues. Also,
the intensity increased with increasing carbon number of
precursor molecule. For O 1s spectrum (Figure 8(b)), three
kinds of peaks, that is, Ti–O (529-530 eV), O–H (531 eV),
and C=O (532 eV), could be observed. Ti–O bonding is
the main peak of TiO2 and can be seen in all the samples.
O–H bonding might be introduced by the hydrophilicity
of water vapor to form the surface-bound hydroxyl group
[1]. The third one was C=O bonding which represented the
occurrence of carbonate species due to the carbon modifica-
tion. Therefore, the intensity of C=O bonding increased with
increasing carbon number of precursor molecule, which was
consistent with the results from C 1s spectrum.

To further investigate the contribution of individual
bonding, the ratio of two peaks in C 1s and three peaks in O
1s spectrum would be calculated separately. Deconvolution
method was thus conducted to calculate the ratio of each
bonding. Taking examples of UV100 and cC6/UV100, the
peaks of C=O and C–C bonding in C 1s spectrum could be
separated and the ratio could be calculated by the integration
area, as shown in Figure 9(a). The same procedure could be
conducted for O 1s spectrum (Figure 9(b)). Using deconvo-
lution method, the ratio of each bonding in all samples could
be calculated and listed in Table 3.

For C 1s analysis, adventitious element carbon (rep-
resented by C–C bonding) possessed the ratio of 18.8–
31.4% and no obvious trend among the samples was
observed due to the characteristics of adventive impurity
itself. In contrast, carbonate species (represented by C=O
bonding) showed obvious trend with the carbon number of
precursor molecule. In UV100 sample, only trace carbonate
species (1.4%) were observed. In carbon-modified samples,
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Figure 10: TGA (a) and DTG (b) curves for all samples obtained in flowing N2.

300 400 500 600

0

1

Wavelength (nm)

0.5

F
(R

)

cC6/SiO2

SiO2

cC6/SiO2 110◦C

200◦C

Figure 11: UV-visible absorption spectra for SiO2, cC6/
SiO2 110◦C, and cC6/SiO2 200◦C.

the amount of carbonate species clearly increased with
increasing carbon number of precursor molecule.

For O 1s analysis, Ti–O bonding possessed major portion
as expected in TiO2 matrix. The ratio of O–H bonding
showed great difference between UV100 and carbon-
modified TiO2 samples. High ratio of O–H bonding (10.7%)
exhibited high hydrophilicity of UV100. However, low ratio
of O–H bonding (2.6–3.7%) implied low hydrophilicity
of carbon-modified TiO2, as described in literature [40,
41]. Carbonate species (represented by C=O bonding)
showed obvious trend with the carbon number of precursor
molecule, consistent with the result from C 1s analysis.
In UV100 sample, only trace carbonate species (1.0%)
were observed. In carbon-modified samples, the amount of
carbonate species clearly increased with increasing carbon
number of precursor molecule. In summary, the trend of
carbonate species is in good correlation with the visible
light absorption and photoactivity of nitrogen oxides degra-
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Figure 12: PL spectra for UV100, C3/UV100, iC4/UV100, 2-
C6/UV100, C6/UV100, and cC6/UV100. Excitation light source: Xe
lamp with wavelength of 325 nm.

dation under visible light illumination. Therefore, it can
be concluded that the carbonate species may make major
contributions for visible-light-active photocatalysis.

3.2.6. Thermogravimetric Analysis (TGA). Figure 10(a)
shows TGA spectra of samples over the temperature range
of 200–800◦C under nitrogen atmosphere. All the samples
were preheated at 200◦C to remove the physical adsorbed
water [42, 43]. Figure 10(b) shows DTG spectra of samples,
resulted from first derivation of TGA curves, to indicate
the rate of weight loss. Three weight loss zones could be
categorized as follows: Zone I: 200–380◦C, weight loss
from chemical adsorbed water and some low-temperature
volatile carbon residues; Zone II: 380–600◦C, weight loss
from the high-temperature pyrolytic carbon species, that is,
carbonate species mainly; and Zone III: 600–800◦C, weight
loss probably accompanied with collapse of interagglomerate
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and escape of trace moiety during the phase transformation
from anatase to rutile [43–45]. The weight loss data was
summarized in Table 1 (Column 4–7). The total weight
loss of each sample was in range of 3.53–7.73%. The
distributions in Zone I and Zone III could be found in
each sample, ascribed to the common properties of all
the samples. However, the weight loss in Zone II showed
different trend and obviously increased with increasing
carbon number of precursor molecule. As a result, large
amount of carbon residues were existed on TiO2 sample
modified by precursor with large carbon number. And
carbonate species should be the main composition according
to the XPS analysis as discussed earlier.

3.3. Role of Carbonate Species in Mechanism of

Photocatalytic Reaction

3.3.1. Visible Light Absorption of Carbonate Species. In this
paper, we already proved that carbonate species could be
formed onto interfaces or surface of TiO2 by impregnat-
ing alcoholic precursor and calcining at 200◦C. The pre-
pared carbon-modified TiO2 illustrated obvious visible light
absorption. To verify the absorption property mainly orig-
inated from the carbonate species, we prepared the sample
with carbon residue on fumed silica by using cyclohexanol as
precursor. Two calcination temperatures (110◦C and 200◦C)
were employed. The sample calcined at 110◦C was denoted as
cC6/SiO2 110◦C and the other at 200◦C as cC6/SiO2 200◦C.
The UV-Vis spectra of carbon deposited SiO2 are shown
in Figure 11. SiO2 sample exhibited no absorbance of light.
The light absorbance of carbon deposited SiO2 increased
with rising calcination temperature, where absorbance was
higher at 200◦C than that at 110◦C. The enhancement of
absorbance may be attributed to the existence of conjugate
structure in the carbon species [30, 34, 46]. Long alkyl

chain or cyclic configuration of alcoholic precursor might
favor the formation of conjugate structure in carbonate
species. Therefore, the precursor with high carbon number
of molecule could make better visible light absorption and
then the photocatalytic activity.

3.3.2. Photoluminescence(PL) Emission Spectra. Photolumi-
nescence emission occurs when a short wavelength (e.g.,
32 nm) photoenergy is absorbed to excite an electron from
valence band and then a longer wavelength luminescence
is emitted via recombination of electron-hole pair. The
higher the intensity of luminescence is, the faster is the
recombination of electron and hole. Therefore, high intensity
of luminescence may imply low photocatalytic activity [47].
As shown in Figure 12, UV100 had the highest intensity
of luminescence which meant the lowest photocatalytic
activity as discussed in previous paragraph. The inten-
sity of modified sample decreased with increasing carbon
number of precursor molecule. The sample modified with
cyclohexanol, cC6/UV100, showed the much lower intensity
of luminescence and led to higher photocatalytic activity,
especially in visible region (Figure 3). This suppression of
luminescence might be due to the existence of carbonate
species, which acted as the sensitizing agent of TiO2 and
prohibitor of electron-hole recombination.

3.3.3. Photocatalytic Mechanism on Carbon-Modified TiO2.
In summary, a mechanism of photocatalytic degradation
of nitrogen oxides over carbon-modified TiO2 might be
proposed in Figure 13. According to the mechanism, the
carbonate species in carbon residue on TiO2 surface were
regarded as the sensitizer to absorb visible light and induce
the electron-hole pair of TiO2 so that hydroxyl radicals
(•OH) or superoxide ions (•O2

−), which may transform to
•O2H with H+ in humid environment, could be generated



12 International Journal of Photoenergy

as active species for oxidation reaction [29]. The existence of
carbonate species could also suppressed the recombination
rate of electron-hole pair to enhance the photocatalytic
activity. In addition, the carbonate species acted as promoter
for deep oxidation in the degradation of nitrogen oxides and
lower the selectivity of NO2. Therefore, highly active visible
light photocatalyst could be achieved by carbonmodified
TiO2.

4. Conclusions

An active visible light photocatalyst was prepared by impreg-
nation method using a range of alcohols, that is, from
propanol to cyclohexanol, as precursor to modify TiO2

powder. The prepared carbon-modified TiO2 showed better
photoactivity of nitrogen oxides degradation than that of
unmodified TiO2. The activity increased with increasing
carbon number of alcoholic precursor. The form of car-
bonate species on carbon-modified TiO2 was identified by
XPS and TGA analysis. A photocatalytic mechanism was
thus proposed for photodegradation of nitrogen oxides.
According to the mechanism, the carbonate species in
carbon residue onto TiO2 interfaces or surface acted as
sensitizer for visible light response, prohibitor for electron-
hole recombination, and promoter for oxidation of nitrogen
oxides. High carbon number of alcoholic precursor would
make high amount of carbonate species so that better
performance of photocatalysis could be achieved.
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Isaı́as Juárez-Ramı́rez,1 and Edgar Moctezuma2
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SLP, Mexico

Correspondence should be addressed to Leticia M. Torres-Martı́nez, lettorresg@yahoo.com

Received 15 July 2011; Revised 12 October 2011; Accepted 13 October 2011

Academic Editor: Jae Sung Lee

Copyright © 2012 Leticia M. Torres-Martı́nez 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.

This paper is focused to study Sm2FeTaO7 pyrochlore-type compound as solar photocatalyst for the degradation of indigo
carmine dye in aqueous solution. Sm2FeTaO7 was synthesized by using conventional solid state reaction and sol-gel method. X-ray
diffraction results indicated that Sm2FeTaO7 exhibit a monoclinic crystal structure. By scanning electron microscopy analysis, it
was observed that sol-gel material presents particle size of around 150 nm. The specific surface area and energy bandgap values
were 12 m2 g−1 and 2.0 eV, respectively. The photocatalytic results showed that indigo carmine molecule can be degraded under
solar light irradiation using the synthesized materials, sol-gel photocatalyst was 8 times more active than solid state. On the other
hand, when Sm2FeTaO7 was impregnated with CuO as cocatalyst the photocatalytic activity was increased because CuO acts as
electron trap decreasing electron-hole pair recombination rates.

1. Introduction

Nowadays, most of the investigations on photocatalysts are
conducted in order to modify the nanostructure to promote
their use under visible-light, especially when solar light is
used because sun light is an available free energy source [1–
5].

Actually, most of the common visible-light-sensitive
photocatalysts are binary compounds such as CdS, CdSe,
WO3, TiO2, ZnO, and Fe2O3 that are unstable or have
low activity during the photocatalytic process [6–9]. While
ternary oxides are a promising family of interesting com-
pounds that can offer the properties desired for an ideal
visible-light photocatalyst [10].

Photodegradation using mixed oxides such as A2BB’O7

pyrochlore-type compounds has attracted considerable
attention because those compounds could be acting as
photocatalyst under visible-light irradiation. The slight mod-
ification into their crystal structure will cause a variation in
their electronic properties provoking an enhancement in the

photocatalytic activity. Those compounds have the advan-
tage that A and B sites can be substituted by several metal
ions in order to develop visible responsive photocatalysts.

Previous works reported that pyrochlore containing
metal ions like Bi3+, Gd3+, Sm3+, In3+, Fe3+, Ta5+, and
Sb5+ improve the photocatalytic activity for dye degradation
in aqueous solution under visible-light irradiation. This is
because those metals favor the mobility of photoinduced
electrons and holes to reach easily the reactive sites on
catalyst surface [11–16]. However, to our knowledge, there
are no reported studies concerning the photocatalytic activity
of pyrochlore compounds under solar light.

Recently in our group, a novel pyrochlore-type com-
pound Sm2FeTaO7 has been synthesized with attractive
characteristics to be evaluated as potential photocatalyst [17].
For that reason in this paper, the attention is focused to study
Sm2FeTaO7 as photocatalyst for the degradation of indigo
carmine dye in aqueous solution under real and varying
solar light illumination. Samples were taken at different
times to monitor the progress of the reaction by UV-vis
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Figure 1: X-ray diffraction patterns of Sm2FeTaO7 synthesized by
solid state reaction at 1400◦C during 36 hours and by sol gel at
800◦C during 6 hours [17].

spectroscopy and total organic carbon analysis. Additionally
it is proposed the relation between preparative methods and
the reaction mechanism of the photocatalytic degradation of
indigo carmine dye.

2. Experimental

2.1. Synthesis by Solid State Reaction. Sm2FeTaO7 was
obtained by solid state reaction using Sm2O3, Fe2O3 and
Ta2O5 (Aldrich purity >99.9%) as starting materials. The
powders were dried at 200◦C for 4 hours before the synthesis.
Then, stoichiometric amounts of each reactant were perfectly
mixed with acetone in an agate mortar. The mixture was
ground until complete evaporation of the acetone. This
solid was placed into a platinum crucible and calcined at
1400◦C for 36 hours under air atmosphere with intermediate
regrinding to complete the reaction. The furnace was pro-
grammed to reach the calcination temperature at a heating
rate of 1◦C/min. This sample was labeled as SS.

2.2. Synthesis by Sol-Gel Method. Sm2FeTaO7 was also syn-
thesized by the sol-gel method. In this purpose, a stoichio-
metric amount of iron (III) acetylacetonate was dissolved in
acetylacetone. The reaction mixture was kept under magnetic
stirring for 1 hour and refluxed at 70◦C. Then, samarium
(III) acetate was dissolved in ethylene glycol and water and
refluxed for 1 hour at 70◦C. Glacial acetic acid was then
added to obtain a colorless samarium solution. At the same
time, tantalum ethoxide was mixed with ethanol. Both the
samarium and tantalum solutions were slowly added to the
iron (III) acetylacetonate solution, and the resulting solution
was refluxed at 70◦C for 48 hours. After this time, pH was
adjusted to 10 using a solution of ammonium hydroxide.
Afterwards, the mixture was kept under the same conditions
for 48 hours. The final product was dried for 24 hours at
100◦C to obtain the fresh sample. The material was heated
up to 800◦C at a heating rate of 1◦C/min and calcined for six
hours under air atmosphere. This sample was labeled as SG.

2.3. Wet Impregnation Method. Sm2FeTaO7 synthesized by
both, solid state and sol-gel, was impregnated with 1% CuO

using the stoichiometric amount of an aqueous solution
of cupric nitrate hydrate. Sm2FeTaO7 powders and copper
solution were mixed and then stirred at 80◦C until complete
evaporation of the solvent. Then, the materials were ther-
mally treated at 400◦C by 1 hour under an air atmosphere
using a heating rate of 10◦C/min. These samples were labeled
as CuO/SS and CuO/SG.

2.4. Characterization. Sm2FeTaO7 materials were character-
ized by X-ray powder diffraction (XRD) using a Bruker D8
Advance diffractometer and CuKα radiation (λ = 1.5406 Å)
as the incident X-ray source. XRD data were collected at
room temperature from 10 to 100◦ with a step interval of
0.01◦ and a counting time of 1s/step.

Morphology of the samples was observed using a JEOL
6490 LV Scanning Electron Microscope (SEM). All samples
were stuck to graphite tape and then placed on an aluminum
sample holder and located in the SEM chamber. The content
of CuO of the impregnated catalysts was determined by
energy dispersive X-ray spectroscopy (EDS) analyzing five
random zones.

The optical absorption properties of the samples were
analyzed in the range of 200–900 nm at room temperature
with a UV-vis spectrophotometer (Lambda 35 Perkin Elmer
Corporation) equipped with an integrating sphere attach-
ment. The energy bandgap of Sm2FeTaO7 was determined
by reflection spectra following the equation [13, 18] αhv =
A(hv − Eg)n. Here, α, v, A, and Eg are absorption coefficient,
light frequency, proportional constant, and bandgap, respec-
tively.

The specific surface area (SBET) was determined by
nitrogen adsorption isotherms from the BET method using
the Quantachrome NOVA 2000e equipment. The samples
were degassed for 3 hours at 300◦C prior to the analysis.

2.5. Photocatalytic Activity. The degradation of indigo
carmine dye (Indigo-5,5

′
-disulfonic acid disodium salt) was

carried out using a glass container as reactor under solar
light irradiation. Four photodegradation experiments were
carried out with an indigo carmine solution (10 mg/L). In
each of the experiments, 400 mL of the solution were mixed
with 400 mg of catalyst (SS, SG, CuO/SS, and CuO/SG) in
the glass reactor. The system was allowed to reach adsorption
equilibrium under dark conditions. Then, the reactors were
placed under solar illumination. In addition, a similar
experiment without using any catalyst was also carried out
to monitor pure photochemical degradation reactions.

During the experiment, the reaction mixture was kept
under stirring. The temperature was controlled at 30◦C
running cold water on the external surface of the glass
reactor. Samples for analysis were taken at different times to
monitor the reaction. Each sample was analyzed by UV-vis
spectrophotometer (Lambda 35 Perkin Elmer Corporation)
and TOC apparatus (TOC-VCSH, Shimadzu Corporation).
All tests were carried out simultaneously to ensure iden-
tical experimental conditions. Solar irradiation data were
obtained from the Environmental Integrated Monitoring
System (SIMA) at Monterrey, Nuevo León, México.
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Figure 2: SEM images for Sm2FeTaO7 synthesized by solid state and sol gel.

3. Results and Discussion

3.1. Characterization of Pyrochlore-Type

Compound Sm2FeTaO7

3.1.1. X-Ray Diffraction Analysis. Sm2FeTaO7 was obtained
as a single phase at 1400◦C by solid state reaction and
at 800◦C by sol-gel method; see Figure 1. This compound
crystallized in a monoclinic system with the space group
C2/c [17]. According to XRD patterns both materials showed
the same crystal structure but with different crystallinity
degree. This result is related to the differences in the
synthesis conditions, 1400◦C/36 h and 800◦C/6 h for solid
state reaction and sol-gel method, respectively.

Crystal size calculation from the broadening of the main
peak (2θ = 29.1◦) using the Scherrer formula revealed values
of 77 nm for solid state and 43 nm for sol-gel samples. This
situation is in agreement with the fact that, by solid state
method, material is suffering sintering due to higher thermal
treatment than sol-gel, reaching a high crystallization degree.

When CuO/SS and CuO/SG samples were analyzed any
XRD peaks attributed to CuO phase were detected since
the CuO content in the impregnated catalysts is very low
(1 wt.%).

The cell parameters of synthesized compounds are
showed in Table 1.

3.1.2. Morphology and Specific Surface Area. Figure 2 shows
the morphology of Sm2FeTaO7 synthesized by solid state
and sol-gel. It can be seen that morphology and dimensions
of particles were strongly dependent on the synthesis route.
The particles prepared by solid state reaction have a smooth
surface and size of 1 to 4 μm due to the high temperature

Table 1: Cell parameters for Sm2FeTaO7[17].

Sm2FeTaO7

Solid state 1400◦C
Sm2FeTaO7

Sol-gel 800◦C
a (Å) 13.1307 (5) 13.0913 (2)
b (Å) 7.5854 (3) 7.5622 (6)
c (Å) 11.6425 (4) 11.7358 (6)
β (◦) 100.971 (2) 100.933 (4)
Z 8 8

Table 2: Physicochemical properties of Sm2FeTaO7 materials.

Sample CuO (wt. %) Surface area (m2 g−1)
SS — 1
SG — 12
CuO/SS 1.2 1
CuO/SG 1.1 11

of synthesis. While the particles prepared by sol gel have
spherical shape and size of around 100 to 150 nm, the
micrographs also show these particles are forming aggregates
of large size.

Also in Figure 2 are showed the EDS analysis of a specific
zone and its respective spectra corresponding to CuO/SG
material. The results of this analysis are reported in Table 2.

The results of the BET analysis are also reported in
Table 2. Sm2FeTaO7 catalysts prepared by sol-gel had a
specific surface area of one order of magnitude higher than
the corresponding area of materials prepared by solid state
reaction. This result corroborates XRD and SEM analysis,
and it was observed that sol-gel material has small particle
size. Therefore the highest specific surface area of sol-gel
material is due to the soft chemical route used.
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Figure 6: UV-vis absorption spectra during photodegradation of
indigo carmine under solar light irradiation using CuO/SG.
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Figure 7: Photodegradation of indigo carmine under solar light
irradiation using Sm2FeTaO7 and CuO/Sm2FeTaO7 materials.

In the case of CuO/SS and CuO/SG surface analysis, it is
observed that surface area variation after wet impregnation
is not significant. Although it is well known that the oxide
support nature and metal oxide cocatalyst play an important
role in surface area modification [19, 20], it seems that our
results are depending on the amount of cocatalyst used.

3.1.3. UV-Vis Analysis. Figure 3 shows the UV-vis spectra for
all synthesized samples. It is observed a strong absorption
in the visible light region from 400 nm to 900 nm. CuO/SS
and CuO/SG showed an additional absorption band at 600–
800 nm, which is indicative of the presence of CuO dispersed
at the surface [21]. It could be noted that absorption of this
band is more evident in CuO/SS sample due to its low surface
area, that is, CuO particles are covering much of the available
support surface in comparison with CuO/SG.

The bandgap (Eg) of Sm2FeTaO7 synthesized by solid
state and sol-gel was determined by the Tauc plot [18] of
(αhv)1/n versus hv showed in Figure 4. The Eg value obtained
was 1.99 eV and 2.01 eV for material synthesized by solid
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state and sol-gel, respectively. According to Eg results, we
assumed that the ability of Sm2FeTaO7 to absorb in the
visible light region is directly associated to the presence of Fe.
Iron generally acts as electron donor and its 3d electrons are
easily excited by the visible light allowing the shift of bandgap
to the visible region [10, 16, 22].

3.2. Photocatalytic Evaluation. The photodegradation tests
were realized under the solar light irradiation conditions pre-
sented in Figure 5(a). Samples were exposed to irradiation
from 9 : 00 AM to 7 : 00 PM, where the maximum energy was
received. Figure 5(b) shows transmittance spectra of glass
container used as photocatalytic reactor. It can be noted that
the glass container allows the incidence of radiation with
wavelength larger 300 nm.

During the photocatalytic experiment, the intensity of
the blue color of indigo carmine solution decreased with
time. The analysis of the reaction samples by UV-vis
spectroscopy shows a slight decrement of all absorption
bands (610, 286, 252, and 206 nm). Figure 6 shows the
absorption spectra for indigo carmine photodegradation
using CuO/SG. It is clear that indigo carmine molecule is
suffering degradation under solar light irradiation.

Degradation of indigo carmine solution as a function of
irradiation time using the synthesized materials is showed in
Figure 7. It can be seen that photolysis reached around 20%
due to the small portion of UV light of the solar spectrum,
which participate directly in the photochemical reaction,
whereas in the presence of the materials synthesized by solid
state reaction only 5–10% of degradation is achieved. We
can assume that a part of photons are absorbed by materials
for the subsequent formation of the electron (e−) and hole
(h+) pairs limiting the photolysis effect. Besides the pho-
togenerated charges are not participating efficiently for the
indigo carmine degradation according to the low activity
observed. This fact could be due to several factors such as low
interaction between material and dye solution, the low sur-
face area as well as the high rate of the recombination process.

On the other hand, materials synthesized by sol-gel route
showed the higher activity for degradation of the aqueous

solution of indigo carmine. In concordance with our results,
sol-gel material exhibited an activity 8 times higher than
solid state catalyst. It is known that photoactivity is strongly
influenced by the nature of material. In our case, sol-gel
materials present high surface area and small particle size
allowing a better interaction between solution and catalyst
material. The presence of small particles provides more active
sites and decreases the migration distance of photogenerated
electrons and holes promoting the reaction on the catalyst
surface [23].

With respect to the use of CuO as cocatalyst promoter,
it increases the photocatalytic activity of Sm2FeTaO7. In par-
ticular CuO/SG material reached 38% of photodegradation;
see Figure 7. In this case CuO acts as an electron trap [24]
decreasing the rate of recombination of the photogenerated
electron-hole pairs and more holes will be available to oxidize
the organic molecules [25]. Additionally, it is known that
the recombination competes strongly with the photocatalytic
process being it the major limitation in photocatalysis as it
reduces the overall quantum efficiency [26].

Additionally, photocatalytic tests were followed by TOC
analysis. Results of all samples showed that mineralization
is occurring during the reaction. Materials SG and CuO/SG
showed 7% and 11% of TOC reduction, respectively, while
mineralization for solid state materials is less than 5%.

On basis of the above results, the relation between
preparative methods and the reaction mechanism of the
photocatalytic degradation of indigo carmine dye is schemat-
ically illustrated in Figure 8. It is an attempt to explain why
sol gel samples presented higher activity than solid state
samples during the photocatalytic process.

In the first step, both CuO/SS and CuO/SG absorb
photons with energy greater than their bandgap to form
electron-hole pairs. Then, the charge carriers migrate to
the surface where redox reactions will occur; simultaneously
recombination process is occurring and competes with
the photocatalytic process. In our case, both processes are
affected by the preparation method. When samples were
prepared by sol gel, particle size is smaller than solid state
samples; consequently the distance that electrons and holes
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have to migrate to the surface becomes short decreasing the
recombination rate and providing more active sites for the
surface redox reactions. Finally, CuO is acting as electron
trap reducing the electron-hole recombination rate, whereas
holes are forming oxidative species like hydroxyl radicals that
react with indigo carmine dye molecule until forming CO2

and H2O [23–25].
According to our results Sm2FeTaO7 can be considered

as photocatalyst for organic compounds degradation under
real and varying solar light illumination as an alternative
material for the treatment of wastewater from textile and
dying industries.

4. Conclusions

The photophysical characteristics of Sm2FeTaO7 allowed its
use as a visible-light photocatalyst for degradation of indigo
carmine dye under solar light irradiation. Its activity was
enhanced 8 times when this material was synthesized by sol-
gel route due to the high surface area and small particle size
compared with solid state material. In addition, the presence
of CuO as cocatalyst increases the photocatalytic activity
because CuO acts as electron trap avoiding electron-hole pair
recombination rates, which favors the oxidation of the indigo
carmine molecule.
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An environmentally friendly visible-light-driven photocatalyst, silver vanadates/SBA-15, was prepared through an incipient wet-
ness impregnation procedure with silver vanadates (SVO) synthesized under a hydrothermal condition without a high-temperature
calcination. The addition of mesoporous SBA-15 improves the formation of nanocrystalline silver vanadates. In situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) confirms the presence of Brønsted and Lewis acids on the SVO/SBA-
15 composites. The results of photoluminescence spectra indicated that the electron-hole recombination rate have been effectively
inhibited when SVO was loaded with mesoporous SBA-15. All the composites loaded with various amount of SVO inherit the
higher adsorption capacity and larger mineralization yield than those of P-25 (commercial TiO2) and pure SVO. The sample
loaded with 51% of SVO (51SVO/SBA-15) with mixed phases of Ag4V2O7 and α-Ag3VO4 exhibits the best photocatalytic activity.
A favorable crystalline phase combined with high intensities of Brønsted and Lewis acids is considered the main cause of the
enhanced adsorption capacity and outstanding photoactivity of the SVO/SBA-15 composites.

1. Introduction

Semiconductor photocatalysts have been studied extensively
for degradation of organic compounds or water splitting [1–
3]. Among semiconductor photocatalysts, titanium dioxide
(TiO2) is the most widely employed. Due to the band gap,
around 3.0 eV for rutile and 3.2 eV for anatase, TiO2 exhibits
strong oxidation activity under ultraviolet (UV) light with
a wavelength of 390 nm or less. Since UV light is only 3–5%
part of the solar spectrum, the photocatalytic activity of TiO2

is not enough under the visible and/or solar light irradiation.
Therefore, numerous attempts have been made to improve
TiO2 as a visible-light-active photocatalyst, including anion
doping, cation doping, coupling of other semiconductor, and
oxygen deficiency generation [4–6]. In addition, the degrada-
tion rate of TiO2 largely depends on the adsorption capacity
which is associated with the specific surface area; therefore, a
lot of research effort has been devoted to loading TiO2 spe-
cies onto or incorporating them into the mesoporous silica

SBA-15 to be a high-surface-area composite. SBA-15 material
has extremely high surface area, large pore volume, and tun-
able pore size [7]. The motivation of TiO2/SBA-15 composite
is that the dispersion and stabilization of the TiO2 species on
a high surface area support leads to the synergistic effect with
adsorptive and photocatalytic ability [8–10]. However, there
are some basic restrictions using titania-SBA-15 composites
as the visible-light-driven photocatalysts. First, TiO2 has low
photo efficiency under visible-light illumination due to its
wide band gap. Second, the most general method for syn-
thesizing TiO2 is the sol-gel method, which requires high-
temperature calcination (673 K or higher) to obtain good
crystallinity. In recent years, Ag2ZnGeO4 [11], Ag3VO4 [12],
and BiVO4 [13] were found to be effective as the visible-light
active photocatalysts for water splitting and pollutant de-
composing under visible-light illumination. These photocat-
alysts were prepared by hydrothermal synthesis method since
this method offers many advantages, such as controllable
particle size, high degree of crystallinity, and high purity
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while using milder synthesis temperatures and simpler proc-
ess configurations.

The present work demonstrates the preparation of silver
vanadate/SBA-15 composites (SVO/SBA-15) via hydrother-
mal synthesis using a postsynthesis step without high-tem-
perature calcination. Photodecomposition of isopropanol
(IPA) was selected as a model reaction to evaluate the photo-
catalytic performance of silver vanadate/SBA-15 composites
since IPA is frequently detected in indoor and industrial air
analyses. In situ diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS), a very powerful technique to
provide a high sensitivity and to allow the tracking of vari-
ations in the composition occurring in seconds, was used to
identify reaction intermediates and to monitor the progress
of the photocatalytic processes on the composite surface.

2. Experimental Procedure

2.1. Preparation of Photocatalyst. SBA-15 was synthesized
with Pluronic P123 (EO20PO70EO20, Mav = 5800; Aldrich)
and tetraethylorthosilicate (TEOS) according to a previous
report [14]. Briefly, 4.0 g of P123 was dissolved in 30 g of
deionized water and 120.0 g of HCl solution (2 M) with
stirring at 313 K for 2 h. Then, 8.5 g of TEOS was added
into the P123 solution, which was stirred for another 22 h
until a white gel precipitated. The gel was transferred to a
Teflon bottle and heated at 373 K for 24 h. The precipitate
was filtered, washed several times with deionized water, dried
overnight at 373 K, and then calcined at 773 K (heating rate
of 1 K/min) for 4 h in air.

The silver-vanadate-loaded SBA-15 (SVO/SBA-15) was
prepared via the incipient wetness impregnation procedure.
In the preparation process, 0.204 g AgNO3 was dissolved in
urea aqueous solution (120 g H2O, 0.577 g urea) with stirring
at room temperature for 0.5 h to obtain solution A. Solution
B was prepared by mixing 0.047 g NH4VO3 with 0.3 g SBA-15
in deionized water at 343 K for 1 h under an ultrasonic bath.
A suspension formed when solution A was added dropwise
to solution B under vigorous stirring for 1 h. The molar
composition of the suspension AgNO3/NH4VO3/CO(NH2)2

was 3.0/1.0/12.0. The suspension was titrated to pH 7 using
ammonia solution, followed by additional stirring at room
temperature for 24 h. Finally, the as-obtained suspension was
transferred into a Teflonlined autoclave with hydrothermal
treatment (temperature: 413 K, time: 4 h). After the hydro-
thermal procedure, the resulting precipitates were collected
and washed with deionized water three times and then dried
at 353 K for 12 h. The samples were named as xSVO/SBA-
15, where x was the amount of SVO loading by weight.
The sample synthesized under identical conditions without
the addition of SBA-15 was denoted SVO. The experimental
procedure for preparing SVO/SBA-15 composites using
incipient wetness impregnation is schematically shown in
Scheme 1.

2.2. Sample Characterization. The X-ray diffraction (XRD)
patterns of the powders were measured using an X-ray
diffractometer (PANalytical X’Pert PRO) with Cu radiation

(λ = 0.15418 nm) in the 2θ range of 20 to 60◦. High-resolu-
tion transmission electron microscopy (HRTEM) images
of the samples were observed on a Philips Tecnai G2 F20
microscope equipped with energy-dispersive X-ray spectro-
scopy (EDX) operated at an accelerating voltage of 200 kV.
Photoluminescence (PL) spectra were recorded by a fluores-
cence spectrophotometer (Dongwoo Optron) at 1 atm and
25◦C. In situ DRIFTS measurements were performed using a
PerkinElmer FTIR spectrometer (Spectrum GX) and a dif-
fuse reflectance accessory (Harrick Scientific, DRP-PE9)
with a temperature- and atmosphere-controlled high-tem-
perature low-pressure reaction cell (Harrick Scientific, HVC-
DRP-3). To determine the types of acid site present on the
samples, temperature-programmed desorption of ammonia
(NH3) was carried out using DRIFT. Ammonia usually pro-
vides the probe molecules in spectroscopic experiments to
determine the type of acid site in heterogeneous catalysis:
Brønsted sites or Lewis sites. Prior to the experiments, the
samples were heated in situ from room temperature to 523 K
at 10 K/min in N2 flow (30 mL/min), held at 523 K for
30 min, and then cooled down to 303 K. The samples were
saturated at 303 K with a gas mixture of 5% NH3 in N2

(30 mL/min) for 30 min. At the end of the saturation process,
the samples were flushed with N2 flow (30 mL/min). Then,
the samples were heated again at a heating rate of 10 K/min
from 30 K to 523 K and held at 523 K for 60 min. The DRIFT
spectra with a resolution of 4 cm−1 were collected in the in-
terval of 1200–1700 cm−1 for determining surface acidity
[12]. The surface area and pore volume of the as-prepared
samples were determined using a volumetric sorption ana-
lyzer (Micromeritics ASAP 2020). The samples were degassed
at 473 K under vacuum conditions for a period of at least 4 h
prior to measurements. The nitrogen adsorption/desorption
isotherms were measured over a relative pressure (P/P0)
range of approximately 10−3 to 0.995. The surface areas were
calculated using the Brunauer-Emmett-Teller (BET) method
in the relative pressure range of 0.06–0.2. The pore size dis-
tributions were determined from the analysis of the adsorp-
tion isotherm using the Barret-Joyner-Halenda (BJH) algo-
rithm. The total pore volumes were estimated from the ad-
sorbed N2 amount at P/P0 = 0.973.

2.3. Photocatalytic Activity Evaluation with MS and DRIFTS.
The photocatalytic oxidation of IPA was performed in situ
in an IR cell with ZnSe windows. An LED lamp, with a wave-
length ranging from 430 to 620 nm with a photon intensity of
4 mW/cm2, was used as the visible-light source [13]. A gase-
ous IPA/O2 mixture was generated, corresponding to the tar-
get IPA concentration of 610 ppmv. Prior to the experiments,
the samples were pretreated by heating and flushing with N2

flow (20 mL/min) from room temperature to 523 K, held at
523 K for 30 min, and then cooled to 303 K. The procedure
for all PCO experiments was as follows: (1) IPA/O2 flow was
introduced into the photoreactor at a constant flow rate of
10 mL/min; (2) when the photoreactor inlet and outlet IPA
concentrations were approximately equal, the LED lamp was
turned on, and the IPA/O2 flow was stopped; (3) the pho-
toreactor was flushed with the O2 flow at 10 mL/min during
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xSVO/SBA-15

Solution A Solution B

AgNO3 + CO (NH2)2

+ H2O + H2O

pH = 7

stirring 24 h (R.T.)

Autoclave

Filtered, washed, dried

(413 K 4 h)

(353 K 12 h)

NH4VO3 + SBA-15

Scheme 1: Schematic diagram for the preparation of SVO/SBA-15 composite photocatalysts through the incipient wetness impregnation.

PCO experiment. To verify the gaseous composition (inter-
mediate), the samples were monitored online with a quad-
rupole mass spectrometer (MS, SRS QMS300) at regular
intervals. The spectra of the adsorbed species on the catalyst
surface were recorded under both darkness and illumination.
The spectra of the catalyst and the reaction intermediates
during the reaction were expressed in units of Kubelka-Munk
(K-M).

3. Results and Discussion

3.1. Characterization of Samples. The X-ray powder diffrac-
tion patterns of the SVO and three SVO/SBA-15 samples are
shown in Figure 1. The SVO/SBA-15 composites have two
kinds of XRD patterns, assigned to the pure α-Ag3VO4

(JCPDS 43-0542) for 17SVO/SBA-15 and 34SVO/SBA-15
samples and to the mixed phases of Ag4V2O7 (JCPDS 77-
0097) and α-Ag3VO4 for 51SVO/SBA-15, respectively. The
bulk SVO had the same crystalline structure with 51SVO/
SBA-15. Figure 2 shows the adsorption-desorption isotherms
of SBA-15 and SVO/SBA-15 samples. According to the
IUPAC classification of adsorption isotherms, the isotherms
of SBA-15 and SVO/SBA-15 can be classified as type IV which
is a typical indication of mesoporous materials. With increas-
ing the SVO loading, the SVO/SBA-15 sample gives isotherm
with similar inflection but with reduced sharpness and a shift
to higher relative pressure P/P0. It is well studied that the
location of inflection point is related to pore diameter in the
mesopore range and the sharpness of these slopes displays
the uniformity of the mesopore size distribution. Compared
to SBA-15, the capillary condensation of SVO/SBA-15 shifted

to higher relative pressure, indicating an increase of the pore
diameter when SVO was loaded into/onto SBA-15. The
sharpness of the steeps is decreased as the amount of SVO
increases, indicating that the pore size distribution becomes
broad with an increase of SVO amount in the SBA-15 frame-
work. The textural properties of SBA-15 support and SVO/
SBA-15 samples are listed in Table 1. It can be seen that the
specific surface area and pore volumes of SVO/SBA-15 sam-
ples significantly decrease with increasing silver vanadate
loading, whereas the pore diameter increases. When the
SVO/SBA-15 samples were synthesized using a postsynthesis
method, the silver and vanadate species reacted on the sur-
face of SBA-15; thus, the BET surface and pore volumes of
SVO/SBA-15 composites decreased with increasing amount
of SVO. The average pore diameter increased for SVO/SBA-
15, which might be due to the small pores of SBA-15 being
obstructed by silver vanadate nanoparticles. Direct evidences
from TEM images can be used to confirm the formation of
SVO nanocrystals on the SBA-15. Figure 3 shows the TEM
images of SBA-15 and 51SVO/SBA-15, which are viewed
along the <110> orientations. The TEM image of SBA-15
(Figure 3(a)) clearly shows well ordered cylindrical channels,
indicative of 2D hexagonal p6mm mesostructure. Neverthe-
less, the surfaces of 51SVO/SBA-15 (Figure 3(b)) seemed like
to be covered by clouds which were caused by aggregation of
the SVO particles on the surface of SBA-15. The micrograph
result indicates that high loading of nanocrystalline SVO can
be well dispersed inside the mesoporous channels of the SBA-
15 using urea as the chelating agent, which exhibits a strong
interaction between urea and metal ions and prevents the
precipitation of sliver and vanadium ions before the forma-
tion of silver vanadates-silica composites.
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Figure 1: XRD patterns of SVO and SVO/SBA15 composites.

Table 1: Specific surface area and pore properties of SBA-15, SVO/
SBA-15, SVO, and P25 materials.

Sample SBET (m2g−1)
Pore volume

(cm3g−1)
Pore size (nm)

SBA-15 942 1.04 6.3

17SVO/SBA-15 217 0.66 11.9

34SVO/SBA-15 149 0.46 12.3

51SVO/SBA-15 125 0.41 13.3

SVO 2 0.002 7.3

P25 56 0.25 17.5

3.2. DRIFTS and MS Studies of Adsorbed and Photocatalytic
Oxidation of IPA. The DRIFTS was employed to simultane-
ously analyze the products of the reaction as well as the
catalytic surface to get a better understanding of the correla-
tion between structure and activity of the catalysts. The
spectra of the samples before adsorption have been sub-
tracted in order to highlight the features of adsorbed IPA. For
IPA adsorption, three peaks in the range of 1500–1200 cm−1

assigned to the δ(CH) mode of IPA; in the high wavenumber
region, a very intense band at 2978 and a weak band at
2888 cm−1 were observed, corresponding to the stretching
ν(CH) mode of methyl groups of IPA [15]. Figure 4 shows
the DRIFTS of IPA adsorbed on the surface of sample in dark
and after illumination. It was observed that the intensity of
adsorbed IPA bands increased with increasing flushing time,
and IPA bands reached stable equilibrium after 30 min (fig-
ure not shown here). Figure 4(a) shows the spectrum of ad-
sorbed IPA on fresh SVO/SBA-15, SVO, and P25 samples in
the dark for 30 min at 300 K. Since the same amount of each
sample was used for the DRIFTS experiments, SVO/SBA-15
sample adsorbed a much higher amount of IPA than did SVO
and P25. The photocatalytic oxidation of IPA started after
attaining adsorption equilibrium, and the IR spectra of sam-
ples equilibrated with IPA were taken as the initial state un-
der illumination. Figure 4(b) shows the IR spectra of the
sample surfaces after 1 h of photocatalytic oxidation of IPA.
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Figure 2: N2 adsorption-desorption isotherms of SBA-15 and SVO/
SBA-15 samples.

The IPA bands decreased progressively for all SVO/SBA-15
composites; however, a slight reduction of IPA was observed
for P25. Moreover, new features at about 1703, 1571, 1425,
1371, and 1241 cm−1 were developed for all samples. The
peak at 1571 cm−1 is clearly visible, which is associated with
the νas (COO) mode of formate, while new bands at 1703,
1425, 1371, and 1241 cm−1 are attributed to acetone. From
the spectra distribution, FTIR results have indicated that IPA
adsorbed under illumination can be degraded to acetone and
to formate, the intermediate species adsorbed on the surface
of the photocatalysts. The adsorption and photodegradation
curves of gaseous IPA during visible-light irradiation were
shown in Figure 5. The concentration of gaseous IPA, deter-
mined using a quadrupole MS, rapidly decreased during the
initial 10 min, which was due to the adsorption of IPA on
catalyst surface. After 30 min, the concentration of gaseous
IPA returned to the initial state, indicating that the adsorp-
tion of IPA reached equilibrium. In the absence of irradiation
the as-prepared SVO/SBA-15 composites exhibited much
higher adsorption capabilities of IPA than those of SVO and
P-25. The adsorption capability of the samples decreased as
the following order: 51SVO/SBA-15 > 34SVO/SBA-15 >
17SVO/SBA-15 > SVO > P25. It is well known that photo-
catalytic oxidation of organic pollutants follows Langmuir-
Hinshelwood kinetics [16]; the L-H model can be simplified
to a pseudo-first-order expression: ln(Ce/C) = kt (where Ce

and C are the equilibrium concentration of adsorption and
the concentration of VOC at the exposure time, t, resp., and
k is the apparent rate constant). The calculated kapp of IPA
decreased in the order: 17SVO/SBA-15 (0.048 min−1) >
34SVO/SBA-15 (0.045 min−1) > 51SVO/SBA-15
(0.042 min−1) > SVO (0.035 min−1) > P25 (0.029 min−1).
For the initial stage of photocatalytic reaction, the composite
materials (17SVO/SBA-15 and 34SVO/SBA-15) with α-
Ag3VO4 crystalline had stronger initial photoactivity than
that of mixed structures of α-Ag3VO4 and Ag4V2O7 (51SVO/
SBA-15). Only the decrease of the IPA concentration in the
early stage is not sufficient for the comparison of photo-
catalytic activity; therefore, the amount of CO2, a final
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Figure 3: HRTEM images of (a) SBA-15 and (b) 51SVO/SBA-15.

decomposition product of gaseous IPA, was measured to
evaluate the long-term photoactivity of all samples. The
mineralization yield of gaseous IPA is defined as [4]

Mineralization (%) = 1/3[CO2]production

[CH3CHOHCH3]original
× 100%.

(1)

For a 100% mineralization yield, three moles of carbon diox-
ide are formed from each mole of IPA. Figure 6 represents
the CO2 concentrations of various samples; after visible-light
irradiation for 270 min, the CO2 concentrations of SVO/
SBA-15 composites are much higher than those of SVO and
P25. The mineralization yields of IPA were 60%, 55%,

50%, 46%, and 44% for 51SVO/SBA-15, 34 SVO/SBA-15,
17 SVO/SBA-15, SVO, and P25, respectively. When the mass
ratio of silver vanadates to SBA-15 is small (17SVO/SBA-15),
each nano silver vanadates particle is surrounded by a larger
amount of mesoporous silica, which leads to the increase of
the average distance from the adsorption sites to the photo-
active sites, bringing about a decrease of the mineraliza-
tion yield. Generally speaking, the photocatalytic activity is
strongly related to the crystalline phase. Konta et al. [17]
reported that α-Ag3VO4 has stronger photocatalytic activity
than those of β-AgVO3 and Ag4V2O7 for oxygen production
from water splitting under visible-light irradiation. In this
study, it was observed that the 51SVO/SBA-15 sample, with
mixed phases of Ag4V2O7 and α-Ag3VO4, exhibits the highest
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Figure 4: DRIFTS spectra of samples (a) after adsorption of IPA for 30 min and (b) after visible-light illumination for 60 min.
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mineralization yield, whereas 34SVO/SBA-15 has low miner-
alization yield even though it has a high crystallinity of α-
Ag3VO4.

3.3. Correlation between Photocatalytic Activity and SBA-15
Support. From Figures 4 and 5, the adsorption of gaseous
IPA on sample surface is highly relevant to the contents of
silver vanadate in SVO/SBA-15 composites. In the absence of
irradiation, the composite samples exhibit a much higher
adsorption capability of gaseous IPA than those of P25 and
bulk SVO, which is attributed to their much higher specific
surface area and pore volumes than P25 and bulk SVO.
However, the adsorption of gaseous IPA showed different
trends relative to the specific surface area of composite.
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Figure 6: Time-dependent concentrations of CO2 as final product
under visible-light irradiation.

17SVO/SBA-15 has the highest specific surface area of
217 m2g−1 but its adsorption capability for gaseous IPA was
lower than those of 34SVO/SBA-15 and 51SVO/SBA-15 sam-
ples. This phenomena is quite different with other studies,
which have shown that the much higher specific surface area
and pore volume of TiO2-containg mesoporous silica com-
posites compared to those of pure titania are beneficial for
the adsorption of organic pollutants [18–20]. Therefore, pa-
rameters other than surface area need to be investigated. It
is well known that the adsorption capacity is mainly deter-
mined by the specific surface area and nature of the surface
of the photocatalyst. As shown in Figure 5, 51SVO/SBA-15
exhibited the highest adsorption capacity of IPA instead of
17SVO/SBA-15. However, 17SVO/SBA-15 had much higher
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specific surface area and pore volume than those of 51SVO/
SBA-15, implying that a large surface area may not be bene-
ficial to the adsorption capability in case of composite mate-
rials. Therefore, the IPA adsorption capacity is thus greatly
influenced by the nature of the surface of SVO, rather than
the specific surface area. To further characterize the surface
attributes that affect IPA adsorption, the surface acidity, the
existence of Brønsted and Lewis acid sites, of the samples was
examined using DRIFTS to detect ammonia adsorption on
the photocatalysts surface. A literature survey indicates that
IR spectroscopic studies of ammonia adsorbed on solid sur-
faces have made it possible to distinguish between Brønsted
and Lewis acid sites of a catalyst [21–26]. Before the DRIFT
measurements, the samples were saturated with NH3/N2,
flushed with N2 flow to remove physically adsorbed ammo-
nia, and then heated from 303 K to 523 K. The intensity of
chemisorption was determined based on the irreversible ad-
sorption of ammonia. Figure 7 shows the IR spectra of am-
monia adsorbed onto SVO and SVO/SBA-15 samples which
were heated at 523 K for 30 min. The existence of NH+

4 ions
adsorbed onto Brønsted acid sites of the silver vanadate
surfaces is supported by the presence of a band at 1425 cm−1

due to the asymmetric deformation mode [21–23]. The band
at 1604 cm−1 is assigned to NH3 coordinately bonded to
Lewis acid sites [24–26]. It can be concluded that both
Brønsted and Lewis acid sites exist on the surfaces of SVO
and SVO/SBA-15. The intensities of Brønsted and Lewis acid
sites, detected at 1425 and 1604 cm−1, respectively, follow the
sequence: 51SVO/SBA-15 > 34SVO/SBA-15 > 17SVO/SBA-
15 ∼ SVO. The trend of Brønsted and Lewis acid sites is in
agreement with that of the adsorption capacity. That is, high-
er intensities of Brønsted and Lewis acids of silver vanadates
indicate a larger adsorption capacity for IPA.

3.4. Photoluminescence Spectra. In this study, photolumi-
nescence spectra were measured to disclose the migration,
transfer, and recombination processes of the photogenerated
electron-hole pairs of all samples. For the PL intensity mea-
surements, the same amount of sample was used. As shown
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Figure 8: Normalized PL intensity of the samples measured at
300 K.

in Figure 8, the photoluminescence (PL) intensity of these
samples decreases in the order of P25 > SVO > 17SVO/SBA-
15 > 34SVO/SBA-15 > 51SVO/SBA-15. The PL of SVO/SBA-
15 composites show obvious decrease in the intensity of PL
spectra as compared to SVO, indicating the recombination of
photoelectrons and holes is efficiently suppressed in the com-
posite semiconductors. Moreover, the resulting 51SVO/SBA-
15 composite shows much lower intensity of PL spectra than
those of 17SVO/SBA-15 and 34SVO/SBA-15. However, the
active SVO content of 51SVO/SBA-15 is much higher than
those of the others. Therefore, the intensity of PL spectra of
composite decreased with increasing SVO content. As shown
in Figure 3, the TEM micrograph result indicates that high
loading of nanocrystalline SVO can be well dispersed inside
the mesoporous channels of the 51SVO/SBA-15. The reduc-
tion of PL intensity seems to depend on the amount of nano-
sized SVO rather than SBA-15, an insulator. It is suggested
that the intensity of photoluminescence spectra corresponds
to the recombination rates of the holes formed in the O2p

band and the electron in the V3d band. The slower recom-
bination process of photogenerated charges (the less the PL
intensity) can facilitate the enhancement of photocatalytic
activity of SVO/SBA-15 composite.

4. Conclusion

In this study, the presence of nanoscaled silver vanadates sig-
nificantly promoted the adsorption capacity and photocata-
lytic activity. XRD and TEM results indicate the nanosized α-
Ag3VO4 for 17 and 34SVO/SBA-15 and to the mixed phases
of Ag4V2O7 and α-Ag3VO4 for 51SVO/SBA-15 and that SVO
dispersed well in the channels or on the surface of SBA-15
without affecting the SBA-15 mesoporous structure, respec-
tively. The DRIFT spectra identify the formation of interme-
diates, formate and acetone, on the surface of SVO/SBA-15
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composites. The composite photocatalyst exhibits highly en-
hanced photocatalytic activity under visible-light irradiation,
and the highest efficiency is for the 51SVO/SBA-15 compos-
ite. A favorable crystalline phase and the reduction of the
recombination of photogenerated hole-electron pairs are
responsible for the enhanced adsorption capacity and high
mineralization yield of SVO/SBA-15 composites.

Acknowledgment

The authors are grateful to the National Science Council of
Taiwan (Grant no. NSC 99-2221-E-168-027), for supporting
this study.

References

[1] J. Kim, H.-R. Kim, and S.-J. Choung, “The characterization
and hydrogen production from water decomposition with
methanol in a semi-batch type reactor using In, P-TiO2s,”
International Journal of Photoenergy, vol. 2011, Article ID
359161, 7 pages, 2011.

[2] J. A. Byrne, P. A. Fernandez-Ibañez, P. S. M. Dunlop, D. M. A.
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A photocatalytic flue gas desulfurization technology was designed to control emissions of SO2 from the combustion of fossil fuels.
With the photocatalytic technology, we cannot only achieve the purpose of solving the problem of SO2 emissions but also realize the
desire of hydrogen production from water. CdS loaded with Pt were selected as the model photocatalyst for the photocatalytic flue
gas desulfurization. The factors influencing the rate of hydrogen production and ammonia sulfite solution oxidation were detected.

1. Introduction

Sulfur oxide (SO2) is one of the important air pollutants,
which mainly originates from the combustion of coal and
fuel derived from petroleum [1, 2]. In atmosphere, sulfur
oxide could combine with oxygen and water resulting in
sulfuric acid and may cause serious damage to agriculture
and wild life [1]. It is indispensable to find out efficient ways
to avoid the SO2 molecules from reaching to the atmosphere.
Flue gas desulphurization (FGD) is considered as one of the
most effective ways to control emissions of SO2 from the
combustion of fossil fuels [3–6]. Among which, ammonia-
based wet flue gas desulfurization has drawn increasing
attention because of its lower investment, higher desulfuriza-
tion efficiency, and useful byproducts. The reaction process
of the ammonia-based flue gas desulfurization is

2NH3 + H2O + SO2 −→ (NH4)2SO3, (1)

(NH4)2SO3 + SO2 + H2O −→ 2NH4HSO3, (2)

NH4HSO3 + NH3 −→ (NH4)2SO3, (3)

2(NH4)2SO3 + O2 −→ 2(NH4)2SO4. (4)

The process of ammonia sulfite oxidation (Function (4))
always decides the prospect of applying ammonia-based flue
gas desulfurization technology, because high temperature
and special instruments are needed to completely oxidize

ammonia sulfite. It is of interest if we could find new ways
to reduce the expense of ammonia sulfite oxidization.

Semiconductor photocatalysis is one of the hopeful ways
to solve current environment and energy problem using
the abundant solar light [7, 8]. It can decompose harmful
organic and inorganic pollutants present in air and aqueous
solution and can also split water to produce clean and recy-
clable hydrogen energy. Up to now, a lot of photocatalysts,
such as TiO2 [9], CdS [10], Ag3PO4 [11], AgCl [12, 13],
Bi12TiO20 [14], have been prepared and demonstrated to be
able to produce hydrogen and decompose pollution under
UV or visible light irradiation. CdS is known as one of
the efficient photocatalysts for hydrogen production under
visible light irradiation with sodium sulfite and sodium
sulfide as the sacrificial materials.

In this paper, a photocatalytic process combined with
ammonia-water method was developed for flue gas desul-
furization. It should point out that with the photocatalytic
technology, we cannot only achieve the purpose of solving
the problem of SO2 emissions but also realize the desire of
hydrogen production from water. The chemical reaction of
the photocatalytic process can be written as

(NH4)2SO3 + H2O
photocatalyst, light−−−−−−−−−−→ (NH4)2SO4 + H2. (5)

The factors influencing the rate of hydrogen production and
ammonia sulfite solution oxidation were detected.
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Scheme 1: Schematic procedure of the Pt/CdS catalysts preparation.

2. Experimental

2.1. Preparation of Pt/CdS Catalysts. The CdS powder was
obtained commercially and used without further purifica-
tion. Pt was loaded on CdS by using a photoreduction
method. The procedure of three catalysts’ preparation meth-
ods is shown in Scheme 1. CdS was dispersed in (NH4)2SO3

(CH3OH or glacial acetic acid) solution containing different
amount of H2PtCl6. The mixture was then exhausted and
irradiated with 350 nm∼800 nm light for 17 h. The resulting
Pt/CdS powder was collected, washed, and then dried at
333 K for 4 h.

2.2. Photocatalytic Reaction. The photocatalytic reactions
were carried out in a Pyrex reaction cell connected to a closed
gas circulation and evacuation system. Certain amount of
the prepared Pt/CdS, for example, 0.05 g, was suspended
in 100 mL of (NH4)2SO3 aqueous solution. The solution
was then thoroughly degassed and irradiated by a Xe lamp
equipped with an optical cutoff filter (λ > 420 nm) to
eliminate UV light and a water filter to remove infrared light.
The amounts of H2 evolved were detected using an online gas
chromatography.

3. Results and Discussion

3.1. Photocatalytic Oxidation of Ammonia Sulfite. The rate of
H2 production and ammonia sulfite oxidation over Pt/CdS
photocatalysts is very high. Figure 1 shows a typical result
of the photocatalytic H2 production from ammonia sulfite
solution with simulated sunlight (350∼800 nm) irradiation.
It is noted that hydrogen was generated continuously from
the ammonia sulfite solution and the rate of hydrogen
production has no decreases after an 8-hour reaction. The
amount of H2 generated in the reaction (6.44 mmol) was
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Figure 1: Photocatalytic hydrogen production from aqueous
ammonia sulfite solution. Catalyst: 0.05 g Pt/CdS; 100 mL 1.25 M
(NH4)2SO3; incident light: (350∼800 nm).

much greater than that of CdS (0.35 mmol) used in the
reaction, indicating that the reaction of hydrogen production
from the ammonia sulfite solution over Pt/CdS photocat-
alysts is a photocatalytic process but not a photocorrosion
process.

Couple with hydrogen production, the ammonia sulfite
was oxidized to ammonia sulfate by the photocatalytic
reactions. The production of ammonia sulfate was confirmed
by using the ion chromatography (IC), which shows that the
amount of sulfate ions in the solution increases but sulfite
ions decrease linearly in the process of the photocatalytic
reactions. It should point out that the sulfite ions were finally
completely oxidized to sulfate after a long-term photo-
catalytic reaction (about 120 h). This result indicates that
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Figure 2: Influence of (NH4)2SO3 concentration on photocatalytic activity. (NH4)2SO3 concentration: (B) 0.125 M; (C) 0.25 M; (D) 0.5 M;
(E) 0.75 M; (F) 1 M; (G) 1.25 M; (I) 1.5 M; (K) 1.75 M; incident light (420∼800 nm).

the oxidation of ammonia sulfite, which is a key problem
of an ammonia-based wet flue gas desulfurization process,
could be efficiently operated by using the technology of
photocatalysis.

3.2. Influence of the Ammonia Sulfite Concentration on Hydro-
gen Generation. The influence of the ammonia sulfite con-
centration on the rate of hydrogen formation was measured
for the oxidation reactions of sulfite ions. As shown in
Figure 2, hydrogen evolution is very sensitive to the concen-
tration of ammonia sulfite. The rate of hydrogen production
from a 1.25 M ammonia sulfite solution was almost 4 times
higher than that from 0.125 M ammonia sulfite solution. For
a photocatalytic reaction, the increase of reactant concentra-
tion normally favors a forward reaction, because a high reac-
tant concentration could be expected for the diffusion of the
reacting species to and from the surface of the photocatalysts
[10]. However, as shown in Figure 2, the hydrogen evolution
rate declined when the ammonia sulfite’s concentration is
higher than 1.25 M. A similar loss of activity of hydrogen pro-
duction at high Na2SO3 concentrations has been observed by
Reber and Meier [15] and Aruga et al. [16] when using ZnS
and CdS as the photocatalysts.

This phenomenon is attributed to the higher solution
viscosity and lower ionic transport ability of the higher elec-
trolyte concentration [17], which may increase the electron-
hole recombination [15] and make hydrogen bubbles formed
on the surface of photocatalyst more difficult to be released.
The optimal electrolyte concentration reported by Reber and
Meier (1.0 M) is in agreement with our data [15].

3.3. Influence of Platinum Coating Amounts on Hydrogen Gen-
eration. Noble metals such as Pt, Pd, Ru, and Rh function

as efficient H2 evolution promoters for many photocatalysts
[18–21]. Among which, Pt is usually the best promoter for
H2 evolution, which has a superior performance for the
activation of H2 in the electrochemical system. The influence
of the platinum coating at the surface of the CdS particles on
the rate of hydrogen production and ammonia sulfite oxida-
tion at the present experimental condition was detected. It
is noted that noble metal Pt loading plays an important role
on hydrogen evolution from ammonia sulfite solution. The
photocatalytic activity of pure CdS for hydrogen evolution is
very low, as shown in Figure 3, the rate of hydrogen produc-
tion over CdS photocatalysts was only about 7 μmol/h under
visible light irradiation (larger than 420 nm). However, when
0.5 wt% Pt was deposited on CdS, the H2 evolution rate
quickly increased to 62 μmol/h. The optimum amount of Pt
loading appeared to be about 0.7 wt% yielding a maximum
rate of hydrogen production, 97.7 μmol/min, under visible
light irradiation.

For the photocatalytic reactions, especially for the oxida-
tion of SO3

2− ions, the Pt fraction at the surface of the pho-
tocatalysts has been reported must be relatively high (larger
than 0.5 wt%) to produce an acceptable activity. Whereas, an
increasing amount of platinum loading is believed to result
in an increasing fraction of dissolved CdS [10], which would
be harmful for the catalysts to show a high activity. Note that
by increasing the Pt loading to 0.8 wt%, the rate of hydro-
gen production dropped somewhat to about 85.3 μmol/h,
under visible light irradiation (Figure 3).

3.4. Influence of the Amount of Cadmium Sulfide on Hydrogen
Generation. Figure 4 shows the influence of CdS amount
on the photocatalytic activity of hydrogen production from
ammonia sulfite solution. In this experiment, a 1.25 M and
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Figure 3: Influence of platinum coating amounts (Pt versus CdS) on hydrogen generation. (B) Pure phase of CdS; (C) 0.5 wt.%; (D) 0.6 wt%;
(E) 0.7 wt%; (G) 0.8 wt%; (I) 0.9 wt%. incident light: 420∼800 nm.
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Figure 4: Influence of the amount of cadmium sulfide on hydrogen
generation.

100 mL aqueous ammonium sulfite solution was used as
photolyte and 0.7 wt% of Pt was loaded on CdS for the
photocatalytic hydrogen production. The result shows that
the optimal amount of catalyst for hydrogen production
was 0.05 g. Normally, more photocatalysts favor to absorb
more incidents light and would provide more active sites
for hydrogen evolution. However, when more CdS particles
were suspended in the solution, the light scattering effect is
enhanced. This would cause the photonic energy loss and
decrease the photocatalytic activity. As shown in Figure 4,
the activity of hydrogen production is declined when the
catalyst’s amount was higher than 0.05 g.

3.5. Influence of Pt Coating Method on Hydrogen Generation.
Figure 5 shows the influence of Pt coating method on the
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Figure 5: Influence of Pt coating method on hydrogen generation.
(a) Pt/CdS (Sample 1) prepared from a methanol solution; (b)
Pt/CdS (Sample 2) prepared from an ammonia sulfite solution; (c)
Pt/CdS (Sample 3) prepared from a glacial acetic acid.

photocatalytic activity of Pt/CdS for hydrogen production
and ammonia sulfite oxidation. Three differently prepared
samples of Pt/CdS were illuminated in the ammonia sulfite
solution under visible light irradiation. It is apparent that
hydrogen is generated in all the cases when the catalysts
were illuminated. However, the activity of these catalysts for
hydrogen production is strongly dependent on the prepa-
ration method of Pt/CdS catalysts. It is noted that Sample
1, which was prepared from a methanol solution, showed a
much low activity for hydrogen production from ammonia
sulfite solution. Only 70 μmol H2 was produced from
ammonia sulfite solution within 3 hours under visible light
irradiation (Line a, Figure 5). In contrast, 330 μmol H2 was
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obtained over Sample 2 prepared from ammonia sulfite
solution (Line b, Figure 5) under the same condition. The
highest rate was observed by illuminating the Sample 3,
which was prepared from the glacial acetic acid. It is noted
that 950 μmol H2 was evolved from ammonia sulfite solution
within 3 hours under the present working condition (Line c,
Figure 5). The high activity of the Pt/CdS samples, prepared
from the glacial acetic acid, for hydrogen production and
ammonia sulfite oxidation is not clear. The process of
treatment in acetic acid is thought helpful for the elimination
of CdO fraction, which is lying at the CdS surface and
harmful for the photocatalytic reactions [10, 22]. Further
works, such as detection of the ingredient, valence state,
particle size of Pt over CdS, are still under way to determine
the mechanism of the different activities of the three samples
prepared with different methods.

4. Conclusion

In summary, the oxidation of ammonia sulfite, which is a key
problem of an ammonia-based wet flue gas desulfurization
process, could be efficiently operated by using the technology
of photocatalysis. With the photocatalytic technology, we
cannot only achieve the purpose of solving the problem of
SO2 emissions but also realize the desire of hydrogen pro-
duction from water. The photocatalytic activity for hydro-
gen production and ammonia sulfite oxidation was found
strongly dependent on (NH4)2SO3 concentration, amount of
Pt/CdS catalyst, and Pt coating method.
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As a consequence of the rapid growth of industry, major problems are created related to energy and environment. Sunlight being
one of the most potential alternative source of energy, the development of efficient solar-energy storage systems is an important
subject in the fields of science and technology. Here we have reviewed and summarized some of the recent reports on visible
responsive photocatalysts. In this review, the influence of various metal oxide photocatalysts on energy production and pollutant
removal are presented with special emphasis on titania based photocatalysts. The photoactivity of titania for various pollutant
degradation, modified titania (TiO2) systems, their physical and chemical characteristics, and so forth, are described in detail
at this juncture. Different methods used to enhance the visible light absorption of TiO2, like doping with metals and nonmetals,
coupling with other metal oxides, and so forth, have been discussed. Various applications of photocatalysts including photocatalytic
treatment of waste water, pesticide degradation and water splitting to produce hydrogen are summarized. The development of
photocatalysts that function under visible light for the efficient utilization of sunlight is an area of current interest and thus the
different methods of preparation for the visible active photocatalysts are also explored.

1. Introduction

Photochemistry deals with the chemical changes brought
about by light. Its important aim is to discover or to design
structurally organized and functionally integrated artificial
systems that are capable of harvesting solar energy, to
perform useful functions. Energy crisis is the main impetus
to the study of photochemical reactions. The photochemical
changes such as photofading of coloured materials, pho-
tosynthesis in plants, and blackening of silver halides, and
were observed and so forth, studied qualitatively from 1817
onwards. The quantitative approach to photochemistry was
initiated by Grotthus and Draper in the beginning of the
nineteenth century, and it was formulated that only the
light which is absorbed by a system can cause any chemical

change. The probability or rate of absorption is given by the
Lambert-Beer Law [1].

Photocatalysis is found to be an eco-friendly cheap
method for removing various pollutants from gas and liquid
streams and conversion of solar energy to chemical energy
by splitting water (H2 generation) and reducing CO2 into
light hydrocarbons. Splitting of water is a process that
has great potential for the conversion of photo energy to
chemical energy, in the form of hydrogen [2]. Millions of
tonnes of H2S are produced in petroleum refinery plants in
every year and is expected to increase considerably in the
future [3, 4]. Thus, among various methods of solar energy
conversions, much attention has been paid to photocatalytic
decomposition of H2S, for its potential in obtaining clean
and high energy containing H2 from abundant H2S. As the
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direct thermal decomposition of H2S, for the production
of hydrogen and elemental sulfur is energy intensive and
economically unviable, there has been immense emphasis
on the development of visible light photocatalysts for
the production of hydrogen [5]. The development of a
particulate photocatalyst that catalyzes overall water splitting
under visible light for large-scale production of H2 from
water and sunlight, has become an important endeavor [6–
9]. It is also essential to find an alternative to fossil-fuel-
based energy sources, for establishing new energy systems for
the 21st century. Thus, photocatalysis appeared as a “green”
technology with promising applications in a wide assortment
of chemical and environmental technologies.

Over the past decades, photocatalytic activity of semicon-
ducting inorganic solids have attracted passionate research
interest for the degradation of organic pollutants and/or
the decomposition of water molecules [10, 11]. Semicon-
ductors (such as TiO2, ZnO, Fe2O3, CdS, and ZnS), which
are characterized by a filled valence band and an empty
conduction band [12], are proved to be important materials
due to the electronic structure of the metal atoms in chemical
combination.

The major organic compounds that constitute the
industrial waste water include dyes, phenols, chlorophenols,
aliphatic alcohols, aromatics, polymers, and carboxylic acids.
Although, dyes are creating a colorful world, they are becom-
ing a major source of environmental contamination, as their
release into the ecosystem is a dramatic source of aesthetic
pollution, eutrophication, and perturbation in aquatic sys-
tems [13]. Colour removal, especially from textile waste
water, has been a big challenge over the last decades [14].
The conventional technologies are not capable of reducing
them to the lowest levels demanded by the environmental
laws. The complexity and variety of dyestuffs employed in the
dying processes made it difficult to find a unique treatment
procedure that entirely covers the effective elimination of all
types of dyes. Principally, biochemical oxidations go through
considerable restrictions in view of the fact that the majority
of dyestuffs commercially available have been deliberately
planned to resist aerobic microbial degradation and are
thus, converted to toxic or carcinogenic compounds. Physical
processes, for example, flocculation, reverse osmosis, and
adsorption on activated charcoal are nondestructive and
simply transfer the pollutant to another media, consequently
causing secondary pollution. Among the advanced oxidation
processes (AOP) prompted for treating both gas and water
pollutants, the heterogeneous photocatalysis is a powerful
tool to solve environmental and energy problems [15, 16].
Injurious atmospheric pollutants, which are exhausted from
internal combustion engines and furnaces, like nitrogen
oxides (NOx) such as nitric oxide (NO), nitrous oxide
(N2O), and nitrogen dioxide (NO2) originates acid rain,
photochemical smog, and greenhouse effects. Therefore,
successful removal of the above pollutants has become a
vital topic in the meadow of environmental protection, and
there had appeared many winning reports on the catalytic
oxidation of NOx under photo irradiation.

Photocatalytic treatment plays an important role in the
environmental and energy applications, including purifi-

cation and recycling of waste water and degradation of
pesticides, dyes, and other volatile organic compounds. Pro-
duction of hydrogen by water splitting becoming an inter-
esting area of research. For the efficient utilization of solar
energy, photocatalysts exhibiting longer wavelength absorp-
tion are highly desirable. In the present review, we have tried
to make an illumination into the visible responsive photo-
catalytic world.

2. Effect of Band Gap

Generally, photodissociation driven by a semiconductor
originates from a redox reaction with transient electrons
or holes generated by an electronic transition from valence
band (VB) to conduction band (CB), by the absorption of
light with energy equal to or greater than the band gap of the
semiconductor. The separated photo-induced electrons and
holes transferred themselves efficiently to the semiconductor
surface. At the surface, electrons react with acceptors (usually
O2 dissolved in the solution) to produce radical anions
such as O.

2
−. Meanwhile, holes react with donors (H2O,

OH−) to produce oxidant species such as OH·. These highly
active species, which are produced from electrons and holes,
have strong oxidizing and reducing abilities and can directly
oxidize organic compounds into CO2 and H2O. So the
efficiency of photocatalysts strongly depends on their band
structures such as bandgap energy (Eg) and the positions of
VB and CB.

Due to the large band gap, these semiconductors could be
activated only by UV irradiation. This limited the utilization
of sunlight as an irradiation source in photocatalytic reac-
tions. It is known that the UV part of the solar spectrum
accounts only for about 5% of the incoming solar energy
while the rest is visible light. The holes and electrons
excited by the UV light can recombine easily, which will
reduce the efficiency of photons. Thus suppression of the
recombination of hole-electron pairs is a necessity. There-
fore, a photocatalyst material having visible light activity is
required for harvesting solar energy and interior lighting
applications. It is therefore of great significance to adjust the
band structure of photocatalyst to improve photocatalysis by
efficient utilisation of solar energy. There have been many
attempts such as dye sensitization, coupling of different
semiconductors, and so forth are performed to optimize the
band structure of semiconducting photocatalysts [17, 18].
Recently, attempts have been made to modify the band gap
energy simply by substituting metal or oxygen ions in part of
the oxide lattice [19–21].

3. Visible Light Responsive Photocatalysts

Semiconductor photocatalysts had been widely employed
in pollutant removal as well as energy production, after
the early work on TiO2 photoelectrochemical hydrogen
production reported by Fujishima and Honda [10]. Nowa-
days scientific and engineering interests in semiconductor
photocatalysis have full grown extensively. The major limi-
tations of the application of semiconductor photocatalysts,
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as mentioned before, are their high band gap and UV light
activity. Smoothening of the progress of their applications
necessitated the use of sunlight or visible light responsive
systems, which can make the process of semiconductor pho-
tocatalysis economical. In the preceding sections different
photocatalysts and the factors leading to their visible light
response are sighted (see Figure 1).

3.1. Titania. TiO2 is one of the most talented heterogeneous
photocatalysts because of its first-rate properties such as
high photocatalytic activity, strong oxidizing power, low cost,
chemical and thermal stability, resistance to photo corrosion
and nontoxicity, in addition to its favorable optoelectronic
property [22]. TiO2 is also a very popular material for optical
and protective applications, because of its high transparency
in the visible region [23] and excellent mechanical durability.
Anatase, rutile, and brookite are the three phases in which
TiO2 usually exists in nature. Among them anatase and
rutile are commonly utilized as photocatalysts. Even though
anatase is believed to be the more reactive phase of TiO2

than rutile crystalline phase, it has low quantum yield for
oxidation steps (∼5%) as a result of rapid recombination of
photogenerated electron-hole pairs [24]. The high intrinsic
band gap energy of pure TiO2 photocatalysts (3.2 eV for
anatase phase and 3.0 eV for rutile) made anatase operate
effectively as a photocatalyst only when the wavelengths of
light are shorter than 387 nm. Thus, pure anatase is able to
use only around 4% of the terrestrial solar spectrum because
of its wide band gap [25]. Many attempts have been made
to make it active in the visible range, which include dye
sensitization, metal ion doping, nonmetal doping, and so
forth [19–21].

The rutile phase of TiO2 has a slightly smaller band
gap (3.0 eV), and, therefore, rutile should be photo-
excited more easily [26]. The higher recombination rate of
photo-generated charge carriers is the major reason for
the poor photocatalytic activity of rutile as compared to
anatase [19]. The most feasible methods for humanizing
the photocatalytic performance of TiO2 are doping with
metals and nonmetals. Doped metal atoms could suppress
the recombination of photo-induced electron-hole pairs,
where the excited electron migrates from the inside of the
photocatalyst to the surface of the metal so as to increase
the photo quantum efficiency [19, 27] by trapping the
electron from recombination. On the other hand, nonmetal
doping decreases the band gap, and shifts the response
to the visible part of the solar spectrum by incorporating
nonmetal atoms into the lattice structure of TiO2 [21, 28, 29].
Based on literature review, the outcome of different attempts
to improve the photoactivity of TiO2 is described in the
following sections.

3.1.1. Metal-Doped Visible Light Active TiO2. The second
most detrimental aspects of the photoactivity of TiO2 is
its relatively high electron-hole recombination rate. Pre-
vious studies demonstrated that the appropriate amount
of metals doped on TiO2 could inhibit the recombination
of photo-induced electron-hole pairs [30, 31]. The change
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Figure 1: Pictorial representation of semiconductor photocatalyst
band structure that leads to pollutant degradation upon exposure
to light.

in electronic properties of TiO2 by substitution of metal
ion for Ti4+ sufficiently reduced the energy band gap to
absorb visible light. Abundant studies were reported for
the characteristic behavior of visible-active metal-doped
semiconductor photocatalysts where the dopants include
noble metals [32], rare earth metals [31], and transition
metals, and so forth [33]. Silver and gold nanoparticles
possess additional ability to absorb visible light, due to
localized surface plasmon resonance (LSPR) [34], which
again contributes to the visible light activity, when the noble
metals are doped over TiO2.

A series of transition metal ions, such as Cr, Mn, and
Co, when doped in TiO2 powders by hydrolysis method
[35] and showed considerable shift of absorption towards
visible light region. Li and Li reported Au3+ doped TiO2 for
the photodegradation of methylene blue (MB) under visible
light [36]. Kim et al. reported the preparation of Pt ion-
doped TiO2 for the photodegradation of chlorinated organic
compounds under visible light irradiation [37]. The photo-
activity of TiO2 could be enhanced by the incorporation of
lanthanide ions into TiO2 matrix. Lanthanide ions have the
aptitude to form complexes with a variety of Lewis bases
(including organic acids, amines, aldehydes, alcohols, and
thiols) by the interaction of functional groups with f-orbitals
of lanthanides. This could provide a way to concentrate
organic pollutant at the semiconductor surface [38]. Thus,
TiO2, doped with lanthanide metals, such as La3+, Eu3+,
Nd3+, and Ce4+, produces effective photocatalysts that are
found to be visible-light active [39–42]. The vanadium ions
showed a marked effect in the red shift of the spectral
response of TiO2 [43]. Vanadium dopant is accounted as one
of the best metal dopants to extend the optical absorption
of TiO2 towards the visible light region [44]. The enhanced
absorption to visible light region and improved quantum
efficiency, owing to the improvement in e−–h+ pair separa-
tion make TiO2 an efficient photocatalyst in the presence of
vanadium. The V4+ species in the V-doped TiO2 materials
could act as a trapping center for both h+ and e−, favoring
charge separation, while V5+ might have acted as an electron
acceptor [45–47]. Xu et al. [48] reported that, the presence of
Gd in TiO2 accelerated interfacial electron transfer process
and thus exhibited better photocatalytic activity. Though
DRS results showed more red-shift on higher Gd-doping,
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the photoactivity was not consistent with the result. It may
be due to the large amount of Gd which would form
recombination centers where photo-induced carriers could
be captured, which led to a lower photocatalytic activity.
Fe doping is also found to be highly efficient to impart
visible activity to TiO2. Fe2O3-modified TiO2 nanotube
arrays were first prepared by Kuang et al. [49] by annealing
anodic TiO2 nanotubes preloaded with Fe(OH)3 which was
uniformly clung to the TiO2 nanotubes using sequential
chemical bath deposition (S-CBD). Fe2O3-modified systems
showed higher photopotential and photocurrent values
than those of unmodified TiO2 nanotubes. The maximum
photocurrent was obtained with 0.5 at% Fe content, which
was 7 times greater than that achieved with unmodified TiO2

nanotubes. The enhanced photoelectrochemical behaviours
can be attributed to the shifting of photoresponse of TiO2

from UV to visible region due to the low band gap of 2.2 eV
of Fe2O3. The Fe2O3-modified samples also resulted in a
negative shift of the zero-current potential from −0.36 to
−0.78 V, which further confirmed that the enhancement in
the separation of the photogenerated e−–h+ [50].

3.1.2. Nonmetal Doping on TiO2. Considerable efforts have
been made to extend the photoactivity of TiO2-based systems
into the visible light region for the efficient utilization of solar
energy. Nonmetal doping is an alternative for improving
the visible light response of TiO2, and extensive research
work has been done on synthesis of N-doped, S-doped,
F-doped, and C doped TiO2 [51–54]. The doping with
nonmetal could narrow down the band gap by modifying
the electronic structure around the conduction band edge of
TiO2, by incorporating anion into the crystal lattice of TiO2

[21]. This might drive better photocatalytic performance
under visible light [21, 28]. Recently, many researchers
paid much attention to nitrogen-doped TiO2, which can
be produced using different techniques, such as hydrolytic
process [55, 56], mechanochemical technique [57, 58], and
reactive DC magnetron sputtering, and so forth [59, 60].
The first study on nitrogen-doped TiO2 including its visible
light photocatalysis was conducted by Sato in 1986 [61].
The mixtures of a commercial titanium hydroxide and
ammonium chloride calcined at about 400◦C showed higher
photocatalytic activity in the visible lightregion due to the
presence of nitrogen and, thereafter N-doping is considered
as an efficient method to extend the optical absorption
edge of TiO2 into the visible light region [21, 59, 61].
Similarly, carbon and sulphur were identified to form new
impurity levels closest to the valence band whilst maintaining
the largest band gap for maximum efficiency. Carbon-
doped TiO2 obtained by controlled combustion of Ti metal
showed an impressive performance for photochemical water
splitting under visible light [28]. Khan et al. [28] reported
a chemically modified C-doped TiO2 as the photochemical
water splitting material under visible light. Chou et al.
reported carbon containing nanostructured mixed TiO2

phases with enhanced visible light photoactivity [62]. Wong
et al. [63] fabricated carbon-incorporated TiO2 films in an
anatase structure. The carbon was present both in the form of
substituted Ti–C bonds and free graphitic carbon. The films

exhibited absorption bands in the visible light region, with an
absorption edge red-shifted up to ∼450 nm, corresponding
to a band gap ∼2.7 eV, with the gradual increment of
carbon content. The films possessed outstanding visible
light-induced photocatalytic properties in the reduction of
silver ions, degradation of MB, and super-hydrophilicity.
Park et al. demonstrated the catalytic efficiency of the C-
doped TiO2 nanotubes, for water splitting under visible light
irradiation, which was prepared at an elevated temperature
range of 500–800◦C, by using carbon monoxide precursor
[64]. Visible light responsive, carbon doped TiO2 films were
developed by ion-assisted electron-beam evaporation using
rutile powder as source material and two different gases,
CO2 and CO, in the ion source as dopant source by Wong
et al. [65]. The annealed, carbon-doped, anatase TiO2 film,
with a carbon content of 1.25 wt%, gave the best visible light
photocatalytic activity for super hydrophilicity, degradation
of (MB), and reduction of silver ions.

Asahi et al. [21] and other investigators [58, 66] reported
the shifting of optical absorption edge to the visible region
because of the narrowing of the band gap, by mixing the
N 2p and O 2p states in N-doped TiO2. It has initiated a
new research area to extend the photo absorbance into the
visible light region using nitrogen-doped TiO2. But most
of current researchers supported an alternative proposal in
which the dopant atom orbitals generate an isolated mid-gap
level above the valence band [51, 56, 67]. Irie et al. suggested
that the formation of an isolated N 2p narrow band above the
O 2p valence band is responsible for the visible light response
in the nitrogen-doped TiO2 [51]. Doped nitrogen can be
incorporated into the TiO2 structure as substituted N and/or
as interstitial N. Peng et al. [68] found that the interstitial N
impurities can enhance the photoactivity of TiO2 in visible
light and the activity was found to be higher than that of
substitutional N-doped TiO2. But, some researches [69, 70]
presented that the interstitial N impurities might reduce
the direct oxidation ability of sample in the photocatalytic
process by acting as stronger hole trapping sites.

Burda et al. [71] used triethylamine as the N-dopant to
get nitrogen-doped TiO2, with an average grain size of 6–
10 nm, which could absorb well in the visible light region
up to 600 nm. Based on theoretical predictions and available
experimental results, recently Wang and Lewis [72] had
reported that carbon doping of TiO2 gave the best photo-
response compared to nitrogen or sulfur doping. A series
of nitrogen-doped TiO2 catalysts were generated by Qin et
al. [73] with N/Ti proportioning of 4, 8, 12, 20, 24, 28,
and 32 mol%. Among them N/Ti = 20 mol% showed highest
catalytic activity and, they stated that an optimal content of
Ti3+ might be the critical factor leading to the improvement
of the photoactivity. This observation is supported by the
previous report, which affirmed that in nitrogen-doped
TiO2 catalysts, the oxygen sites were partially replaced with
nitrogen atoms, while TiO2 was simultaneously reduced [74]
and it leads to an increase in oxygen vacancy and amount
of Ti3+. As the concentration of dopant increased, more
TiO2 was reduced and the amount of oxygen vacancies
increased. When it is excessively high, the space charge
region became very narrow and the penetration depth of
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light into TiO2 greatly exceeded the space charge layer and
thus the recombination of photo-generated electron hole
pairs became easier [39]. Here, excessive oxygen vacancy and
Ti3+ acted as a recombination center for holes and electrons
[51]. N-doped TiO2 is mainly applied for the removal of
various types of organic pollutants from the environment
such as acetaldehyde [75], methylcyclohexene [76], benzoic
acid [77], and dyes [78]. Wang et al. [79] demonstrated
a unique incorporation of carbon into TiO2 films with
carbon-covered (along grain boundaries) columnar grains
of carbon-doped (inside the grains) anatase phase, using
the method of reactive magnetron sputtering. The charac-
terizations revealed that carbon is incorporated both in the
form of substituted Ti–C bonds as well as free graphitic
nature. The gradual increment of power of the graphite
target shifted the absorption edge of the TiO2−xCx : C
films from ultraviolet to visible region which increased the
photocatalytic performance with retained crystallinity, even
at a high carbon content of 9.3%.

3.1.3. Effect of Codoping on TiO2. The modification of TiO2

by codoping is an effective method apart from doping TiO2

with a single metal or nonmetal. It is highly anticipated
that doping TiO2 with an appropriate combination of metals
and/or nonmetals would, of course, result in more visible
light-sensitive photocatalysts for a desired application. Many
of the recent efforts and strategies revealed that codoping
of TiO2 with a metal and a nonmetal can result in the
development of highly efficient visible active photocatalysts
[80–82]. Zhao et al. [82] reported an improvement in both
spectral response and photocatalytic efficiency through a
combined action of a nonmetal and a metal oxide. They
had prepared Ni2O3/TiO2−xBx photocatalyst by a simple
modified sol-gel method. They demonstrated that incorpo-
ration of B into TiO2 could extend the spectral response
to the visible region, and the photocatalytic activity was
greatly enhanced when Ni2O3 was further loaded into it.
Sakatani et al. [81] reported that La–N–TiO2 photocatalyst
prepared by means of a Polymerization method which
could effectively decompose acetaldehyde under visible light
irradiation. Shi et al. [83] reported the cooperative effects
of the two dopants Fe3+ and Ho3+ ions that resulted in
improved photocatalytic activity to the codoped TiO2. Li
et al. [84] pointed out high photocatalytic activity for N–
F codoped catalyst prepared by pyrolysis method, and the
high visible light activity was ascribed to a synergetic effect
of its unique surface characteristics, doped N atoms, and
doped F atoms. Yuan et al. [85] revealed the cooperative
action of Zn2+ and Fe3+, over TiO2, in the photocatalytic
degradation of phenol. The mechanisms of modification
using metal and nonmetal element are completely different.
Metal atoms either form individual phases dispersed into
TiO2 or accommodate into the lattices of TiO2, which are
primarily related to metal ion radii [86] while nonmetal
atoms can enter into TiO2 lattice [21, 28]. So it is expected
that the doping with different transition metals, rare earth
metals, nonmetals as well as their combination can be used
to raise the photoactivity of TiO2 synergistically. Balek et
al. [87] reported that the nitrogen and fluorine codoped

TiO2 photocatalyst prepared by spray pyrolysis using a mixed
solution of TiCl4 and NH4F showed high photocatalytic
activity in the visible region of spectrum for acetaldehyde
decomposition. They demonstrated that the observed high
photocatalytic activity of the samples could be ascribed to
a synergetic effect due to the codoping of nitrogen and
fluorine. Ling et al. [88] prepared the B and N codoped
TiO2 nanopowders using boric acid and ammonium fluoride
as the precursors of boron and nitrogen and proved the
synergistic effect of B/N codoping, in its photocatalytic
performance. Ling et al. [88] prepared B/Fe/Ce codoped
TiO2, and their characterization results showed that B doping
led to the modification of electronic structure around the
conduction band edge of TiO2, and eventually resulted in
the visible light response. In fact, the Ti 3d orbital of TiO2

split into two parts, and the CB was divided into the lower
and upper parts. On doping TiO2 with B, the B 2p states are
somewhat delocalized and thus resulted in the modification
of the electronic structure around the conduction band edge
of TiO2. The mixing of the B 2p states with VB increased
the width of the VB itself and thus decreases the band
gap energy [89]. By investigating the electronic and optical
properties of several possible B-doped models, Yang et al.
[90] pointed out that the transition of excited electrons
from the valence band to the empty gap states above the
Fermi level might be responsible for the red shift of the
absorption edge in substitutional B- to O-doped anatase.
Zhao et al. [82] had preformed theoretical calculations and
found that the mixing of p orbital of B with O 2p orbital
was responsible for narrowing of the band gap by calculating
the densities of states (DOSs). According to the reports
[31, 85] on degrading dichlorophenol, Fe3+ ion trapped an
electron to change into Fe2+, thus demolishing the stable half
filled electronic configuration. Thus for maintaining steady
structure, the trapped electron could rapidly be transferred
from Fe2+ to the oxygen molecules adsorbed on the surface
of the photocatalyst and the Fe2+ recurred to the original
half-filled state (Fe3+), thus accelerating charge transfer and
prohibiting the electron-hole recombination. Additionally,
the titanium atoms could enter into the lattice and replaced
Ce3+ or Ce4+, as the ionic radius of Ti4+ is much smaller
than that of Ce3+ or Ce4+. This substitution led to a charge
imbalance and to keep the equilibrium, more hydroxide ions
were adsorbed onto the surface, thus benefiting the photo-
generated electron-hole pairs separation, which eventually
increased the photoactivity. Ling et al. [88], therefore,
suggested that the cooperative actions of boron, ferrum,
and cerium resulted in the increase of the photoactivity
for degradation of DCP. Silija et al. [91] developed an
efficient photocatalytic system with unique incorporation of
carbon and nitrogen into TiO2, using urea as N precursor
and ethanol as cosolvent. The systems, calcined at low
temperature retained the carbon and showed excellent
photoactivity. The coexistence of both the anion dopants,
C and N, enhanced the catalytic efficiency and was evident
from the activity comparison studies. Surprisingly, this
most photocatalytically active system, which was calcined at
300◦C, is found to be amorphous in nature and possesses
highest surface area and lowest band gap among the prepared



6 International Journal of Photoenergy

samples. The nitrogen was incorporated interstitially and
it is found to be one of the best photocatalyst for MB
degradation under visible light irradiation. Codoping of
nanosilver, carbon, and nitrogen was done by Binitha et al.
[92] on TiO2 to get efficient degradation in visible light
for methyl orange degradation. Results showed a synergetic
effect of carbon and nitrogen doping as well as nanosilver
loading on the performance of TiO2. A dual-functional
composite of nitrogen-doped TiO2 supported on activated
carbon (N–TiO2/AC) were prepared by Yap et al. [93]. Both
adsorption and photocatalytic degradation effects of N–
TiO2/AC were evaluated using bisphenol-A (BPA) as the
target pollutant, in the aqueous phase. The effect of pH
and influence of excitation wavelengths were investigated.
Inhibition of BPA adsorption occurred at pH 11.0 thus
resulted in a slower kinetics of BPA photodegradation. N–
TiO2/AC was found to be photoresponsive under visible
light (420–630 nm) illumination. Pt- and CdS-codoped TiO2

system CdS/(Pt/TiO2) showed the highest rate of hydrogen
production under visible light irradiation in comparison
with CdS/TiO2 or Pt/CdS single component doped system
due to the cooperation of the electron trapping ability of
noble metal and decreased band gap energy due to the
presence of CdS [94]. Similarly, the same observation had
found in the case of Ag- and InVO4-codoped TiO2 composite
thin film with 1% Ag doping, where the system exhibited
higher visible light photocatalytic activity for decomposition
of aqueous methyl orange compared with TiO2 or InVO4–
TiO2 [95].

Yu et al. [96] reported visible light active catalyst with Ga-
and W-codoped TiO2 with Cu2+ modification and found its
quantum yield under visible light irradiation as 13%. Many
systems such as CdS/TiO2 [97, 98]. CdSe/TiO2 [99, 100],
Bi2O3/SrTiO3 [101], Bi2S3/TiO2 [98, 102], ZnMn2O4/TiO2

[103], and TiO2/Ti2O3 [104] were formed sensitizer-loaded
TiO2, which have shown efficient visible light photoactivity.
In most of these catalysts, the addition of sensitizers reduced
the band gap of the material and enhanced the visible light
absorption. But the photogenerated holes of the sensitizer
remain in the valence band (VB), and its accumulation leads
to photocorrosion of the catalyst resulting in low stability of
the composite photocatalyst [105].

3.2. ZnO-Based Photocatalysts. Nanostructured ZnO is espe-
cially important in hi-tech applications owing to its unique
chemical and physical properties [106, 107]. It is a direct
wide gap and n-type semiconductor with a band-gap of
3.37 eV and found to be useful in various opto-electronic
applications such as light emitting diodes and solar cells, and
so forth [108, 109]. It is widely employed as a raw material in
the textile, cosmetic, ceramic, and glass industries. Though
TiO2 is the most extensively used photocatalyst [110], in
recent years ZnO has attracted special attention owing to
its low cost [111, 112], efficient synthesis, easy handling,
reliability, and its application as a chemisensor and photo-
catalyst for the detection of toxic chemicals such as H2, NH3,
liquid petroleum gas (LPG), HCHO, ammonium hydroxide,
and alcohols, and so forth [113, 114]. Moreover, ZnO has
performance advantages over TiO2 for the decomposition of

volatile organic compounds, including azo dyes [115]. ZnO-
based visible light photocatalyst seems to be an alternative to
TiO2 and WO3 [116]. The energy levels for the conduction
and valence bands and the electron affinity of zinc oxide are
similar to those of TiO2, making ZnO a likely candidate as
a semiconductor material for photocatalysis. Therefore, its
photocatalytic ability had attracted much interest. ZnO has
found to be a suitable alternative to TiO2 in a number of
studies such as photodegradation of pesticides and herbi-
cides [117], photocatalytic oxidation of pulp mill, bleaching
waste water [118], degradation of 2,4,6-trichlorophenol
[119] and 4-chlorophenol [120], photodegradation of Acid
Red B dye [121] and degradation of cyanide, and so forth
[122]. Poulios et al. [123] studied photocatalytic degradation
of Auramine O in aqueous suspension using ZnO and TiO2

separately in a batch reactor, and they concluded that the
rate of degradation of pollutants is faster with ZnO than with
TiO2 (Degussa P25). Its low efficiency of photocatalysis and
low stability due to photocorrosion are the two main draw-
backs facing by these ZnO photocatalysts compared with
the common photocatalyst, TiO2. The principal advantage of
ZnO is that it absorbs over a larger fraction of solar spectrum
than TiO2 [124].

Many efforts have been made to develop ZnO-based visi-
ble light photocatalysts, particularly, combination with GaN
[125] or Co doping [126] into ZnO, to extend the absorption
spectrum of ZnO to the visible region. Efficient ZnO-based
visible light photocatalysts, Cu(II)-modified CdxZn1−xO,
were developed by adopting a hybrid approach, consisting
of band-engineering by formation of a solid solution and
multielectron reduction by the modification of cocatalysts
by Anandan et al. [116]. Due to the similar physical char-
acteristics of Cd2+ and Zn2+, a substitution of Zn2+ by Cd2+

results in the visible light absorption without the formation
of defects. CdxZn1−xO showed high photocatalytic activities
under visible light illumination as compared to pure ZnO for
the decomposition of gaseous acetaldehyde. Further, Cu2+

modification ensures the enhancement in the visible light
activity of CdxZn1−xO by capturing the photoexcited elec-
trons [116]. A novel approach to the oxidative degradation of
toluene, salicylic acid, and 4-chlorophenol using a specially
designed photoelectrochemical detoxification reactor with
ZnO electrodes under solar radiation has been proposed by
Shinde et al. [127]. Pardeshi and Patil [128] had investi-
gated the photocatalytic degradation of resorcinol, a potent
endocrine disrupting chemical, in aqueous medium using
ZnO under sunlight irradiation in a batch photoreactor.
Resorcinol solutions of lower concentration were completely
mineralized by photocatalytic degradation on the surface of
ZnO under irradiation of sunlight, and the degradation was
found to be favorable in neutral and basic solutions.

The ZnO/Cu2O compound photocatalysts were pre-
pared by Xu et al. [129] using “soak-deoxidize-air oxida-
tion” method. The prepared ZnO/Cu2O compound showed
absorption in the visible light region, between 400 and
610 nm. All the ZnO/Cu2O compounds have higher photo-
catalytic activity than pure ZnO, and some compounds are
better than pure Cu2O. The degradation of MO reached 73%
after 180 min of reaction when the ZnO/Cu2O compound
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(the mole ratio of Cu2O to ZnO was 0.138) was used as
photocatalyst. Kanade et al. [5] reported a new approach for
the synthesis of lattice-doped copper in the nanocrystalline
wurtzite ZnO in different solvents, and their use as a
photocatalyst for the decomposition of H2S to generate
hydrogen. The average particle size was found to be in the
range of 40–85 nm. The maximum hydrogen production
rate achieved was 1932 μmol h−1 over the as synthesized Cu
doped ZnO by H2S decomposition under visible light irra-
diation. There, Cu doped ZnO acts as a photocathode, and
adsorption of light promoted electrons in the conductance
band (CB) of semiconductor where the potential (−0.88 V)
was sufficient to liberate hydrogen. At the same time, holes
in the valence band (VB) moved into the bulk to facilitate
the oxidation process, where they were transferred to the
reduced species S2−, which acts as a hole-scavenger and
prevented the photocorrosion of the photocatalyst. In their
study, it was observed that the visible light photocatalytic
activity of Cu-ZnO synthesized in organic media was higher
when compared to that synthesized in water medium due
to well-crystallined self-aligned particles. Chen et al. [130]
modified ZnO photocatalysts with thiourea to enhance their
photocatalytic activity by nonmetal dopants under visible
light illumination. The photocatalytic activity of modified
ZnO had also been examined for the degradation of AO7
and phenol under UV and visible light illumination. N-, S-,
and C-doped ZnO (N,S,C–ZnO) particles were synthesized
from thiourea and zinc sulfate via precipitation method.
The visible light activity of the N,S,C–ZnO samples was
confirmed by degradation of phenol. The optimal molar
ratios of thiourea to zinc sulfate were 1 and 2 for the
highest photocatalytic activities under UV and visible light
illumination, respectively. The 500◦C-calcined N, S and C–
ZnO showed strong photoabsorbance in the visible light
region.

Pardeshi et al. [131] had synthesized ZnO crystallites
by two-steps solution-free mechanochemical method for the
complete mineralization of resorcinol solutions of 100 ppm
concentration by photocatalytic degradation under sunlight
irradiation. Li and Haneda [132] reported the synthesize of
two series of N-containing MOx–ZnO composite powders
(WO3–ZnO and V2O5–ZnO) by spray pyrolysis. Acetalde-
hyde photodecomposition was used as a probe reaction to
evaluate their photocatalytic activity. The MOx addition
enhanced the photocatalytic activity of the N-containing
ZnO powder under both UV and visible light irradiation.
This enhancement under visible light is due to a synergistic
effect of N-doping and MOx–ZnO coupling. The N doping
induced the formation of an electronic impurity level in
the band structure of ZnO; therefore, the electron transition
from valence band to conduction band in a ZnO semicon-
ductor could be achieved through two-step transitions even
with the lower energy of visible light. ZnO has emerged to
be a more efficient catalyst concerning water detoxification
in an efficient way. Also it has more number of surface
active sites with high surface reactivity. Due to its low-
price, very simple synthesis process, biocompatibility nature,
high-stability, high-activity towards photo-induced redox
reactions, various applications in photonics and electronics,

photocatalytic reduction, the eradication of environmental
pollutants, it is predicted that ZnO as well as modified ZnO
could be one of the best photo-catalysts for the degradation
of organic dyes and other pollutants.

3.3. Tantalum Oxide, Tantalum Nitride, and Tantalum Oxyni-
tride. As a typical semiconductor, tantalum oxide (Ta2O5)
has attracted increasing interests due to its superior proper-
ties, such as good chemical resistance, high melting point,
and photocatalytic activity under UV irradiation [133].
Recently, it is identified that the tantalum oxynitride and
tantalum nitride are potential photocatalysts that function
under visible light irradiation [134]. Tantalum (V) nitride,
with an optical band gap of 2.08 eV [135], is found to
be an efficient photocatalyst in the visible region of the
electromagnetic spectrum, with a quantum efficiency of ca.
10% for overall water splitting and showed good hydrolytic
stability [134]. Tantalum nitride with an anosovite struc-
ture [136] has been studied as a 600 nm light-absorbing
photocatalyst [134, 137] and as a photoanode for water
splitting reactions [138]. The conduction band of Ta3N5

is composed of vacant Ta 5d states, and the valence band
consists of occupied N 2p orbitals. The conduction bands of
tantalates consisting of a tantalum (Ta 5d) orbital located at
more negative potential than titanates (Ti 3d) and niobates
(Nb 4d) [139], Maeda et al. [140] attempted to increase the
photocatalytic activity of tantalum oxynitride (TaON) for H2

evolution under visible light by reducing the particle size,
since smaller particle size usually results in a shorter diffusion
length for photogenerated electron-hole pairs in a given
photocatalyst. Tantalum oxynitride (TaON) and tantalum
nitride (Ta3N5) are investigated in detail as visible light
driven photocatalyst for overall splitting of water. The Ta3N5

is found to be in red (Eg = 2 : 08 eV), whereas TaON is
in yellow colour (2.5 eV) [141]. It was found that TaON
and Ta3N5 evolved H2 or O2, respectively, in the presence
of a sacrificial electron donor or acceptor, via band gap
excitation. The band gap energies of Ta2O5, TaON, and
Ta3N5 are to be 3.9, 2.5 and 2.1 eV, respectively. This band
gap narrowing occurs by substituting nitrogen for oxygen in
these oxides since nitrogen has a lower electronegativity than
oxygen and the presence of O2− in the anionic framework
will increase the band gap. As the electronic potential of
the N 2p orbitals is higher than that of O 2p, it is expected
that the N 2p orbitals will dominate the occupancy of the
top of the valence band, leading to band-gap narrowing
[135]. Thus the electronic structural changes in the valence-
band states may occur as a result of the incorporation
of nitrogen. Density functional theory (DFT) calculations
showed that the upper part of the valence band is dominated
by N 2p orbitals on account of the higher potential energy
of the N 2p orbital compared to the O 2p orbital [135].
Luan et al. [142] synthesized new pyrochlore-type structure
compounds Bi2GaTaO7 and Ga2BiTaO7 by solid-state (SS)
reaction methods and evaluated photocatalytic properties for
the degradation of MB dye under ultraviolet and visible light
irradiation. A systematic study of the structural, morpholog-
ical, optical, and visible light photocatalytic properties of Ta-
doped ZnO and pure ZnO samples has been carried out by
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Kong et al. [143]. The Ta doping also changes the mor-
phology, surface adsorption, specific surface area, crystalline
size and increases the lattice constants and band gap of the
nanocrystals. The photocatalytic efficiency of the Ta-doped
ZnONPs is much more excellent than the pure ZnO and
is attributed to the increase of the active hydrogen-related
defect sites caused by Ta5+ doping, leading to the enhanced
specific surface area and optical absorption in the visible light
region [143]. Zhang et al. [144] successfully synthesized a
novel, nanosized, Bi3–TaO7 photocatalyst which showed a
strong optical absorption in the visible light region (k >
400 nm) and a high adsorption ability for the 4 BS dye.
They had evaluated the photocatalytic properties of the
Bi3TaO7 nanopowders, by the degradation of 4 BS aqueous
solution under visible light irradiation. It has also been found
that niobium and tantalum ions are efficient codopants to
maintain the charge balance when titanate photocatalysts
are modified by doping with the low valence ions such as
Cr3+ [145]. Because of all the above mentioned incentives,
in recent years, Ta-based compounds will get more exposure
to the field of photocatalysis.

3.4. Fe2O3-Based Photocatalysts. Fe2O3 exists widely in
nature and is an environmentally friendly n-type semi-
conductor (Eg = 2.1 eV). It is an important functional
material because of its applications (e.g., magnetic and
catalytic properties, chemical stability, biocompatibility, low
toxicity), and so forth. It is widely used in catalysts, pigments,
sensors, photoelectrodes for solar energy conversion, clinical
therapy and diagnosis and as a raw material for synthesizing
other compounds [146–149]. Most of the iron oxides
have been revealed as photochemically active [150], and
its incorporation with TiO2 not only efficiently inhibits
the recombination between the photo-generated electrons
and holes, but also enhances the absorption of solar light
[19, 151–154]. In recent years, it has been found that the
composites of TiO2 and Fe2O3 can effectively respond to
visible light [88, 155] due to the narrow band-gap of Fe2O3.
It has also been reported that when Fe3O4, reacted with
TiO2 powders and produced Fe containing TiO2 compounds,
such as FeTiO3, the electrons in the valence bands of FeTiO3

are excited to the conduction band of FeTiO3 first, and
then will get promoted to the conduction band of TiO2.
This leads to an improved photocatalytic activity due to the
decrease of electron recombination [156]. Iron, as a dopant
in TiO2-based systems, has been investigated to enhance the
photocatalytic efficiency under visible light irradiation to
counter the potential negative environmental problems of
using heavy metal sensitizers [157–161].

Transparent α-Fe2O3 films were synthesized [162] with
varying thickness of film on an SnO2 transparent conducting
film-coated glass substrate by metal organic deposition. It
showed high photocatalytic activity for the decomposition
of 2-naphthol with visible light irradiation under anodic-
biased conditions. The α-Fe2O3 was transformed to inactive
Fe(OH)3 as the reaction proceeded, while the activity was
always maintained in acetonitrile. Methylene blue was cho-
sen as a model pollutant for testing the photocatalytic activity
of the p-n junction photocatalyst p-CaFe2O4/n-Ag3VO4

prepared by ball milling Ag3VO4 in H2O doped with p-
type CaFe2O4 [163]. The visible light irradiation results
showed that the photocatalytic activity of the p-CaFe2O4/n-
Ag3VO4 was higher than that of Ag3VO4. The 2.0 wt.%
p-CaFe2O4 doped p-CaFe2O4/n-Ag3VO4, which was ball
milled for 12 h, showed 85.4% photocatalytic degradation.
Since CaFe2O4 is a p-type semiconductor, and Ag3VO4,
an n-type semiconductor, the photogenerated electrons and
holes separation is efficient, to show better photocatalytic
activity. Highly ordered ZnFe2O4 nanotube arrays were
successfully prepared by anodic Al2O3 templates from sol-
gel solution, and its photocatalytic capability under visible
light irradiation was evaluated [164], using 4-chlorophenol
as the model contaminant, which constitutes an important
class of soil and water pollutants arising from their wide use
as pesticides, herbicides, and wood preservatives.

Fe2O3–TiO2 composite photocatalyst was synthesized by
an ethanol-assisted hydrothermal method, from Fe2(SO4)3

and Ti(SO4)2 [165]. The presence of α-Fe2O3 and anatase
TiO2 in the composites was confirmed from the results.
This sample led to a photodegradation efficiency of 90%
and 40% of auramine, under visible light and solar light,
respectively, and it was significantly higher than that of
pure TiO2. The optimal photocatalyst contains 1 : 2 for
molar ratio of Ti to Fe, and it exhibited the highest
photocatalytic degradation efficiency of auramine. With
further increase in the ratio to 1 : 4, the degradation efficiency
on the organic dye decreased slightly. The Fe2O3–TiO2

synthesized under optimum condition (2 h reaction time,
160◦C reaction temperature, 20% for the volume fraction of
ethanol) consisted of mesoporous structure with an average
pore size of 4 nm and a surface area of 43 m2/g. Sulfated
Fe2O3–TiO2 (SFT) was synthesized by Smith et al. [166],
and photocatalytic activity was evaluated by the oxidation
of 4-chlorophenol (4-CP) in aqueous medium under UV
and visible light irradiation. The SFT calcined at 500◦C
demonstrated the highest photocatalytic activity, and it
possessed a band gap value of 2.73 eV. Despite of the low
surface area of the SFT samples, (12–17 m2/g) compared
with the surface area of sulfated TiO2 (275 m2/g), the better
photocatalytic activity was due to the presence of iron. These
observations revealed the significance of the presence of
iron in TiO2 for photocatalytic activity. So in view of the
efficient utilization of solar light, the α-Fe2O3 (hematite),
with narrow band gap had been explored as photocatalysts,
and it has been investigated for its photochemical behavior
as a semiconductor electrode.

3.5. A Glance to the Photoactivity of Other Metal Oxides.
Tremendous efforts have been dedicated to synthesize mon-
oclinic BiVO4 (m-BiVO4) owing to its fascinating structure-
related properties after the first report of the preparation
of bismuth vanadate crystals in 1925 [167]. The key factors
in determining the photocatalytic activity of m-BiVO4 are
its optical absorption properties, which are related to its
electronic structure [168, 169]. The crystal structure of m-
BiVO4, with its calculated band gap of 2.2 eV, makes it a
promising, nontoxic, visible light responsive photocatalyst
[170], for the degradation of harmful pollutants and as a
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thermochromic material for indicating temperature [170–
172]. BiVO4 is found to be one of the photocatalysts that
exhibits high activity for photocatalytic O2 evolution under
visible light irradiation [173, 174]. Due to the low band gap
(2.4–2.5 eV) [175] and reasonable band edge alignment with
respect to the water redox potentials, it has shown particular
promise for water photodecomposition. In addition to high
photon-to-current conversion efficiencies (>40%) [175], the
system shows both n- and p-type semiconducting properties
[176]. It has been reported that the BiVO4 is found to
be a direct band gap semiconductor, despite having band
extrema away from the Brillouin zone center [177]. The
direct gap is maintained via coupling between V 3d, O 2p,
and Bi 6p, which lowered the conduction band minimum.
DFT calculations suggested that the hybridization of Bi 6s
and O 2p levels resulted in the valence band which favors
the mobility of photo-excited holes and, thus, enhanced the
photocatalytic oxidation of organic pollutants [168].

SrTiO3 is one of the best host materials for the design
of visible light driven photocatalysts, possessing the H2

production ability, by transition metal ion doping. Kudo
and Hijii [178] and Tang et al. [179] studied the activity of
a potential, visible light responsive photocatalyst, Bi2WO6,
the simplest member in the Aurivillius family, for the first
time. Their study revealed that Bi2WO6 could perform as an
excellent photocatalyst and solar energy transfer material. It
was demonstrated that the visible light photocatalytic activity
of Bi2WO6, which has a novel octahedron-like hierarchical
structure, in the degradation of Rhodamine B (RhB), was
better when compared to that of the Bi2WO6 synthesized
by solid-state reaction (SSR) [180]. When the pH value
of Bi2WO6/RhB suspension was 7.5, the photodegradation
was apparently enhanced and 95% of the RhB could be
degraded after 6 h, which had shown the pH dependence of
the prepared catalyst. Recently, a novel series of InMO4 (M
= Nb, Ta, V) catalysts was reported to show high activity for
water splitting reaction under visible light [181, 182].

Konta et al. [183] reported that Ag3VO4 showed a
competent activity for the evolution of O2 from an aqueous
silver nitrate solution under visible light irradiation. Since
then silver vanadate (Ag3VO4) material had attracted much
attention [184–187]. It has been reported that WO3 [188,
189], RbPb2Nb3O10 [188], BiVO4 [188, 189], Bi2WO6 [189],
chromium/antimony-doped TiO2 [190], AgNbO3 [191], and
Ag3VO4 [183] are visible light driven photocatalysts for
the evolution of O2 from water, containing a sacrificial
reagent. Pt/HPb2Nb3O10 [188] and chromium/antimony-
doped SrTiO3 [190] were also found to be active metal
oxides. Recently, a simple pristine metal oxide tungsten oxide
(WO3) is reported as a visible light driven photocatalyst
because of its small band-gap (2.8 eV) and a deeper VB
(+3.1 V versus SHE, pH 0). Though the WO3 is a good
candidate for visible light active photocatalysts, tungsten is
a rare metal with high cost, and WO3 is chemically unstable
especially in alkaline solution. The visible light activity of
WO3 was greatly enhanced via efficient oxygen reduction
process by the addition of cocatalysts, such as Pt [192],
Cu2+ [193], Pd [194], or Tungsten Carbide (WC) [195],
where the cocatalysts acted as electron pools to initiate

multielectron reductions. The quantum yield obtained for
the decomposition of gaseous iso-propanol using WO3 was
17% [193], which is much higher than that obtained with
nitrogen-doped TiO2 [51]. Thus, a metal oxide with low
conduction band, like WO3, can be used as a promising
candidate for visible light active photocatalysts, by modifying
its surface with co-catalysts like Cu2+ ions that can help in
multielectron reduction. Table 1 also discusses a number of
important visible light photocatalysts.

4. Different Means for the Reduction of
Band Gaps

The mixing effect of band gaps of the composite semiconduc-
tor leads to large red shift. Cheng et al. [196] stated that when
a relatively broad band gap anatase TiO2 was mixed with
a narrow band gap zinc ferrite, the band gap of composite
semiconductor would locate between the band gaps of these
two semiconductors, that is, it shifts to a lower energy, as
compared with that of TiO2. Due to the interfacial coupling
effect, the zinc ferrite could induce lattice defects on the
surface of TiO6 octahedra, which will serve as the centres of
bound excitons, which is another factor that resulted in large
red shift [197].

Hur et al. [198] reported that the incorporation of Pb
or Sn ions led to a distinct depression of the Eg value
of ternary metal oxide Sr(In1/2Nb1/2)O3, which is a UV-
active semiconductor with a wide bandgap separation of
3.6 eV to 3.1 eV for Pb and 3.5 eV for Sn. A similar trend
in the variation of bandgap energy was also observed for
the Ba-based compounds upon B-site cation substitution in
A(In1/3Nb1/3B1/3)O3 with Pb and Sn. The band gap energy
(3.30 eV) of Ba(In1/2Nb1/2)O3 showed a depression of 3
and 1.48, respectively, for Sn and Pb. The lead-substituted
A(In1/3Nb1/3Pb1/3)O3 compounds resulted in more effec-
tive decomposition of MB, under UV-vis (λ > 300 nm)
radiations compared to the pristine A(In1/2Nb1/2)O3. The
Ba(In1/3Nb1/3Pb1/3)O3 compound induced an effective
degradation of 4-chloro phenol under visible light radi-
ation (λ > 420 nm), whereas there was no significant
change in 4-chloro phenol concentration when exposed to
Sr(In1/3Nb1/3Pb1/3)O3. A series of InVO4 and NiO/InVO4

catalysts were prepared by Lin et al. [199] with a lower band
gap of 1.8 eV for InVO4 which is consistent with the result
reported by Ye et al. [181], where they had obtained InVO4

band gap as 1.9 eV. The small band gap of these catalysts
indicates its ability to split water into H2 and O2 in visible
light. Loading of NiO significantly increases the adsorption
of visible light and the 1% NiO loaded InVO4 showed
a highest absorbance in visible light region and exhibited
highest photocatalytic activity for water splitting. kudo et al.
[200] developed an efficient visible light driven photocatalyst
Zn1−xCuxS for the evolution of H2 from an aqueous Na2SO3

solution. They had succeeded to get a quantum yield of 3.7%
at 420 nm, without a co-catalyst such as Pt. ZnS photocat-
alysts, which possess a band gap of 3.7 eV (α phase: 3.8 eV,
β phase: 3.6 eV), have an absorption band only in the UV
region, whereas the absorption edge of the Zn0.957Cu0.043S
solid solution reached to the visible light region around
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Table 1: Some visible light responsive photocatalysts.

Catalyst Photocatalytic reaction Reference

Zn1−x CuxS solid
solution

The H2 evolution reaction from an aqueous solution of Na2SO3 were performed and got
a quantum yield of 3.7% at 420 nm.

[200]

zinc ferrite doped
TiO2 (ZFDT)

ZFDT powders effectively photodegraded methyl orange under visible light irradiation
and achieved maximum photoactivity when the amount of zinc ferrite was 1.5%.

[196]

zeolite-based
composite

Showed high efficiency when compared to TiO2 photocatalyst for photoreduction of water
to hydrogen in the visible light range with the combination of Co2+, TiO2 and heteropoly
acid.

[222]

N-doped TiO2
The colloidal TiO2 nanoparticles treated with triethylamine by a batch system was found
to show particularly efficient photocatalytic activity under visible illumination.

[223]

m-BiVO4 quantum
tubes

Photodegradation of RhB reached 98.7% after 15 min irradiation [224]

N-TiO2 The photocatalytic degradation of trichloroethylene was well-reproduced several times. [225]

CoTa2O6
H2 is produced from aqueous CH3OH solution using Pt-loaded powder samples and O2

from aqueous AgNO3 solution under visible light irradiation.
[226]

InVO4 and
NiO/InVO4

The 1% NiO/InVO4 catalyst which was reduced at 500◦C and oxidized at ambient
condition for 48 h gave the highest activity with a rate of 896 μmol h−1 g−1.

[199]

BiVO4
Showed good O2 evolution activity over BiVO4 nano-leaves by photocatalytic water
splitting under visible light irradiation

[227]

500 nm and the energy gap of the Zn0.957Cu0.043S solid
solution was estimated to be 2.5 eV. Because of the improper
position of conduction band edge (−0.45 V), WO3 did not
show photocatalytic activity for water splitting. Hwang et al.
[201] reported that doping of 5–10% Mg in WO3 showed
improved photocatalytic activity for water splitting, where
the conduction band level was shifted leading to a band
gap of −2.7 V. ZnFe2O4 is another catalyst with a relatively
small band gap (1.9 eV), which was used as an effective
photocatalyst due to its capability of utilizing visible light
and good photochemical stability [202, 203]. So the band gap
narrowing is an efficient method to shift the absorption edge
of a photocatalyst to visible light region of the spectrum.

5. Effect of Preparation Method on the Activity
of Visible Light Driven Photocatalysts

Numerous efforts have been postulated for the fabrication
and application of efficient semiconductor manufacture.
Photoactivity is highly dependent on surface area, crys-
tallinity, or crystal sizes, which in turn is influenced by
the synthetic method [204]. As far as such methods are
concerned, hydrothermal, sol-gel, impregnation, chemical
vapour deposition, and coprecipitation are most widely used.

5.1. Sol-Gel Method. Sol-gel technology is a low-temperature
method of preparing inorganic materials by chemical routes.
Many researchers had paid attention in synthesizing new
photocatalysts. Among the various methods, sol-gel method
has attracted most attention because of low process cost,
easy control of composition, and relatively low calcination
temperatures. Here we evaluate some promising reports of
visible active photocatalysts prepared via sol-gel method.

Jung et al. [205] have synthesized Al2O3-TiO2 solid
solution by sol-gel method via adjusting the pH and it is used

for the decomposition of acetaldehyde under visible light.
Here, anatase phase was maintained even after calcination
at 800◦C, and the BET surface area for mixed oxides
(116.8 m2/g) was much higher than either that of pure
TiO2 or Al2O3. They attained a maximum conversion of
acetaldehyde for Ti (70%)–Al (30%) mixed oxide, that is,
79% for 2 h reaction. Parida et al. [206] prepared, sulfate-
modified TiO2 by sol-gel method, which could reduce the
crystallite size and increase the specific surface area of the
catalysts. They investigated the effects of different parameters
such as pH of the solution, amount of catalyst, additives, and
kinetics. At 2.5 wt% sulfate loading, the average percentage of
degradation of methyl orange was nearly two times than that
of neat TiO2. This material showed photocatalytic activity of
61% of MO degradation under solar radiation against 12%
of adsorption in the dark. The effect of vanadium ions on
the photocatalytic activity of TiO2 nanocrystals, prepared by
sol-gel method was investigated using MB by Doong et al.
[207]. BET-BJH analysis clearly showed that the fabricated
V-doped TiO2 was mesoporous, with high specific surface
area. The specific surface areas of V-doped mesoporous
TiO2 nanoparticles increased from 88 ± 2 to 93 ± 19 m2/g
when V/Ti ratios increased from 0.5 to 1.0 wt%. A further
increase in the V/Ti ratio to 2.0 wt% reduced the specific
surface area of V-doped TiO2 slightly to 86 ± 9 m2/g. It
was observed that anatase is the main crystalline phase of
V-doped mesoporous TiO2, at a calcination temperature of
500◦C. The photodegradation efficiency of MB by V/TiO2

was increased under visible light and was consistent with
surface area analysis [208].

5.2. Hydrothermal Method. Hydrothermal method is often
the method of choice because of its various advantages like
cost-effectiveness, low energy consumption, mild reaction
condition, and simple equipment requirements. The particle
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properties such as morphology and size can be controlled
via the hydrothermal process by adjusting the reaction
temperature, time, and concentration of precursors. It is
a low-temperature technology thus can save energy and is
environmentally benign, because the reactions take place
in closed-system conditions using water as the reaction
medium. This method is very versatile for the synthesis of
nanophase materials and has been well established.

Shen et al. [209] presented Cetyltrimethylam-moni-
umbromide-(CTAB-) assisted hydrothermally synthesized
ZnIn2S4 as an efficient visible light driven photocatalyst for
hydrogen production. They studied the effects of hydrother-
mal treatment time and influence of surfactant, CTAB, on
the crystal structures, morphologies, and optical properties
of ZnIn2S4 and the activity was evaluated by photocatalytic
hydrogen production from water under visible light irra-
diation. It was found that the photocatalytic activities of
these ZnIn2S4 products decreased with the hydrothermal
treatment time period while increased with the amount
of CTAB. C-doped Zn3(OH)2V2O7 has been prepared by
hydrothermal method, in the presence of polyethylene
glycol and ethylenediamine tetracetic acid, and used for
the degradation of MB. The catalyst exhibited high photo-
catalytic performance with 90.3% MB decolorization after
30 min, much better than the ZnO photocatalyst (34.6%),
and the TOC removal rate of the solution reached 71.9%
within 30 min [210]. Zn-doped CdSe prepared by a simple
hydrothermal method exhibited high visible light driven
activity [211]. Many researchers studied the effect of Zn in
the visible light driven photoactivity of catalysts prepared
by hydrothermal method. Photocatalytic decomposition of
acetaldehyde was achieved by iron hydroxide (FeOOH)
particles, prepared by a hydrothermal method, under visible
light [212]. Wu et al. studied the effect of the hydrothermal
treatment temperature on the preparation of visible light
active TiO2 photocatalyst. The photocatalyst, treated at
160◦C achieved much more absorption in the visible light
compared to N-TiO2 prepared at 120◦C and 140◦C [213].
Jing et al. [214] prepared decahedral Cu2WS4, by a facile
hydrothermal method and employed it as a photocatalyst
for photocatalytic hydrogen production for the first time.
The hydrothermal method avoided the traditional use of H2S
for the preparation of such chalcogenide, which guarantees
an environmental friendly process. Cu2WS4 synthesized at
200◦C for 72 h showed the highest activity with the apparent
quantum yield of 11% at 425 nm. Qi Xiao et al. [215]
prepared a novel (C, S, Sm)-tridoped TiO2 photocatalyst
by one-step hydrothermal method, and the photocatalytic
degradation of potassium ethyl xanthate (KEX) was carried
out under visible light irradiation. It was found that the order
of photocatalytic activity of C–S–xSm–TiO2 (x represents
the mol% of Sm) samples was dependant on the mol%
of Sm and followed the order 1.0 > 0.5 > 1.5 > 0 mol%.
Ho et al. [216] showed that the S-doped TiO2 prepared by
this hydrothermal approach resulted on photodegradation
of 4-chlorophenol under visible light irradiation, with much
higher photocatalytic activity (86% degradation in 6 h) than
that obtained by the traditional high temperature (66% of
the 4-chlorophenol in 6 h) thermal annealing method. The

photocatalytic activity of Bi2WO6 powder prepared by a
simple hydrothermal method at 150◦C for 24 h was evaluated
[217] using the photocatalytic oxidation of formaldehyde at
room temperature, under visible light irradiation. At 500◦C,
Bi2WO6 powder photocatalyst showed the highest visible
light photocatalytic activity due to the good crystallization
of the samples.

5.3. Chemical Vapour Deposition. Metal organic chemical
vapour deposition (MOCVD) is an interesting and promis-
ing method to prepare supported photocatalytic TiO2 films.
It is an industrial process applicable to large area deposition.
High-quality TiO2 films can be easily and cheaply anchored
on various substrates, even bearing the complicated shapes.
This method eliminated steps such as saturation, aging, dry-
ing, and reduction of any subtle change which critically affect
the performance of the catalyst in traditional methods for
supported catalysts preparation. This technique has superior
adhesion, durability, and uniformity than the corresponding
physical vapour deposition (PVD) counterpart [218]. Yoshi-
naga et al. [219] have proposed a novel technique, chemical-
vapor-reductive deposition, for the deposition of metallic
nickel nanoparticle onto TiO2 thin film, which was used for
photocatalytic hydrogen evolution by the decomposition of
ethanol under visible light. For the effective immobilization
of TiO2 particles, and to improve the catalytic activity under
visible light, Zhang and Lei [153] had prepared Fe2O3–
TiO2 coatings supported on activated carbon fiber (ACF), in
one step by MOCVD. A maximum catalytic efficiency was
reached when the loading of TiO2 was 13.7 wt%, and it could
be reused without decrease in the catalytic activity. Fe–TiO2

coatings, supported on activated carbon were developed
through a codeposition process of MOCVD method in one
step, and were used for the effective degradation of methyl
orange under visible light by Zhang et al. [86]. Akhavan
et al. [220] synthesized TiO2/multiwall carbon nanotube
(MWNT) heterojunction arrays and immobilized on Si for
photoinactivation of E. coli in visible light irradiation. The
vertically aligned MWNT arrays were grown on ∼5 nm Ni
thin film deposited over Si by using plasma-enhanced chem-
ical vapor deposition at 650◦C. The MWNTs were coated by
TiO2 using dip-coating sol-gel method. The order of visible
light-induced photoinactivation of the bacteria was MWNTs
< TiO2 < TiO2/MWNTs. Kafizas et al. [221] described
the combinatorial atmospheric pressure chemical vapour
deposition (cAPCVD) synthesis of anatase TiO2 thin-film
with gradating nitrogen dopant. A single film with significant
variations in thickness, phase, and composition has been
achieved by this method. Transition from predominantly
Ns-doped, to Ns/Ni mixtures, to purely Ni-doped TiO2 was
observed by X-ray photoelectron spectroscopy analysis, and
the photocatalytic activity was confirmed using stearic acid.

In addition to the advanced methods described, the
conventional methods of impregnation, coprecipitation, and
so forth was also widely engaged in photocatalyst prepara-
tion. The supplementary advantage of specific preparation
methods is the development of nanosized metal oxides with
uniform pore structure and well defined crystal structure
which has pronounced influence in its visible light activity.
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6. Conclusions

The use of visible light responsive photocatalysts are found
to be a suitable method for degrading harmful organic
pollutants and also it can provide a way for the produc-
tion of energy, and can thus, help to solve many urgent
environmental issues faced by mankind today. TiO2 is the
most widely studied photocatalyst where visible light activity
is achieved mainly by nonmetal doping. A combination of
metal as well as nonmetal incorporation prevents electron
hole-pair recombination in addition to the extended visible
light response. Among the other suitable visible light active
photocatalysts, ZnO based systems are found to be a
better choice than that of modified TiO2 photocatalysts,
owing to its low-price, very simple synthesis process, bio-
compatibility nature, high stability, high activity towards
photo-induced redox reactions and photocatalytic reducing
power for the eradication of environmental pollutants.
Photoactivity depends on the synthetic method adapted.
Among the various methods, sol gel, hydrothermal and
chemical vapour deposition had resulted in highly crystalline
and porous catalysts with improved surface area and better
activity.
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Efficient La-doped TiO2 photocatalysts were prepared by sol-gel method and extensively characterized by various sophisticated
techniques. The photocatalytic activity of La-doped TiO2 was evaluated for the degradation of monocrotophos (MCPs) in aqueous
solution. It showed higher rate of degradation than pure TiO2 for the light of wavelength of 254 nm and 365 nm. The rate constant
of TiO2 increases with increasing La loading and exhibits maximum rate for 1% La loading. The photocatalytic activities of La-
doped TiO2 are compared with La-doped ZnO; the reaction rate of the former is ∼1.8 and 1.1 orders higher than the latter for the
lights of wavelength 254 nm and 365 nm, respectively. The relative photonic efficiency of La-doped TiO2 is relatively higher than
La-doped ZnO and commercial photocatalysts. Overall, La-doped TiO2 is the most active photocatalyst and shows high relative
photonic efficiencies and high photocatalytic activity for the degradation of MCP. The enhanced photocatalytic activity of La-
doped TiO2 is mainly due to the electron trapping by lanthanum metal ions, small particle size, large surface area, and high surface
roughness of the photocatalysts.

1. Introduction

The remarkable progress of scientific technologies in recent
years has made extremely high demands on semicon-
ductor material. Photocatalysis using semiconductors has
been extensively performed worldwide to find solutions to
energy and environmental problems, since the discovery of
“Honda-Fujishima Effect” three decades ago. Among the
semiconductors, outstanding stability and oxidative power
make TiO2 the best semiconductor photocatalyst for envi-
ronmental remediation and energy conversion processes [1–
3]. However, the application of TiO2 is yet limited by the fast
recombination of electron-hole pairs and their wide band
gap, which corresponds with UV light [4]. Therefore, the
studies of modifying TiO2 to reduce the electron-hole recom-
bination and sensitization towards visible light have been
extensively investigated. Metal ion doping has been widely
performed on semiconductors to minimize electron/hole
recombination and enhance their absorption towards visible
light region [5–8]. For example, Choi et al. found that
TiO2 doping with Fe3+, Mo5+, Ru3+, Os3+, Re5+, V4+, and

Rh3+ increased photocatalytic activity in the liquid-phase
photodegradation of CHCl3. However, (transition metal-)
doped TiO2 suffers from a thermal instability or an increase
in the carrier recombination centers [9]. Alternately, rare
earth-doped metal oxides are potentially attractive materials
for various optical and electronic applications because such
materials exhibit unique physical and chemical properties
such as fluorescence [10–12], persistent spectral hole burning
[13–15], and ion conductivity [16]. Moreover, rare earth ions
have radii larger than Ti4+, so they are mainly distributed on
the surface when deposited onto TiO2, that keep large surface
areas of TiO2 when treated at high temperatures. Atribak
et al. [17] studied the catalytic oxidation of soot using La-
modified TiO2 and concluded that TiO2 doped with 0.2% La
exhibits best photocatalytic activity. In our previous studies,
we developed La-doped ZnO photocatalysts and successfully
applied for the degradation of organic pollutants in aqueous
solution [18]. In the present study, we mainly focus on the
synthesis of La-doped TiO2, since the photocatalytic activity
of TiO2 was greater than ZnO. Moreover, the photocatalytic
degradation of MCP using TiO2, ZnO, La-doped ZnO, and
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some of the commercial photocatalysts, carried out. Finally
the photocatalytic efficiency of La-doped TiO2, compared
with above-mentioned photocatalysts. Herein we report the
synthesis, characterization, and application of La-doped
TiO2 particles with series of lanthanum loading. La-doped
TiO2 prepared by sol-gel method and extensively character-
ized using various sophisticated techniques. Photocatalytic
activity of TiO2, La-doped TiO2, and other photocatalysts
have evaluated by the degradation of MCP in aqueous
solution. Photocatalytic decomposition of MCP is of great
significance from the viewpoint of practical applications
because MCP is one of the organophosphorous insecticides
which are widely used in agriculture and animal husbandry.
Also, MCP has been identified as endocrine disrupting
chemicals (EDCs) which causes serious adverse effects on
humans. The most serious among them are premature
ageing, congenital abnormalities, and impotence [19]. It
has been observed from the experimental results that La-
doped TiO2 showed an excellent photocatalytic activity and
relative photonic efficiency compared to other photocata-
lysts. Electron trapping by lanthanum metal ions, smaller
particle size, large surface area, high porosity, and increase
in surface roughness may be the reasons for the enhanced
photocatalytic activity.

2. Experimental

2.1. Materials Preparation and Characterization. La-doped
TiO2 was prepared by sol-gel method using titanium tet-
raisopropoxide (Analytical grade, Merck Ltd., India) and
lanthanum nitrate hexahydrate (La (NO3)3·6 H2O) (Analyt-
ical grade, CDH, India) as titanium and lanthanum sources,
respectively. The technical grade sample of monocrotophos
(MCP) was received from Sree Ramcides Chemicals, India.
HPLC grade acetonitrile was purchased from Merck, India.
The lanthanum-doped TiO2 samples were prepared by sol-
gel method. Required amount of Ti (O-Bu)4 was dissolved
in absolute ethanol and the solution mixed vigorously in
a solution containing appropriate amounts of water, acetic
acid, and ethanol. Then lanthanum nitrate solution was
added to the above sol to form a colloidal suspension. The
resultant colloidal suspension was stirred and aged to form
a gel. The gel was dried in vacuum and then ground. The
resulting powder was calcined at 500◦C and depending on
the concentration of lanthanum nitrate; the photocatalysts
were expressed in terms of weight percentage. The crys-
tallinity of pure TiO2 and La-doped TiO2 photocatalysts was
analyzed by X-ray powder diffraction (Model: PANalytical)
with Cu-Kα radiation in the scanning range of 2θ between
10 to 80◦. The accelerating voltage and applied current were
40 kV and 40 mA, respectively. Data were recorded at a scan
rate of 0.02◦ s−1 in the 2θ range of 10◦ to 80◦. The size
of the crystallite was calculated from X-ray line broadening
from the Scherrer equation: D = 0.89λ/β cos θ, where D
is the average crystal size in nm, λ is the Cu-Kα wavelength
(0.15406 nm), β is the full width at half maximum, and θ
is the diffraction angle. Specific surface area, pore volume,
and pore diameter of the materials were determined from N2

adsorption-desorption isotherms at 77 K by using a Belsorb

mini II sorption analyzer. Surface morphology of TiO2 and
La-doped TiO2 photocatalysts were investigated by AFM
(Digital Instruments, 3100) and FE-SEM-(Hitachi, S-4800).
X-ray photoelectron spectroscopy (XPS—Thermo Electron
Corporation Theta Probe) equipped with ultrahigh vacuum
chambers were used to evaluate the presence of elements in
La-doped TiO2 photocatalysts. Mg K-alpha X-rays (100 W)
was used as the source at a takeoff angle of 5–75◦ and vacuum
pressure of 10−6–10−7 Torr. The energy of monochromatic
Mg K-alpha X-rays used for analysis is 1486.6 eV.

2.2. Photocatalytic Degradation Procedure and Analytical
Methods. A cylindrical photochemical reactor setup was
used as reported previously [20] for the degradation of MCP.
The photocatalytic degradation was carried out by mixing
100 mL of aqueous MCP solution and 100 mg of photocata-
lyst. The experiments were performed at room temperature,
and the pH of the reaction mixture was kept at solution
pH. Before irradiation, the slurry was aerated for 30 min to
reach adsorption equilibrium followed by UV irradiation at
specific wavelength, 254 or 365 nm. Aliquots were withdrawn
from the suspension at specific time intervals and centrifuged
immediately at 1500 rpm. Then it was filtered through a
0.2 μm millipore filter paper to remove suspended particles.
The filtrate was analyzed by HPLC and TOC to find out
the extent of degradation and mineralization of MCP. The
concentration of MCP was analyzed by HPLC instrument
(Shimadzu, Model: SPD-10A VP) with a UV-Vis detector.
In the HPLC analysis, Shim-pack CLC-C8 column (5 μm
particle size, 250 mm length, and 4.6 mm inner diameter)
and mobile phase of acetonitrile/water (6 : 4 v/v) were used
with a flow rate of 1.0 mL min−1. An injection volume of
20 μL was used. The total organic carbon was determined by
a TOC analyzer (Shimadzu, Model: 5000A) equipped with
a single injection autosampler (ASI-5000). The concept of
relative photonic efficiency (ξr) is very useful to compare
catalyst efficiencies using a given photocatalyst (La-doped
TiO2) material and a given standard photocatalyst (TiO2-
Degussa P25) [21]. The relative photonic efficiency (ξr),
was obtained by comparing the photonic efficiency of La-
doped TiO2 with that of the standard photocatalyst (TiO2-
Degussa P25). To evaluate ξr , a solution of MCP (40 mg L−1)
with a pH of 5 was irradiated with 100 mg of TiO2 or La-
doped TiO2 for 0.5 h. Then, relative photonic efficiency was
calculated based on the above experiments.

3. Results and Discussion

3.1. Characterization of Photocatalysts

3.1.1. XRD Patterns and TEM Analysis of TiO2 and La-
Doped TiO2. XRD patterns of TiO2 and La-doped TiO2 are
shown in Figure 1, in which the peaks marked “A” and “R”
correspond with anatase and rutile phase, respectively. XRD
analysis reveals that TiO2 and La-doped TiO2 photocatalysts
was comprised of both anatase and rutile phases. The diffrac-
tion pattern of La-doped TiO2 photocatalysts was similar to
that of pure TiO2. There are no peaks for the formation of
composite metal oxides such as La2O3 in La-doped TiO2. It
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Figure 1: XRD patterns of TiO2 and La-doped TiO2: (a) TiO2, (b)
0.5 wt%, (c) 0.7 wt%, (d) 1.0 wt%, and (e) 1.5 wt% La-doped TiO2.

Table 1: Physicochemical characteristic of TiO2 and La-doped TiO2

photocatalysts.

Photocatalyst
Crystal
size (D)

nm

Lattice
parameter

(a) nm

Lattice
parameter

(c) nm

Unit cell
volume
(nm3)

TiO2 40.10 0.37728 0.95015 0.1356

0.3 wt%
La-TiO2

33.12 0.37772 0.95069 0.1357

0.5 wt%
La-TiO2

30.56 0.37726 0.95051 0.1356

0.7 wt%
La-TiO2

21.41 0.37722 0.95031 0.1357

1.0 wt%
La-TiO2

19.87 0.37735 0.95024 0.1356

1.5 wt%
La-TiO2

19.80 0.37754 0.95075 0.1356

Pure ZnO 53.11 0.3248 0.5205 0.0476

1.0% La-ZnO 20.58 0.3267 0.5182 0.0472

was observed that the peak at 2θ = 25.4◦ for La-doped TiO2

photocatalysts were slightly shifted to lower angles which
shows that the presence of the large radius of La3+ (1.15 Å)
may interstitially substitutes in TiO2 lattice rather substitute
for relatively small radius Ti4+ (0.745 Å), and this cause,
lattice distortion in La-doped TiO2 [22]. The crystal size was
calculated using Scherer’s formula for the (101) plane of TiO2

and La-doped TiO2 photocatalysts, and the values are given
in Table 1. The average grain size from the broadening of the
(101) peak of anatase was 19–40 nm. The crystal size of La-
doped TiO2 decreased with increase in La content, and their
crystal size was less than that of pure TiO2. The decrease
in crystal size was due to the incorporation of La-ion into
TiO2, which decreases the grains growth [23]. The lattice
parameters of La-doped TiO2 (Table 1) are a little smaller
than the standard values of bulk TiO2 (a = 0.37728 nm, c =
0.95015 nm). The difference in lattice parameters shows that
La3+ is successfully incorporated into the TiO2 lattice where
it interstitially substitutes the Ti4+ ion sites as the ionic radius

Table 2: Textural properties of pure and La-doped semiconductors.

Photocatalyst ABET/(m2g−1) Vp/(cm3 g−1) dp/(nm)

TiO2 118.5 0.1071 2.718

1.0 wt% La-TiO2 98.36 0.117 4.267

Pure ZnO 53.11 0.0942 1.131

1.0% La-ZnO 39.56 0.1053 2.378

of La3+ (0.106 nm) is larger than that of Ti4+(0.061 nm)
[24, 25]. The shift in the peak position and the change
in the lattice parameters show that La3+ ions are replacing
the Ti4+ ions. Representative TEM images of La-doped
TiO2 are shown in Figure 2. Figure 2(a) reveals the uni-
form size of the TiO2 nanoparticles with a few aggregations,
and the average particle diameter was estimated to be about
20 nm. HRTEM image (Figure 2(b)) revealed the presence
of highly crystalline TiO2 nanoparticles in La-doped TiO2

photocatalysts. The electron diffraction pattern of La-doped
TiO2 photocatalysts shown in Figure 2(c) further indicates
that the samples were composed of highly crystalline TiO2

nanoparticles.

3.1.2. Nitrogen Adsorption Measurements. The nitrogen
adsorption-desorption isotherms of pure and La-doped
TiO2 and their textural parameters are shown in Figure 3
and Table 2, respectively. TiO2 and La-doped TiO2 samples
exhibit adsorption isotherms similar to Type II [26]. Type
II isotherm is often observed when multilayer adsorption
occurs on a nonporous solid. The surface area of pure
TiO2 was about 118.5 m2/g while La-doped TiO2 exhibited
a surface area of 98.36 m2/g. The decrease in the surface
area for La-doped TiO2 can be attributed to the partial
filling of the pores in TiO2 by La3+ nanoparticles. The pore
diameters of pure and 1 wt% La-doped TiO2 were 2.718 nm
and 4.267 nm, respectively. The decrease in surface area and
corresponding increase in average pore diameter may be
due to the collapse of considerably narrow pores to form
broad pores in presence of La ions. Similar trend of results
were previously observed for semiconductors doped with
transition metals [27]. This shows that drastic modifications
of pore structures take place when semiconductor oxides
are doped with transition metals, and further, the effect
probably depends on the individual metal characteristics.
However, this trend is not common for all metal ion-
doped semiconductors. The large pore of La-doped TiO2 also
allows an easy diffusion of the pollutant molecules in and
around the semiconductor, thus enhancing the adsorption of
pollutant molecules and its intermediate on the surface of the
photocatalysts. It is interesting to note that the surface area
of TiO2 and 1 wt% of La-doped TiO2 are relatively higher
than that of ZnO (53.11 m2/g) and 1 wt% of La-doped ZnO
(39.56 m2/g) [18].

3.1.3. Atomic Force Microscope (AFM) and HR-SEM Analysis.
The two-dimensional surface AFM images and surface
roughness profiles of TiO2 and 1 wt% La-doped TiO2 are
shown in Figures 4 and 5. From Figure 4(a), it could be
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Figure 2: TEM images of 1.0 wt% La-doped TiO2 (a) HR-TEM image (b) HR-TEM of the selective area, and (c) TEM image with electron
diffraction pattern.
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Figure 3: Nitrogen adsorption-desorption isotherms of TiO2 and
1 wt% La-doped TiO2.

observed that the size of TiO2 was not widely distributed
and the grain size was big. The average roughness value
(Rav) of pure TiO2 was 0.304 nm. However, for La-doped
TiO2 the grains are sharpened and their size decreased to
about 50%. The average roughness value (Rav) increased to
0.576 nm. So we safely conclude that the incorporation of
La3+ into the lattice of TiO2 can control the grain growth
and enhance the surface roughness of TiO2 photocatalysts.
From the surface roughness values it can be revealed that
La-doped TiO2 possesses high rough and porous surface
than pure TiO2. These high rough and porous surfaces of
La-doped TiO2 are beneficial to enhance the photocatalytic
activity for the degradations of organic pollutants present
in aqueous solution [28]. The high resolution-scanning
electron micrographs (HR-SEM) of TiO2 and that of 1 wt%
La-doped TiO2 are presented in Figures 6(a) and 6(b). TiO2

particles in Figure 6(a) seem to be well separated with regular
shape. The morphology of TiO2 appears to be retained in

1 wt% La-doped TiO2 (Figure 6(b)) with random particle
size distributions.

3.1.4. X-Ray Photoelectron Spectroscopy (XPS) Analysis. Sur-
vey spectrum (Figure 7(a)) of La-doped TiO2 photocatalyst
exhibits the presence of Ti, O, and La elements. XPS spec-
trum of Ti-2p of TiO2 is shown in Figure 7(b). Ti 2p peak
appeared as a single, well-defined, spin-split doublet with
the typical interval of 6 eV between its two peaks which
corresponds to Ti4+ in a tetragonal structure (i.e., Ti 2p1/2

and Ti 2p3/2, shown in Figure 7(b)). The binding energies
of the peaks within the doublet were found to be 464.8 eV
for Ti 2p1/2 and 459.0 eV for Ti 2p3/2 signal, and this was in
good agreement with the binding energies of TiO2 found in
the literature [29] (464.34 eV for Ti 2p1/2 peak and 458.8 eV
for Ti 2p3/2 peak). The spectrum for Ti 2p of 1 wt% of
La-doped TiO2 is also shown in Figure 7(b). It carries a
similar feature as that of XPS spectrum, Ti 2p of TiO2.
The XPS spectrum of O2− of TiO2 is shown in Figure 7(c).
An intense signal about 531 eV due to O2− ions of TiO2

was observed. This peak was attributed to the Ti–O in
TiO2 and OH groups on the surface of the photocatalysts
[30, 31]. The shoulder about 532 eV of the main O1s peak
can be attributed to the presence of loosely bound oxygen
of the surface-adsorbed CO3

2−, H2O, or O2 [32]. The XPS
spectrum of O 1s of 1.0 wt% La-doped TiO2 is also shown
in Figure 7(c). The spectrum of O 1s broadened due to
the incorporation of La3+ into the TiO2 lattice. The XPS
spectrum of La 3d is shown in Figure 7(d). La3+ ions that
incorporated into TiO2 lattice make interaction with oxidic
sites of TiO2 (Ti–O–La) and appear to provide a broadened
spectrum of La 3d. A Similar broad peak for La 3d spectrum
of La3+ was also observed by Liqiang et al. [33] for La-doped
TiO2 photocatalysts. These results conclude that La elements
existed mainly as +3 valence in La-doped TiO2, Ti elements
were both mainly as +4 valence, and both O elements had
at least two kinds of chemical states, crystal lattice oxygen
(1), and adsorbed oxygen (2). The presence of La, Ti, and O
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Figure 4: (a) AFM image and (b) surface roughness profile of TiO2.

elements in TiO2 and La-doped TiO2 is also observed from
the EDX spectra (See Figures 1sa and 1(b) in Supplementary
material available on line at doi: 10.1155/2012/921412), and
the results are consistent with XPS analysis.

3.2. Degradation Mechanism of La-Doped TiO2. To evaluate
the photocatalytic activity of TiO2 and La-doped TiO2 a
series of experiments were carried out for MCP degradation
in aqueous suspension with the light of wavelengths 254
and 365 nm. The photocatalytic degradation of MCP follows
a pseudo-first-order reaction. The apparent reaction rate
constants (k) and t1/2 values of TiO2 and La-doped TiO2 are
presented in Tables 3 and 4. For comparison the rate constant
and t1/2 values of pure ZnO La-doped ZnO are also presented
in Tables 3 and 4. La-doped TiO2 showed higher rate of
degradation than TiO2 for the light of wavelength of 254 nm
and 365 nm. The rate constant increased with increase in
La loading up to 1.0 wt%, and with further increase in
loading, the rate constant decreased. It was found that
the reaction rate increased with the increase of lanthanum
content (0.3–1 wt% La) at first and then declined when the
cerium ion content (1.5 wt% La) exceeded its optimal value.
In general, when increasing the metal ion concentration
the carrier mobility decreased [34]. In the present study,
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Figure 5: (a) AFM image and (b) surface roughness profile of
1.0 wt% La-doped TiO2.

the higher concentration of lanthanum in La-doped TiO2

photocatalysts decreased its crystallinity and carrier mobility,
which led to reduction of the photocatalytic activity of TiO2.
The reasons for the enhanced photocatalytic activity of TiO2

by the incorporation of lanthanum can be explained as
follows. The incorporation of La3+ in the lattice of TiO2

decreases crystallite sizes and inhibits the electron-hole
recombination on excitation of La-doped TiO2. Moreover it
increased the surface roughness and provided more active
surface area for photocatalytic reaction. The introduction of
La3+ produces lattice swelling [35] and hence increases the
surface roughness of La3+ (0.576 nm) than Ti4+ (0.304 nm).
Thus, the increase in roughness of La3+ in La-doped TiO2

makes the structure loose and the grains activated which
can be attributed to the high photocatalytic activity of TiO2.
Further, an interesting observation was that the rate constant
of 1 wt% La-doped TiO2 was higher than that of ZnO
and 1 wt% La-doped ZnO [18] (Tables 3 and 4). Smaller
particle size, high porosity, and high surface roughness
are the reasons for the excellent photocatalytic activity of
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Table 3: Apparent reaction rate constants and t1/2 values for the degradation of MCP with 254 nm.

Photocatalyst
Apparent reaction rate constant k

(× 10−2 min−1)
t1/2 values (min) Correlation coefficient (R2 value)

TiO2 6.0 11.55 0.985

0.3 wt% La-TiO2 8.0 8.66 0.976

0.5 wt% La-TiO2 9.5 7.29 0.981

0.7 wt% La-TiO2 12.0 5.76 0.990

1.0 wt% La-TiO2 14.0 4.95 0.982

1.5 wt% La-TiO2 11.0 6.3 0.989

Pure ZnO 5.25 13.20 0.976

1.0% La-ZnO 8.01 8.65 0.977

MCP = 40 mg L−1, TiO2 or La-TiO2= 100 mg/100 mL, pH = 5, UV = 8 lamps, λ = 254 nm, adsorption equilibrium time = 30 min, and irradiation time =
60 min.

S4800 8 mm SE(U) 25 kV ×25 μmk

(a)

SE(U)8.7 mm 45 kV μm×13 k

(b)

Figure 6: HR-SEM pictures of (a) TiO2 and (b) 1.0 wt% La-doped
TiO2.

La-doped TiO2 than ZnO and La-doped ZnO. The half-
life of degradation decreased with increase in La loading
up to 1.0 wt%, and with further increase of La the half-
life of degradation gets increase. The half-life of degradation
with 1.0 wt% La-doped TiO2 was almost half the value of
TiO2. These results also reveal the essential role of La3+ in
La-doped TiO2 for the degradation of MCP.

3.3. Photocatalytic Mineralization of MCP. Mineralization of
hazardous pollutants by a cost-effective process is very im-
portant for industrial applications. To study the complete

Table 4: Apparent reaction rate constants and t1/2 values for the
degradation of MCP with 365 nm.

Photocatalyst

Apparent
reaction rate
constant k (×
10−2 min−1)

t1/2 values
(min)

Correlation
coefficient
(R2 value)

TiO2 5.3 13.08 0.999

0.3 wt% La-TiO2 5.8 11.95 0.995

0.5 wt% La-TiO2 6.7 10.34 0.993

0.7 wt% La-TiO2 8.2 8.45 0.994

1.0 wt% La-TiO2 9.0 7.7 0.985

1.5 wt% La-TiO2 8.6 8.06 0.989

Pure ZnO 3.00 13.20 0.999

1.0% La-ZnO 8.00 8.66 0.985

MCP = 40 mg L−1, TiO2 or La-TiO2= 100 mg/100 mL, pH = 5, UV = 8
lamps, λ = 365 nm, adsorption equilibrium time = 30 min, and irradiation
time = 60 min.

mineralization of MCP, the degradation was carried out with
either TiO2 or La-doped TiO2 photocatalysts. The plot of
total organic carbon value of MCP with time is illustrated
in Figures 8 and 9 for the light of wavelength 254 nm
and 365 nm, respectively. For comparison the mineralization
results of pure ZnO and la-doped ZnO are also presented
in Figures 8 and 9. It can be clearly seen from Figures
8 and 9 that the decrease of TOC concentration of MCP
for La-doped TiO2 was relatively higher compared to pure
TiO2. Decrease of TOC value of MCP showed maximum for
1 wt% La-doped TiO2 and achieved complete mineralization
(100% TOC removal) of MCP within 3 h, whereas only 30%
TOC removal was observed for pure TiO2 over the same
period of irradiation time. Rapid mineralization of MCP
over La-doped TiO2 can be associated with the suppression
of electron-hole recombination by La3+ in the lattice of
TiO2 and generation of more number of •OH radicals by
oxidation of holes. •OH radicals are the primary oxidizing
species which break down organic pollutants into a variety
of intermediate products on the way to total mineralization
to carbon dioxide and harmless inorganic ions [36]. The
results demonstrated that 1.0 wt% La-doped TiO2 was found
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Figure 7: XPS spectra of pure and 1.0 wt% La-doped TiO2: (a) survey spectrum of TiO2 (b) Ti 2p (a = TiO2; b = 1.0 wt% La-TiO2) (c) O 1s
(a = TiO2; b = 1.0 wt% La-TiO2), and (d) La 3d.

to be more active than other photocatalysts, namely, pure
TiO2, 0.3 wt%, 0.5 wt%, 0.7 wt%, and 1.5 wt% La-doped
TiO2 and those photocatalysts exhibited TOC removal of
30%, 28%, 75%, 70%, 75%, 87%, and 90%, respectively.
1.0 wt% La-doped TiO2 required shorter irradiation time for
the complete mineralization of MCP compared to previously
reported photocatalysts (pure ZnO, 1.0 wt% La-doped ZnO),
and they disclosed only 28% and 70% TOC removal of MCP
within 3 h, under the same experimental conditions [20].
Small particle size, high surface area, high surface roughness
and porous surface of La-doped TiO2, and the suppression
of electron-hole recombination by La3+ were the reasons for
the high photocatalytic activity of La-doped TiO2 than other
photocatalysts.

3.4. Relative Photonic Efficiency. The concept of relative pho-
tonic efficiency (ξr) affords comparison of catalyst efficien-
cies for the photocatalytic degradation of organic pollutants.
To evaluate ξr , photocatalytic degradation of MCP was
carried out over TiO2 (Degussa P-25) or La-doped TiO2 or
other photocatalysts (ZnO and 1 wt% La-doped ZnO) with

the lights of wavelengths 254 and 365 nm, and the results
are presented in Table 5. The relative photonic efficiencies
of La-doped TiO2 photocatalysts were greater than TiO2

and this revealed the effectiveness of metal-doped systems.
The relative photonic efficiencies of light of wavelength
254 nm for La-doped TiO2 are greater than light of wave-
length 365 nm. The results were in good agreement with
degradation and mineralization studies. Comparing the high
efficiency of La-doped TiO2 photocatalysts with standard
catalyst (Degussa P-25), 1.0 wt% La-doped TiO2 is about
2.3 and 1.8 times more efficient than Degussa P-25 for
the light of wavelength 254 nm and 365 nm, respectively.
While comparing with La-doped ZnO photocatalysts, La-
doped TiO2 was about 1.54 and 1.46 times higher for the
light of wavelength 254 nm and 365 nm, respectively. The
relative photonic efficiency of La-doped TiO2 photocatalysts
was compared with already reported photocatalysts [21],
and the values are shown in Table 5. 1 wt% La-doped TiO2

(254 nm) photocatalyst was about 6.13 times more efficient
than Baker and Adamson whereas 9.32 times higher than
Hombikat UV-100. Further, the relative photonic efficiency
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Figure 8: Comparison of photocatalytic mineralization of MCP
using TiO2 and La-doped TiO2 photocatalysts. (MCP concentra-
tion = 40 mg L−1; catalyst amount = 100 mg/100 mL; solution pH =
5; λ = 254 nm).

of 1 wt% La-doped TiO2 (254 nm) was relatively higher than
the values reported for other commercial photocatalysts
(Tioxide, Sargent-Weich and Fluka AG). It may be presumed
that the incorporation of La3+ in the lattice of TiO2 greatly
enhance the photocatalytic performance of TiO2 and hence
showed high relative photonic efficiency value than all other
photocatalysts.

3.5. Photocatalytic Reaction Mechanism. Metal ions doped on
the semiconductors have been shown to improve the pho-
tocatalytic electron-transfer processes at the semiconductor
interface [9, 37–39]. For example, the deposition of Au on
TiO2 led to improvement in the efficiency of photocatalytic
oxidation of thiocyanate ions [40]. Doped metal ions influ-
ence the photocatalytic activity of TiO2 by acting as electron
(or hole) traps and by altering e−/h+ pair recombination rate
through the following processes:

Charge pair generation

TiO2 + hν −→ ecb
− + hνb

+ (1)

Mn+ + hν −→M(n−1)+ + hνb
+ (2)

Mn+ + hν −→M(n+1)+ + ecb
−. (3)

Charge trapping

Mn+ + ecb
− −→M(n−1)+ electron trap (4)

Mn+ + hνb
+ −→M(n+1)+ hole trap. (5)
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Figure 9: Comparison of photocatalytic mineralization of MCP
using TiO2 and La-doped TiO2 photocatalysts. (MCP concentra-
tion = 40 mg L−1; catalyst amount = 100 mg/100 mL; solution pH =
5; λ = 365 nm).

Recombination

ecb
− + hνb

+ −→ TiO2 (6)

M(n−1)+ + hνb
+ −→Mn+ (7)

M(n+1)+ + ecb
− −→Mn+, (8)

where Mn+ is a metal ion dopant. The energy level for
Mn+/M(n−1)+ lies below the conduction band edge (Ecb) and
the energy level for Mn+/M(n+1)+ above the valence band
edge (Evb). In the present study, photocatalytic reaction
mechanism for the degradation of MCP over La-doped semi-
conductor is speculated as follows. Under light illumination,
La-doped TiO2 photocatalysts are exposed, and the electrons
are excited from the valence band state to conduction band
state. Liqiang et al. [33] demonstrated that surface oxygen
vacancies and defects states by La doping could be favorable
in capturing the photoinduced electrons during the process
of photocatalytic reactions. Previously Chen et al. [41]
reported that the introduction of new impurity states due
to the incorporation of La3+ decreases the recombination of
photogenerated electrons and holes. Hence, in the present
study, we believe that the excited electrons in the conduction
band transfer to the La3+ states, and the holes present in the
valence band are available for the photocatalytic oxidation
of MCP. The rare earth metal (here, La), which usually act
as a reservoir for photogenerated electrons, promotes an
efficient charge separation in La-doped TiO2 photocatalysts.
In addition, small particle size, high surface area, high surface
roughness, and porous surface of La-doped TiO2 were also
the reason for the high photocatalytic activity of La-doped
TiO2.
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Table 5: Comparison of relative photonic efficiencies in the
photocatalytic degradation of MCP by pure and La-doped semicon-
ductors (TiO2 and ZnO).

Photocatalyst
Relative photonic

efficiency (ξr)

TiO2 1.0 ± 0.01 In this study

1.0 wt% La-TiO2

(254 nm)
2.33 ± 0.01 In this study

1.0 wt% La-TiO2

(365 nm)
1.82 ± 0.01 In this study

Pure ZnO 1.03 ± 0.01 [18]

1.0% La-ZnO (254 nm) 1.51 ± 0.01 [18]

Baker and Adamson 0.38 ± 0.02 [18]

Tioxide 1.9 ± 0.1 [21]

Sargent-Welch 2.1 ± 0.1 [21]

Fluka AG 2.2 ± 0.2 [21]

Hombikat UV-100 0.25 ± 0.02 [21]

MCP = 40 mg L−1, TiO2 or La-TiO2 = 100 mg/100 mL, pH = 5, UV =
8 lamps, λ = 254/365 nm, adsorption equilibrium time = 30 min, and
irradiation time = 60 min.

4. Conclusion

Highly efficient photocatalyst, La-doped TiO2, was success-
fully synthesized and characterized by various sophisticated
techniques. XRD and TEM analysis revealed the presence of
highly crystalline TiO2 nanoparticles. AFM results demon-
strated that La-doped photocatalysts have rough and highly
porous surface, which is a critical parameter to enhance
the photocatalytic activity. The photocatalytic activity of La-
doped TiO2 in the degradation of MCP was studied, and
the results were compared with degradation results of La-
doped ZnO photocatalysts. La-doped TiO2 photocatalysts
were found to be very active, and its rate constant was
1.75 and 1.125 times higher than La-doped ZnO photo-
catalysts for the light of wavelength 254 nm and 365 nm,
respectively. The relative photonic efficiency of La-doped
TiO2 catalyst was relatively higher than that of previously
reported and some of the commercial photocatalysts. Small
particle size, high surface area, high surface roughness, and
the suppression of electron-hole recombination by La3+ were
the reasons for the high photocatalytic activity of La-doped
TiO2 for the removal of MCP than other photocatalysts. It
is concluded that incorporation of rare earth metal into the
semiconductors has been proven to be a promising approach
to improve the photocatalytic activity of semiconductors.
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Solar visible light is a source of clean and cheap energy. Herein, a new kind of hierarchical CuO/ZnO nanomaterial was
synthesized using a facile process. Characterized by FESEM, TEM, XRD, XPS, and so forth, this CuO/ZnO naomaterial shows
a special hierarchical nanostructure with CuO nanoparticles grown on ZnO nanorods. By assembling the hierarchical CuO/ZnO
nanomaterials on a piece of commercial glassfiber membrane, a novel hierarchical CuO/ZnO membrane was fabricated. This
CuO/ZnO membrane demonstrated excellent environmental applications, such as improved photodegradation of contaminants
and antibacterial activity, under the irradiation of visible light. Compared with pure ZnO nanorod membrane, the improved
photodegradation and antibacterial capacities of this hierarchical CuO/ZnO membrane result from the special hierarchical
nanostructure of CuO/ZnO nanomaterials, which could enhance light utilization rate, enlarge specific surface area, and retard
the recombination of electrons and holes at the interfacial between CuO and ZnO. This hierarchical CuO/ZnO membrane is also
easy to be regenerated by completely mineralizing the adsorbed contaminants under the irradiation of visible light. All the above
characteristics of this hierarchical CuO/ZnO membrane indicate its great potential in environmental applications with solar visible
light.

1. Introduction

Widespread water source contamination and increasing de-
mand for consumable water necessitate a novel and sus-
tainable approach to the remediation of polluted water [1].
Photocatalytic nanomaterials have shown high efficiency in
contaminant removal through the degradation of organic
contaminants and the inactivation of bacteria [2–4]. Solar
energy is a clean and renewable resource ideal for environ-
mental and sustainable applications. Photocatalytic degra-
dation utilizing visible light radiation is an increasingly
popular research topic [5]. ZnO is an extensively studied
semiconductor employed in the photocatalytic removal of
contaminants in water [6, 7]. However, pure ZnO nanoma-
terials have limited efficiency because of the low light utiliza-
tion rates resulting from the wide-band gap (3.2 eV). ZnO
nanomaterials absorb only a small portion of light in the UV
spectrum and exhibit rapid recombination of electrons and
holes reducing their photocatalytic activity [8, 9]. The key
to broadening the applications for ZnO nanomaterials lies in

overcoming these shortcomings. Over several decades, efforts
have been made to enhance the photocatalytic activity of
ZnO through metal [10] or carbon/nitrogen doping [4, 11].
ZnO nanomaterials have also been coupled with narrow-
band gap semiconductors like Fe2O3, WO3, CdS, Cu2O,
and CuO in attempts to improve photocatalytic activity by
encouraging red shift [12–16]. The resulting increase in
wavelength produces light in the visible spectrum, thereby,
increasing light absorption and retarding electron and hole
recombination. ZnO has also received attention for its
antibacterial properties through a mechanism which destroys
the cell membrane affecting bacterial morphology and the
efflux of intracellular components [3].

Hierarchically structured nanomaterials with multiscaled
organizations increase light reflection and absorption inside
the material to enhance light utilization rate and enlarge
specific surface area [17]. This effectively increases contami-
nant attachment and adsorption. These attributes make hier-
archical nanomaterials a desirable approach to enhancing
photocatalytic activity [18].
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In practical application, the recovery of the photocatalyst
from treated water is an important economic and sustain-
ability consideration. The incorporation of the photocat-
alyst into a functional membrane is an ideal approach as
it facilitates convenient recovery and regeneration whilst
degrading foulants retained in pores or on the membrane
surface by simple irradiation using either UV or visible
light [19, 20]. It is meaningful to fabricate a multifunctional
membrane for contaminant removal via photodegradation
and inactivation of bacterial under the irradiation of visible
light. The multiple functions of such a membrane comes
from the functional layer created by a hierarchical structured
CuO/ZnO materials, which could demonstrate high photo-
catalytic activity because of the enhanced light utilization
rate, enlarged specific surface area, and the efficient an-
tirecombination of electrons and holes. In this case, the
photocatalysts are easy for reuse, and the multiple functional
membrane is easy to be regenerated after complete miner-
alization of the adsorbed contaminants via extending the
irradiation time of visible light.

In this study, a new kind of hierarchical CuO/ZnO nano-
materials is synthesized using low-temperature hydrother-
mal and photodeposition process. A piece of multifunctional
membrane is fabricated by assembling the hierarchical
CuO/ZnO nanomaterials on top of a piece of commercial
glassfiber membrane. Under the irradiation of visible light,
this functional membrane demonstrated better photodegra-
dation of contaminants and bacterial inactivation over a
comparative functional membrane with a pure ZnO layer.
This membrane is also characteristically easy to regenerate
and has high reusability. All the above characteristics indicate
its good potential in environmental purification with the
usage of solar energy.

2. Experimental Section

2.1. Materials Synthesis

2.1.1. The Synthesis of ZnO Nanorods. Zinc acetate dihydrate
(Zn(CH3COO)2, 2H2O) was purchased from Alfa, hexam-
ethylenetetramine (HMTA: C6H12N4) was purchased from
Sigma, and copper sulfate (Cu(SO4)2 · 5H2O) was from
Alfa. Other chemicals were purchased from Sigma. Accord-
ing to the reports [21–23], a mixed solution of 0.03 M
Zn(CH3COO)2 and 0.03 M HMT was well prepared, and
adjusted the pH of the solution around 7.5. 100 mL-mixed
solution was filled in a high temperature resistance glass
bottle (<140◦C) and sealed tightly. After hydrothermally
treated for 6 h–12 h at 95◦C, the precipitation at the bottom
of the glass bottle was collected and sufficiently washed for
further characterization and usage.

2.1.2. The Synthesis of CuO/ZnO Hierarchical Nanomaterials.
A given amount of hydrothermally synthesized ZnO nano-
rods were dispersed in 100 mL deionized (DI) water. 0.1 g
Cu(SO4)2, 5H2O, and 0.1 g NaCl were added in the solution
and were continuously stirred for 10 min and ultrasonicated
for another 10 min to make a mixed solution [24]. A weak

Pressure sensor

Vacuum pump

Membrane

Sunlight simulator

Scheme 1: Schematic setup for membrane assembly and pho-
todegradation of contaminants.

black UV light with a predominant wavelength of 365 nm
was suspended at the middle of the solution [25]. Under
the continuous stirring, the mixed solution was illuminated
for 6–12 h. Collect the precipitations at the bottom and
wash them with DI water sufficiently. After being calcined
at 500◦C for 1 h in a furnace under atmospheric condition,
the samples were ready for further characterizations and
environmental application tests.

2.1.3. Assembly of the Hierarchical CuO/ZnO Multifunctional
Membrane. 100 mg of synthesized hierarchical CuO/ZnO
nanomaterials were dispersed in 100 mL DI water. One
piece of commercial glass fiber membrane (Adventc discs
Ø 47 mm, 0.50 μm) was mounted at the bottom of the
vacuum filtration cup (Scheme 1), then slowly poured the
mixed solution into the filtration cup and switched on the
vacuum pump. After certain time, the water was filtrated
away, leaving a uniformly assembled membrane with the
CuO/ZnO hierarchical materials. This membrane is named
as CuO/ZnO membrane. As a comparison, a piece of pure
ZnO membrane with ZnO nanorods was assembled by the
same method; this membrane is named as ZnO membrane.

2.1.4. Photodegradation Test. Three kinds of commonly used
pollutants, including methyl blue (MB), acid orange (AO7),
and Rhodamine B (RhB) aqueous solution, were used for
the test. The experiment detail was as follows. Firstly, the
aqueous solutions of MB (100 mg/L), AO7 (50 mg/L), and
RhB (50 mg/L) were prepared, respectively; then the solution
(50 mL) was poured into the filtration cup, at the bottom
of which the CuO/ZnO membrane was mounted, then
let it adsorb for 1 h to reach adsorb equilibrium. Then
switch on the sunlight simulator (100 mA) to start the
photodegradation experiment. The whole test system is a
continuous process. At a given internal, 3 mL reactant solu-
tion was drawn with a syringe, and its UV-visible adsorption
value was measured by a UV-visible photospectrometer. As
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a comparison, the photodegradation ability of ZnO mem-
brane was also tested using the same methods as above.

The concurrent photocatalysis and membrane filtration
experiment was conducted, and the permeate quality was
monitored by measuring the UV-visible adsorption value of
the collected permeate at a given internal.

The photolysis experiment without CuO/ZnO nanoma-
terials and ZnO nanorods was also carried out before each
photodegradation experiment.

2.1.5. Antibacterial Test. Microorganism (E. coli) was cul-
tivated in sterilized LB broth culture and then incubated
overnight at 37◦C with a shaking incubator. The concen-
tration of E. coli was 107 CFU/mL. Before the antibacterial
test, one new CuO/ZnO membrane was assembled, and
then the whole vacuum filtration setup except the sunlight
simulator was sterilized in a UV-sterilization fume hose.
The antibacterial capability of the CuO/ZnO membrane was
investigated with/without the irradiation of visible light after
40 mL E. coli solution was poured into the filtration cup
(without switching on the vacuum pump). At an internal
of 5 min, 1 mL reactant solution was drawn with a sterilized
syringe and uniformly streaked on the well-solidified agar
nutrient plate. After overnight’s cultivation at 37◦C, the
colonies were counted.

At the same time, the antibacterial capability of the
ZnO membrane and the blank control experiment (without
CuO/ZnO nanomaterials and ZnO nanorods) with/without
the irradiation of visible light were also carried out using the
same methods as above.

2.1.6. Characterizations. The structure and the crystal phase
of the synthesized ZnO nanorods, and the CuO/ZnO hierar-
chical nanomaterials were analyzed by powder X-ray diffrac-
tometer (XRD, Bruker AXS D8 advance) with monochro-
mated high-intensity Cu Kσ radiation (λ = 1.5418 Å) oper-
ated at 40 kV and 30 mA. The obtained XRD spectra were
matched with a powder diffraction file (PDF) database
maintained by the International Centre for Diffraction Data
(ICDD). The morphology of the samples was characterized
by field emission scanning electron microscopy (FESEM,
JEOL JSM-6360F) and high resolution transmission electron
microscopy (HRTEM, Jeol JEM-2010). The element contents
of the samples were measured by energy dispersive X-
ray spectrometer (EDS) attached to the SEM. The UV-Vis
diffuse reflectance spectra of the samples were measured by a
Thermo Scientific Evolution 300 UV-Vis spectrophotometer
(Thermo Fisher Scientific, Mass, USA) equipped with an
integrating sphere assembly and a Xenon lamp source. BaSO4

was used as the reflectance standard. The BET specific sur-
face areas of the samples were determined at liquid nitro-
gen temperature (77 K) using a Micromeritics ASAP 2040
system. Before the measurement, 0.1 g sample was outgassed
under vacuum for 6 h at 250◦C.

XPS analysis was carried out at room temperature in an
ultra high vacuum (UHV) chamber with a base pressure
below 2.66 × 10−7 Pa. Photoemission spectra were recorded
by a Kratos Axis Ultra spectrometer (Shimadzu Corporation,
Kanagawa, Japan) with a monochromatic Al Kα excitation

source (hν = 1486.71 eV). Curve fitting was performed
using a nonlinear least square Gaussian-Lorenzian function.
Carbon calibration shift was carried out at 284.6 eV to
remove the presence of residual adventitious carbon.

3. Results and Discussions

The morphology of the hydrothermally synthesized ZnO
nanorods was observed by FESEM in Figure 1(a). It can be
seen that the ZnO nanorod has a length of 10 to 20 μm,
and the average diameter is around 1 μm, so the aspect ratio
of length to diameter was around 10 to 20, which belongs
to a typical rod-like structure. And the synthesized ZnO
nanorod has a smooth surface with a hexagonal end. The
HRTEM image in Figure 1(b) obviously confirmed that ZnO
grew along the direction of [0001] plane forming a rod like
structure with a typical lattice of 0.52 nm.

With the illumination of weak black light on the mixed
solution of copper sulfate, sodium chloride, and ZnO
nanorods, Cu nanoparticles were uniformly deposited on the
surface of the ZnO nanorods. The CuO/ZnO nanomaterials
were well observed by FESEM as shown in Figures 2(a)–2(c)
at different magnifications. These Cu nanoparticles are sup-
posed to nucleate from the defect parts of the ZnO nanorods
and grow up. After the illumination, the ZnO nanorods were
thoroughly covered by Cu nanoparticles, forming a “corn-
like” architecture. The followed calcination at 500◦C for 1 h
makes Cu become CuO without changing the morphology
of the Cu nanoparticles, as shown in Figure 2(a). The
sizes of the CuO nanoparticles were around 100 nm. From
Figure 2(b), it is found that only partial surface of the ZnO
nanorod was covered by CuO nanoparticles. The distance
between individual CuO nanoparticle was in the range of
nanoscale, but the distance between individual CuO/ZnO
nanorod was in the range of microscale. Therefore, these
CuO/ZnO nanomaterials form a kind of hierarchical struc-
ture, which possesses the advantages of promoting mass
transfer, enlarging the specific surface area, and promoting
the charge transfer from ZnO nanorod to CuO nanoparticle.
The energy disperse X-ray spectrum of the CuO/ZnO
hierarchical material (Cu (10 wt%)) in Figure 2(c) clearly
proved that the elements of Zn, O, and Cu dominate the
composition of these novel hierarchical materials. Further
quantitative analysis of the EDS reveals that the atomic
ratio of O : Zn : Cu is about 10 : 9 : 1, indicating that the
stoichiometric [(Zn + Cu)/O = 1 : 1] CuO/ZnO hierarchical
nanomaterial is consisted of ZnO and CuO.

The X-ray diffractometer was employed to measure
the crystallization of the hydrothermally synthesized ZnO
nanorods and the CuO/ZnO hierarchical nanomaterials. As
shown in Figure 3, the hydrothermally synthesized ZnO
nanorods were crystallized into a standard hexagonal struc-
ture (JCPDS 89–1397) [26]. After CuO was formed on the
ZnO nanorod, all the dominant peaks of the original ZnO
nanorods were kept, but the peaks of CuO (002) and CuO
(110) at 2θ = 39.2◦ and 2θ = 32.6◦ appears respectively,
and the overlapped peaks of CuO (111) and ZnO (101)
around 2θ = 36.4◦ also revealed the existence of CuO in this
material and further confirmed that the CuO nanoparticles
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Figure 1: (a) FESEM image and (b) HRTEM image of the hydrothermally synthesized ZnO nanorods.
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Figure 2: (a)-(b), FESEM images of the hierarchical CuO/ZnO nanomaterials at different magnifications, (c) the EDS spectrum of the
hierarchical CuO/ZnO nanomaterials, insert is an overview SEM image.
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Table 1: Binding energies (eV), fwhm of the hierarchical CuO/ZnO nanomaterials.

Position (fwhm) Position (fwhm) Position (fwhm)

O 1s O 1s Zn 2p3/2 Zn 2p1/2 Cu 2p3/2 Cu 2p1/2

CuO/ZnO hierarchical
nanomaterials

530.508
(2.009)

532.265
(2.643)

1021.45
(3.162)

1044.44
(3.027)

934.832
(3.559)

954.913
(3.656)
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Figure 3: XRD patterns of the pure ZnO nanorods and the hier-
archical CuO/ZnO nanomaterials.

were uniformly distributed on the surface of this material
[27–29].

The chemical composition and electronic structure of the
CuO/ZnO hierarchical nanomaterials was investigated by X-
ray photoelectron spectroscopy (XPS). The XPS spectra of
the Cu 2p, Zn 2p, and O 1s were presented in Figure 4 while
the detailed binding energies (eV) and their corresponding
full width at half maximum (fwhm) were listed in Table 1.
The characteristic intense peaks were centered at 1021.45 eV
(Zn 2p3/2) and 1044.44 eV (Zn 2p1/2) from XPS spectra of
Zn 2p in Figure 4(a), clearly indicating that the oxidation
state of Zn is +2 in the form of ZnO on the surface of
the CuO/ZnO hierarchical nanomaterials [30]. The char-
acteristic peaks were located at 934.832 (Cu 2p3/2) and
954.913 (Cu 2p1/2), and their corresponding satellite peaks
of the Cu 2p XPS spectra presented in Figure 4(b), obviously
confirming that the oxidation state of Cu is +2 in the form of
CuO on the surface of the CuO/ZnO hierarchical nanomate-
rials [31–33]. The broad O 1s peak in Figure 4(c) was com-
prised of two small peaks, one is located at 530.508 eV and
the other one is located at 532.265 eV. The former is inherent
O atoms bound to metals such as Cu and Zn, while the latter
peak resulted from the possible surface contaminations by
hydroxyl species and carbonate species [34].

The UV-visible spectra of the CuO/ZnO hierarchical na-
nomaterials and ZnO nanorods were presented in Figure 5.
Obviously, the CuO/ZnO hierarchical nanomaterials dis-
played a stronger UV absorption ability over ZnO nanorods

in both UV and visible ranges, which indicates that the UV-
visible absorption spectra has been red shifted to visible
range. This is because (1) on one hand, the rough surface of
the CuO/ZnO hierarchical nanomaterials would allow more
light reflection and absorption inside the structure [18],
which is different from the smooth surface of ZnO nanorods;
(2) on the other hand, CuO has a potential to red-shift the
light absorption spectrum to visible range [16].

The N2 adsorption/desorption isotherm curve of the
CuO/ZnO hierarchical nanomaterials was measured as
shown in Figure 6. Clearly, the CuO/ZnO hierarchical nano-
materials show the characteristic mesoporous materials, [35]
which is favorable for the mass transfer, light reflection,
and bacterial attachment [36]. As measured, the specific
surface area of the CuO/ZnO hierarchical nanomaterials is
11.24 m2/g, which is much higher than that of ZnO nanorods
(4.81 m2/g) and that of commercial ZnO powder (3 m2/g)
[35].

3.1. Photodegradation of Contaminants by the Multifunctional
CuO/ZnO Membrane. The CuO/ZnO membrane, assembled
by depositing CuO/ZnO nanomaterials on a glassfiber mem-
brane, was tested for the removal of contaminants by pho-
todegradation and filtration. As a blank control, commercial
ZnO powder and physically mixed CuO/ZnO nanoparticles
were also depositing on glassfiber membranes to investigate
their photodegradation abilities of contaminants. Firstly, the
photodegradation of industrial dye, such as MB, under the
irradiation of visible light on the surface of CuO/ZnO mem-
brane was investigated, as shown in Figure 7. MB solution
with an initial concentration of 100 ppm was completely de-
graded after visible light irradiation for 60 min (Figure 7(a)).
The CuO/ZnO membrane demonstrated better photodegra-
dation ability compared with ZnO membrane and physically
mixed CuO/ZnO membrane under the same conditions
(Figure 7(b)) because of the special hierarchical CuO/ZnO
“corn-like” nanostructure [37]. After switching on the
vacuum pump as shown in Scheme 1, the MB solution was
removed by the concurrent photodegradation and filtration
through the assembled membranes. By measuring the per-
meate from CuO/ZnO membrane, MB was found to be
totally removed (after 60 min reaction), but there was still
about 60% MB remaining in the permeate from ZnO mem-
brane (Figure 7(b)). Moreover, the CuO/ZnO membrane is
easy to be regenerated after the adsorbed MB was completely
degraded by extending the visible light irradiation time.

The CuO/ZnO membrane and ZnO membrane were
also tested for the removal of AO7 (Figure 8). The AO7
solution (initial concentration of 50 mg/L and pH of 7)
was completely photodegraded by the CuO/ZnO mem-
brane after 90 min irradiation of visible light, but longer
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Figure 4: XPS spectra of the Cu 2p, Zn 2p, and O 1s state on the surface of the hierarchical CuO/ZnO nanomaterials.
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Figure 5: The UV-visible spectra of the hierarchical CuO/ZnO nanomaterials and ZnO nanorods.
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Figure 6: N2 adsorption/desorption isotherm curve of the hierarchical CuO/ZnO nanomaterials.

400 500 600 700 800

0

0.5

1

1.5

2

A
bs

or
ba

n
ce

(a
.u

.)

Wavelength (nm)

0 min
20 min

40 min
60 min

(a)

0 10 20 30 40 50 60

0

0.2

0.4

0.6

0.8

1

Time (min)

Photolysis
ZnO membrane Physically mixed CuO/ZnO

membrane

CuO/ZnO membrane

C
/C

0

(b)

Figure 7: (a) The absorption spectra of MB solution under the irradiation of visible light on the CuO/ZnO membrane, and (b) the
concentration change of MB solution under the irradiation of visible light on the CuO/ZnO membrane and ZnO membrane.

time is needed for the complete degradation of AO7
by the ZnO membrane. Through measuring the con-
centration change of AO7 during the visible light irra-
diation process, the CuO/ZnO membrane demonstrated
better photodegradation ability than that of ZnO mem-
brane under the same condition (Figure 8(b)). The con-
current membrane filtration and photocatalysis of AO7
was also investigated, no AO7 was found in the permeate
from CuO/ZnO membrane (after 90 min), while there was
still 63% AO7 found in the permeate from the ZnO mem-
brane because of pure ZnO’s low photodegradation ability.
At the same time, the CuO/ZnO membrane is easy for regen-
eration after complete photodegradation of AO7 adsorbed

on the surface of CuO/ZnO membrane by extending the ir-
radiation time of visible light.

The CuO/ZnO membrane and ZnO membrane was
also tested for the removal of dye contaminant RhB,
the concentration of RhB was monitored by measuring the
UV-visible adsorption value at 553 nm. The concentration
change of RhB under the irradiation of visible light on the
CuO/ZnO membrane and ZnO membrane was presented
in Figure 9. Obviously, the CuO/ZnO membrane demon-
strated better photodegradation ability compared with ZnO
membrane. After 120 min irradiation of visible light, the
CuO/ZnO membrane completely degraded the RhB in the
solution, while ZnO membrane only degraded about 45%.
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Figure 8: (a) The absorption spectra of AO7 solution under the irradiation of visible light on the CuO/ZnO membrane, and (b) the
concentration change of AO7 solution under the irradiation of visible light on the CuO/ZnO membrane and ZnO membrane.

Photolysis
ZnO membrane

CuO/ZnO membrane

0 20 40 60 80 100 120
0

0.2

0.4

0.6

0.8

1

Time (min)

C
/C

0

Figure 9: The concentration change of RhB under the irradiation
of visible light on the CuO/ZnO membrane and ZnO membrane.

The enhanced photodegradation ability of CuO/ZnO mem-
brane was attributed to the following reasons. Firstly, the
enlarged specific surface area of CuO/ZnO nanomateri-
als (11.24 m2/g) over that of ZnO nanorods (4.81 m2/g)
is favorable for contaminant adsorption, providing more
reaction sites for the photocatalytic reactions. Secondly,
the CuO/ZnO nanomaterials improved the light utilization
rate compared with ZnO nanorods. The rough surface of
CuO/ZnO nanomaterials can enhance the light reflection
and absorption inside the CuO/ZnO nanomaterials, while
on the contrast, ZnO nanorods only can be excited by UV
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O2

O2
•

Scheme 2: Schematic diagram of the electron transfer and the
energy band positions of ZnO and CuO in the hierarchical
CuO/ZnO materials for the photodegradation of dye contaminants
under the irradiation of visible light.

light which just accounts for a minor part of the solar light
[16]. Moreover, the CuO/ZnO hierarchical nanomaterial
with larger specific surface area favors the adsorption of dye
contaminants, the adsorbed dye contaminants is favorable
for the utilization of visible light [38, 39], and the produced
electrons and holes would be transferred to CuO/ZnO
nanomaterials [40]. The transferred electrons were captured
by the surface adsorbed O2 to yield O2

•−and HOO• radicals
[40]. Then the dye contaminants are photodegraded in situ
by the produced radicals. At the same time, the band gap
difference between CuO and ZnO facilitates the transfer
of photogenerated electrons and holes from ZnO to CuO
(Scheme 2) [8]; in this way, the recombination of electrons
and holes is retarded to a certain extent [41]. Therefore, the
photocatalytic activity is enhanced.

3.2. Antibacterial Capability Test. Besides the photodegra-
dation of contaminants, the antibacterial capabilities of
the CuO/ZnO membrane and ZnO membrane were also
investigated. Figure 10 shows the inactivation of E. coli on
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Figure 10: Plot of % E. coli survival rate as the function of
visible light irradiation time on CuO/ZnO membrane and ZnO
membrane.

the CuO/ZnO membrane and ZnO membrane with/without
the irradiation of visible light. The survival of E. coli can be
calculated by % survival = B/A∗100 (where A is the number
of surviving microbial colonies in the control, and B is the
number of surviving microbial colonies in the tested sample).
To rule out the synergic effect of CuO/ZnO membrane on
the inactivation of E. coli, both blank control experiments
for the pure glassfiber membrane and inactivation of E.
coli by ZnO membrane with/without the irradiation were
conducted using the same method. It is found that the
direct visible light irradiation has no obvious effect on the
inactivation of E. coli on pure glassfiber membrane. As we
know, ZnO [3] and CuO [17] have certain antibacterial
growth ability; hence, both CuO/ZnO membrane and ZnO
membrane demonstrated antibacterial growth in the dark as
expected. However, under the irradiation of visible light, the
antibacterial capability of CuO/ZnO membrane was greatly
enhanced and was significantly higher than that of ZnO
membrane; wherein, CuO/ZnO membrane can completely
kill all the E. coli in the solution after 20 min irradiation
of visible light, while ZnO membrane can only kill around
40% E. coli even after 30 min irradiation of visible light. This
indicates that the synergic effect of CuO/ZnO nanomaterials
played a significant role in the improvement of antibacterial
capability, which is in consistent with previous reports [42].
The enhanced antibacterial capability is attributed to (1)
the enlarged specific surface area and mesoporous property
[36] of CuO/ZnO nanomaterial which is convenient for
bacterial attachment and (2) the enhanced photocatalytic
activity by enlarging the light utilization rate and retarding
the recombination of photogenerated electrons and holes
between CuO and ZnO, as explained in previous section
[8, 16].

4. Conclusion

The hierarchical CuO/ZnO nanomaterials have been suc-
cessfully synthesized for the first time by the combination
of low-hydrothermal and photodeposition methods. This
hierarchical CuO/ZnO nanomaterial was well characterized
by FESEM, TEM, XRD, XPS, and so forth. The CuO/ZnO
membrane was assembled by depositing the hierarchical
CuO/ZnO nanomaterials on the surface of glassfiber mem-
brane with the help of vacuum filtration. The CuO/ZnO
membrane demonstrated high photodegradation ability for
dye contaminants, such as MB, AO7, and RhB, under visible
light irradiation, which results from the enlarged specific
surface area for contaminants adsorption, the improved light
utilization rate, and the retarded recombination of electrons
and holes. At the same time, the CuO/ZnO membrane is
easy for regeneration by complete degradation the adsorbed
dyes with extending the visible light irradiation time.
Furthermore, the CuO/ZnO membrane also demonstrated
better antibacterial capability than ZnO membrane due to
the synergic effect of CuO/ZnO nanomaterials. All these
advantages of the CuO/ZnO membrane would bring great
benefits to water purification applications.
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Photocatalytic degradation of atrazine by boron-doped iron oxides under visible light irradiation was investigated. In this work,
boron-doped goethite and hematite were successfully prepared by sol-gel method with trimethylborate as boron precursor. The
powders were characterized by XRD, UV-vis diffuse reflectance spectra, and porosimetry analysis. The results showed that boron
doping could influence the crystal structure, enlarge the BET surface area, improve light absorption ability, and narrow their
band-gap energy. The photocatalytic activity of B-doped iron oxides was evaluated in the degradation of atrazine under the visible
light irradiation, and B-doped iron oxides showed higher atrazine degradation rate than that of pristine iron oxides. Particularly,
B-doped goethite exhibited better photocatalytic activity than B-doped hematite.

1. Introduction

Atrazine, 2-chloro-4-ethylamino-6-isopropylamino-1,3,5-tri-
azine, has been widely used in the fields of corn, sorghum,
orchard, and forest, controlling broad-leaf and grassy weeds
[1]. However, due to the toxicity to aquatic organisms and
mammals, high mobility, low-sorption affinity, and slow
biodegradability [2, 3], atrazine has been banned by many
European countries. It is frequently detected in ground water
and surface water [4] and seriously influenced water quality.
Therefore, many ways have been found to resolve atrazine
contamination, such as advanced oxidation processes [5],
microorganism removal [6], and microwave irradiation [7].

It has been reported that photocatalysis is effective way in
the degradation of organic pollutants. TiO2 is considered to
be the most promising photocatalyst due to its nontoxicity,
chemical inertness, and high reactivity. Parra found that
both suspended and supported TiO2 could destroy atrazine
although atrazine could not be completely mineralized
[8]. However, the widespread technological use of TiO2 is
impaired by its wide-band gap (3.2 eV), which can only
be activated under UV light. Iron oxides especially goethite

and hematite have been studied as photocatalysts in recent
years because their lower band gap (2.2 eV), and nonmental
doping could improve reactivity of photocatalysts [9, 10].
It is reported that PE films with boron-doped goethite has
higher photo-induced degradation than pure PE films under
the UV irradiation [11]. In this paper, B-doped goethite
and hematite were prepared as photocatalysts, and enhance-
ment of photocatalytic activity of atrazine degradation was
observed under visible light irradiation.

2. Experimental

2.1. Materials. Fe(NO3)3, (CH3O)3B, KOH, methanol were
supplied from Guoyao Chemical Co. (Shanghai, China)
and atrazine was supplied from the Laboratories of Dr.
Ehrenstorfer (Germany). All chemicals were used without
further purification, and deionized water was used in all the
experiments.

2.2. Preparation of Photocatalysts and Characterization. The
original goethite (G-S-B0%) was prepared according to the
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Figure 1: X-ray diffraction patterns of goethite and B-doped
goethite.

method of Atkinson et al. [12], and the preparation of B-
doped goethite photocatalysts was the same as the method
of Liao et al. [13], while the atomic weight ratio of B to
Fe was 2% (G-S-B2%). Goethite and B-doped goethite were
calcined at 400◦C for 2 h to obtain the original hematite (H-
S-B0%) and B-doped hematite (H-S-B2%), respectively.

The Brunauer-Emmett-Teller surface areas of the pow-
der samples were determined by nitrogen adsorption-
desorption isotherm measurements on a ST-08 nitrogen
adsorption apparatus. The X-ray powder diffraction pattern
was obtained with a Brook D8 diffractometer using Fe Kα
radiation with an accelerating voltage of 40 kV and current
of 20 mA. The UV-vis diffuse reflectance spectra of different
iron oxides in the 190–900 nm were recorded using an
American Lambda35 UV-vis spectrophotometer.

2.3. Photocatalytic Evaluation with Atrazine under Visible
Light. The photocatalytic activities of pure and B-doped
iron oxides nanoparticles were evaluated by the degradation
of atrazine under visible light irradiation at a constant
temperature (25◦C). 25 mL 10 mg·L−1 atrazine solution was
put in 50 mL of centrifugal test tube with 100 mg different
photocatalysts, and then all tubes were placed in a constant
temperature shaking incubator at a speed of 190 r·min−1.
A 250 W metal halide lamp (λ > 385 nm, JLZ250KN,
Shanghai Yaming Co.) was put above all tubes as the visible
light irradiation with a distance of 80 cm. At different
time intervals during the irradiation, samples were col-
lected, filtered, and finally analyzed by HPLC (Agilent1100).
Atrazine was detected at 222 nm and the mobile phase
was methanol/water mixture (80 : 20, v/v) at a flow rate of
1.0 mL·min−1 using C18 column (4.6 mm × 150 mm).

3. Results and Discussion

3.1. Crystal Structure. XRD was carried out to investigate
the changes of goethite and hematite phase structure after
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Figure 2: X-ray diffraction patterns of hematite and B-doped
hematite.

300 400 500 600 700 800 900
5

10

15

20

25

30

35

40
R

(%
)

Wavelength (nm)

 G-S-B0%
 G-S-B2%

Figure 3: UV-visible light reflection spectrum of goethite and B-
doped goethite.

boron doping and heat treatment. Figure 1 shows the X-
ray diffraction patterns of goethite and B-doped goethite.
Compared with G-S-B0%, there is no significant new peak
appearing in G-S-B2%, but the intensity of some peaks
become weaker or stronger. Maybe the content of boron is
too small to make perceptible crystal change of goethite’s
structure by X-ray diffraction. But boron does make an
influence in the crystal structure of goethite. Figure 2 shows
the crystal form change of common hematite and hematite
with 2% boron doping. It seems that H-S-B0% and H-
S-B2% have the same peaks. Perhaps the high calcination
temperature destroyed the changes of doping.

3.2. UV-vis Diffuse Reflectance Spectra. Figure 3 illus-
trates the UV-vis light reflection spectrum of goethite and



International Journal of Photoenergy 3

300 400 500 600 700 800 900
5

10

15

20

25

30

R
(%

)

Wavelength (nm)

H-S-B0%
H-S-B2%
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Figure 5: Atrazine degradation in present of goethite and B-doped
goethite under visible light.

Table 1: The properties of different B-doped goethite and hematite.

Samples BET(m2/g) Band-gap energy (eV)

G-S-B0% 60.24 2.06

G-S-B2% 91.46 1.97

H-S-B0% 56.26 1.69

H-S-B2% 71.48 1.68

boron-doped goethite. In the UV part, G-S-B0% and G-
S-B2% show the same reflection rate, while in the visible
part, G-S-B2% shows stronger light absorption than G-S-
B0%. The UV-vis light reflection spectra of undoped and
2% boron-doped hematite were shown in Figure 4. H-S-
B2% shows stronger absorption than H-S-B0% during the
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H-S-B2%
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Figure 6: Atrazine degradation in present of hematite and B-doped
hematite under visible light.

whole wavelength range. The band-gap energy of these four
iron oxides were estimated by Eg = 1240/λonset [14] and
presented in Table 1. It is inferred that boron doping may
narrow the band-gap energy of iron oxides and improve their
light absorption ability.

3.3. BET Surface Area. Table 1 lists the BET surface areas of
four iron oxides. G-S-B2% exhibits higher BET surface area
than that of G-S-B0% (34.13%), and the BET surface area
of H-S-B2% is also larger than that of H-S-B0%(21.29%).
These results confirm that boron doping can efficiently
inhibit the crystal size growth and increase the surface area
of goethite and hematite.

3.4. Visible Light Photocatalysis of Atrazine. To examine the
photocatalytic activity of B-doped iron oxides, atrazine was
chosen as target contaminant. And the degradation rate of
atrazine through the reaction time in present of these four
iron oxides under visible light was displayed in Figures 5
and 6. The photocatalytic degradation of atrazine followed
the first-order reaction kinetics under visible light according
to lnCt = lnC0 − kt, where C0 stands for the initial
concentration of atrazine and Ct is the concentration of
atrazine at t time. All the numbers were collected in Table 2.
The results clearly indicated that G-S-B2% and H-S-B2%
revealed a substantially enhanced activity for degradation
of atrazine, as compared to undoped G-S-B0% and H-S-
B0% under visible light irradiation. The first-order kinetics
constants (k) for atrazine degradation by G-S-B0%, G-
S-B2%, H-S-B0%, and H-S-B2% were 0.0295 h−1 (R =
0.9774), 0.0301 h−1 (R = 0.9857), 0.0199 h−1 (R = 0.9757),
and 0.0202 h−1 (R = 0.9932), respectively, and the half lives
(t1/2) of atrazine degraded by them were 23.49 h, 23.02 h,
34.82 h, and 34.31 h, respectively. It was confirmed that
boron doping could show good optical activity and goethite
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Table 2: Degradation kinetic results of atrazine under visible light irradiation with different iron oxides.

Experiments conditions lnCt = lnC0 − kt R k (h−1) t1/2 (h)

G-S-B0% lnCt = 0.8261− 0.0295t 0.9774 0.0295 23.49

G-S-B2% lnCt = 0.7895− 0.0301t 0.9857 0.0301 23.02

H-S-B0% lnCt = 0.8240− 0.0199t 0.9757 0.0199 34.82

H-S-B2% lnCt = 0.7983− 0.0202t 0.9932 0.0202 34.31

had better catalytic activity than hematite under visible light
irradiation.

4. Conclusion

The degradation of atrazine by using visible light-activated
B-doped iron oxide as photocatalyst is demonstrated in
this paper. Goethite, hematite, and B-doped goethite and
hematite were successfully synthesized by a novel modified
sol-gel method. Although there is no significant different
in XRD results between pure iron oxide and B-doped iron
oxide, however, the BET surface area and UV-vis spectra
indicate that boron doping greatly influenced the properties
of iron oxide. G-S-B2% and H-S-B2% exhibited enhanced
visible light photocatalytic activity in degradation of atrazine
compared with G-S-B0% and H-S-B0%, which maybe due
to the stronger light adsorption and boron-doped goethite
exhibited better photocatalytic activity than boron-doped
hematite.
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Flaky layered double hydroxide (FLDH) was prepared by the reconstruction of its oxide in alkali solution. The composites with
FLDH/Ag3PO4 mass ratios at 1.6 : 1 and 3 : 1 were fabricated by the coprecipitation method. The powders were characterized by
X-ray diffraction, field-emission scanning electron microscopy, transmission electron microscope, and UV-vis diffuse reflectance
spectroscopy. The results indicated that the well-distributed Ag3PO4 in a fine crystallite size was formed on the surface of FLDH.
The photocatalytic activities of the Ag3PO4 immobilized on FLDH were significantly enhanced for the degradation of acid red G
under visible light irradiation compared to bare Ag3PO4. The composite with the FLDH/Ag3PO4 mass ratio of 3 : 1 showed a higher
photocatalytic efficiency.

1. Introduction

The treatment of environmental pollutants in waste water
by active semiconductor photocatalysts has recently attracted
considerable attention for its ability to completely oxidize
organic contaminants to carbon dioxide, water, and mineral
acids [1–5]. Among the semiconductor photocatalysts, TiO2

has been extensively studied because of its outstanding pho-
tocatalytic activity, long-term stability, low cost, and non-
toxicity [6, 7]. However, TiO2 can only be activated with UV
light with a wavelength of less than 385 nm due to its wide
band gap (∼3.2 eV), which limits its utilization of the solar
energy. Therefore, a growing interest is also focused on the
development of the new photocatalysts that can operate
effectively under visible light irradiation. The doping of
TiO2 with foreign elements such as metals and nonmetals to
improve the energy band structure of TiO2 has been exten-
sively investigated [8], and nitrogen doping TiO2 has been
demonstrated as a visible light photocatalyst [9]. However,
the absorption edge of N-doped TiO2 was just extended to
the wavelength below 450 nm with a lower absorption cons-
tant. The non-TiO2-based photocatalysts with a larger absor-
ption coefficient, such as Ta3N5 [10], Ga1−x ZnxN1−x Ox

[11, 12], BiVO4 [13, 14], Bi2WO6 [15, 16], and Ag2CrO4

[17] have also been studied during the past decade. Up to
now, the development of novel visible-light-responsive pho-
tocatalysts with expanded spectral response range and high
photocatalysis quantum efficiency is still necessary.

Recently, Yi et al. reported the new use of Ag3PO4 semi-
conductor as a visible light photocatalyst, which can oxidize
water as well as decompose organic contaminants in aqueous
solution [18]. It was found that it exhibited extremely high
photocatalytic efficiency for organic dye decomposition
under visible light irradiation and the decomposition of
methylene blue over Ag3PO4 was dozens of times quicker
than that over monoclinic BiVO4 and commercial TiO2−xNx.
However, the effect about reducing the crystallite size of
Ag3PO4 on photocatalysis is still unknown.

Layered double hydroxide (LDH), also called hydrotal-
cite-like compound or anionic clay, is a family of lamellar
ionic solids that in terms of layer charge are the counterpart
of cationic clay minerals [19]. The LDH has a unique
property known as “memory effect,” which refers to that
LDH is decomposed into mixed metal oxide (MMO) when
LDH calcined at 300–600◦C. The calcined LDH is able to
recover the original layered structure easily when exposed to
the air or put into anion aqueous solution [4, 20]. In our
previous work, we have prepared flaky layered double
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hydroxides (FLDH) composed of cross-linked nanoflakes by
the reconstruction of their oxides in alkali solution, and
the ZnO immobilized on FLDH generated highly dispersed
ZnO nanoparticles (∼9.5 nm in diameter) with an enhanced
photocatalytic efficiency [21]. Nevertheless, the band gap of
this composite (∼3.18 eV) is too wide to absorb sunlight
efficiently. In this work, we synthesized the Ag3PO4/FLDH
composites, and the much finer Ag3PO4 was obtained in the
presence of FLDH and the resulted composites exhibited
a higher visible light photocatalytic efficiency compared to
bare Ag3PO4.

2. Experimental

2.1. Synthesis of Materials. The Mg-Al-CO3 LDH was pre-
pared by coprecipitation by a high supersaturation method
[22]. A typical preparation process was described as fol-
lows. Solution A was prepared by dissolving AlCl3·6H2O
(62.5 mmoL) and MgCl2·6H2O (125 mmoL) in 87.5 mL of
deionized water and solution B prepared via dissolving
NaOH (437 mmoL) and Na2CO3 (208 mmoL) in 125 mL of
deionized water. Solution A was added to solution B in
a three-neck round-bottom reaction flask and then stirred
at 50◦C, subsequently heated to 90◦C for 4 h. LDH was
obtained after collection of the precipitates by filtration,
washing several times with distilled water, and drying at 90◦C
overnight.

FLDH was prepared by the reconstruction of its oxide in
alkali solution [21]. Firstly, LDH was calcined in air at 500◦C
for 4 h, with a heating rate of 4◦C/min, to prepare the MMO.
Secondly, 3.0 g MMO was dispersed into 200 mL 1.0 M
Na2CO3 solution and stirred for 5 min; the suspension was
then transferred into a temperature-humidity chamber and
stirred for 24 h at 6◦C. FLDH was obtained after collection
of the precipitates by filtration, washing several times with
distilled water, and drying at 90◦C overnight.

The Ag3PO4/FLDH composites were prepared as follows.
3.0 g FLDH mixed with 4.8 g Na2HPO4 was placed into
150 mL of the distilled water under room temperature and
stirred for 5 min. A proper amount of AgNO3 was dissolved
in 50 mL of the distilled water and added to the suspension
above. After stirring vigorously for 20 min at room tem-
perature, the suspension was filtered, washed several times
with distilled water, and dried at 60◦C overnight. By varying
the amount of AgNO3, the composites with Ag3PO4/FLDH
mass ratios at 1 : 1.6 and 1 : 3 (labeled Ag3PO4/FLDH-1.6 and
Ag3PO4/FLDH-3, resp.) were prepared. Bare Ag3PO4 sample
without FLDH was also prepared by a similar method.

2.2. Characterization. The X-ray diffraction (XRD) patterns
of the powder phase compositions were identified by X-ray
diffractometer (Model D/Max-2550, Rigaku Co., Japan) us-
ing Cu Kα irradiation (λ = 1.5406 Å) at 40 kV and 100 mA.
The size and morphology of the samples were determined by
field emission scanning electron microscopy (FE-SEM)
(Model S-4800, Hitachi, Japan) and transmission elec-
tron microscope (TEM) (Model JEM-2100F, JEOL, Japan).
The Brunauer-Emmett-Teller (BET) specific surface area

measurement and the Barrett-Joyner-Halenda (BJH) pore
volume were performed using a nitrogen adsorption appara-
tus (Model Autosorb-1MP, Quantachrome Instruments Co.,
USA). The UV-vis diffuse reflectance spectra of the powder
samples were collected in the form of a dry-pressed disk at
room temperature with a spectrophotometer (Model Lam-
bda 950, Perkin-Elmer Co., USA).

2.3. Photocatalytic Tests. Photocatalytic activities of the re-
sultant bare Ag3PO4 and Ag3PO4/FLDH composites were
evaluated by the photocatalytic decomposition of acid red G
(ARG) under visible light irradiation. A 500 W Xe lamp was
used as the light source, and a ZJB 420 filter glass was used
to cut off light of wavelength <420 nm. In view of the fact
that Ag3PO4 was slightly soluble in aqueous solution [23],
the amount of catalysts in every experiment was normalized
by the mass of Ag3PO4 really present in each sample and
made sure that the amount of Ag3PO4 in ARG solution
equal to 1 g/L. The experiments were performed as follows.
Amount of photocatalyst was added into 100 mL ARG
(50 mg/L). The aqueous suspension was stirred at room tem-
perature and irradiated with visible light. About 3 mL of
reaction suspension was sucked at a defined time interval,
and the solid material was separated by centrifugation. The
removal rates of ARG were measured on a UV-vis spec-
trophotometer (Model Lambda 35, Perkin-Elmer Co., USA)
at the wavelength of 530 nm.

3. Results and Discussion

3.1. Characterization. Figure 1 shows the XRD patterns of
the original LDH, MMO, and FLDH. The typical X-ray pat-
tern of the original LDH (Figure 1(a)) exhibits the typical re-
flections of Mg-Al-CO3-LDH with a series of narrow, sym-
metric, and sharp peaks, indicating a high degree of crys-
tallinity [24]. Calcination of the LDH at 500◦C resulted in
the formation of a mixed metal oxide phase with an MgO-
like structure (Figure 1(b)). After regeneration by soaking
the MMO into a Na2CO3 solution, the calcined LDH have
successfully recovered the original layered structure accord-
ing to the characteristic reflections corresponding to the ori-
ginal LDH (Figure 1(c)), though a loss of some degree of
crystallinity as reported elsewhere [25].

The XRD patterns of bare Ag3PO4, Ag3PO4/FLDH-1.6,
and Ag3PO4/FLDH-3 are shown in Figure 2. For bare
Ag3PO4 (Figure 2(a)), all of the diffraction peaks are well
indexed as the body-centered cubic Ag3PO4 (JCPDS No. 06-
0505). For the Ag3PO4/FLDH composites (Figures 2(b) and
2(c)), most of the diffraction peaks could be attributed to the
body-centered cubic Ag3PO4. Meanwhile, small diffraction
peaks of LDH have been detected just as that in Figure 1(c),
confirming that the FLDH preserve its original structure after
being coated with Ag3PO4.

The FE-SEM images in Figure 3 show the morphologies
of LDH and FLDH. Figure 3(a) shows the plate-like mor-
phology typical of LDH [26] with diameters in the range 50–
100 nm. After regeneration, as shown in Figure 3(b), FLDH is
made up of flaky sheets coalesced irregularly with each other.
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Figure 1: XRD patterns of (a) the original LDH, (b) MMO, and (c)
FLDH.
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Figure 2: XRD patterns of (a) bare Ag3PO4, (b) Ag3PO4/FLDH-1.6,
and (c) Ag3PO4/FLDH-3.

The sizes of the flaky sheets range from 50 to 200 nm, and the
thickness is ∼10 nm. It means that these sheets have a large
aspect ratio (defined as platelet diameter/thickness) which
may lead to an efficient adsorption capability.

The TEM images in Figure 4 show the sizes and mor-
phologies of Ag3PO4 and Ag3PO4/FLDH-3. The TEM image
of bare Ag3PO4 shows agglomerated particles with diameters
in the range 200–1000 nm (Figure 4(a)). The average diam-
eter of the well-distributed Ag3PO4 in the Ag3PO4/FLDH-3
composite (∼200 nm) is smaller than that of the bare Ag3PO4

(Figure 4(a)). From these results, it can be concluded that
FLDH plays an important role in hindering the crystal
growth and agglomeration of Ag3PO4. Figure 4(c) shows the
energy dispersive spectroscopy (EDS) pattern of Ag3PO4/
FLDH-3. Except for the Cu and C peaks coming from the
copper grid for the TEM analysis, the Mg and Al peaks are

Table 1: Corresponding specific surface area and pore volume for
the samples.

Sample Sa
BET (m2/g) V b (cm3/g)

LDH 110.4 0.336

FLDH 146.4 0.769

Ag3PO4 1.6 0.002

Ag3PO4/FLDH-1.6 106.1 0.495

Ag3PO4/FLDH-3 122.3 0.601
aBET surface area determined by a multipoint BET method, using the
adsorption data in the relative pressure (P/P0) range 0.05–0.3. bBJH pore
volume determined by the volume of nitrogen adsorbed at a relative pressure
(P/P0) of 0.994.

corresponding to FLDH, and the presence of Ag and
P elements indicates the formation of Ag3PO4. This re-
sult confirms that Ag3PO4/FLDH composites were success-
fully prepared in this study.

The BET specific surface area and pore volume of the
samples are summarized in Table 1. It can be seen that the
original LDH has a BET surface area 110.4 m2/g with a rela-
tive lower pore volume 0.336 cm3/g. After regeneration, the
BET specific surface area and pore volume of FLDH are
much larger than that of LDH, this may be because the newly
formed FLDH has a coarse surface due to the irregular inter-
connected nanosheets and the remaining slit-like mesopores
as shown in Figure 3(b) [21]. This higher surface area and the
special structure are considered to be a suitable support for
Ag3PO4 dispersion. The surface area of Ag3PO4/FLDH-1.6,
and Ag3PO4/FLDH-3 are slightly lower than that of FLDH
and decrease with increasing the Ag3PO4/FLDH mass ratios.
This could be attributed to that the presence of Ag3PO4 can
clog the pore of FLDH, and this effect is more and more sig-
nificant with the amount of Ag3PO4, which is further con-
firmed by change in the pore volume. It can also be observed
that the surface area and pore volume of bare Ag3PO4 are
very low, which is expected to be responsible for the sub-
sequent poor adsorption capacity of ARG.

The UV-vis diffuse reflectance spectra of the bare Ag3PO4,
Ag3PO4/FLDH-1.6 and Ag3PO4/FLDH-3 are shown in
Figure 5. It can be clearly seen that the bare Ag3PO4 can
absorb solar energy with a wavelength shorter than ∼530 nm
as reported by Yi et al. [18]. As for Ag3PO4/FLDH compos-
ites, the absorption edge of each sample shifts to a slightly
shorter wavelength compared with bare Ag3PO4 (∼525 nm
for Ag3PO4/FLDH-1.6 and ∼520 nm for Ag3PO4/FLDH-
3), though the absorption intensity slightly decreases. The
decrease of absorption intensity is dependent on the content
of Ag3PO4 in these composites.

3.2. Degradation of ARG Solution. The photocatalytic activ-
ity of Ag3PO4 may be explained by that Ag3PO4 has a
large dispersion of conduction band due to the form of the
delocalized π∗ antibonding states in the conduction band
and the inductive effect of PO4

3−, which helps the separation
of electron-hole pairs [27], and a strong oxidation of
photoexcited holes in the valence band could be responsible
for the dye degradation [18].
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Figure 4: TEM images of Ag3PO4 (a) and Ag3PO4/FLDH-3 (b), and EDS elemental microanalysis of Ag3PO4/FLDH-3 (c).

The photocatalytic activities in decomposing ARG are
plotted in Figure 6, where C0 and Ct are the concentration of
aqueous ARG in the starting aqueous (50 mg/L) and at time
t, respectively. All of the samples showed efficient photo-
catalytic activities under visible light irradiation, indicating
the potential of Ag3PO4 as a photofunctional material for
waste water cleaning. It can be clearly seen that both of the
Ag3PO4/FLDH photocatalysts exhibited higher photocat-
alytic activities for the ARG degradation reaction than bare
Ag3PO4, especially Ag3PO4/FLDH-3, the ARG dye can be
completely degraded within 20 min under visible light irrad-
iation.

The enhanced photocatalytic properties can be attributed
to two main factors. First is the much smaller size and good
dispersion of Ag3PO4 immobilized on the FLDH. It is well
known that the light-generated charge carriers in small-sized
semiconductor grains can efficiently transfer to the surface,

which results in the decrease of the opportunities for recom-
bination [28]. Meanwhile, for bare Ag3PO4, the by-products,
black metallic Ag particles, would appear because of the
photocorrosion during the photocatalytic process and attach
themselves onto the surface of the Ag3PO4 catalyst, which
would inevitably prevent visible light absorption and de-
crease its photocatalytic activity [23]. For the Ag3PO4/FLDH
composites, the photocorrosion still existed, but the Ag parti-
cles resulted from the decomposition of much finer Ag3PO4

in the composite were also much smaller compared to that
from the bare Ag3PO4. The finer Ag particles scattered less
light and improved the light harvesting in the photocatalytic
process. Moreover, a large part of Ag particles would deposit
onto the surface of FLDH not coated by Ag3PO4 in the
composites, which also further reduce the negative influence.
Second is a higher adsorption capability for the composites
compared with bare Ag3PO4. The photocatalytic degradation
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Figure 6: Photocatalytic activities of (a) Ag3PO4, (b) Ag3PO4/
FLDH-1.6, and (c) Ag3PO4/FLDH-3 for ARG degradation under
visible light irradiation.

of a pollutant must proceed at the surface of the catalyst after
the reactant has been adsorbed on the surface, so the
adsorption is considered to be the prestep for the consequent
photocatalytic reaction [29]. According to the blank tests car-
ried out like the way of photocatalytic degradation of ARG
but without light irradiation, which are shown in Figure 7,
it can be clearly seen that the adsorption of ARG on bare
Ag3PO4 in the dark was negligible after 60 min, however,
the percentages of ARG removal with Ag3PO4/FLDH-1.6 and
Ag3PO4/FLDH-3 were ∼35% and 55%, respectively. These
results indicate that the high adsorption capability is very
crucial to the improvement of photocatalytic activation for
the Ag3PO4/FLDH composites. For Ag3PO4/FLDH-3, the ex-
cellent efficiency may be explained based on the smaller
particle size, better dispersion of Ag3PO4 on the FLDH, and
higher adsorption capability with the amount of FLDH con-
tent.
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Figure 7: The adsorption capabilities of ARG on (a) Ag3PO4, (b)
Ag3PO4/FLDH-1.6 and (c) Ag3PO4/FLDH-3 in the dark.

4. Conclusions

In summary, we synthesized the Ag3PO4/FLDH composites
with fine Ag3PO4 crystalline grains through a wet chemi-
cal method. The Ag3PO4/FLDH composites, the Ag3PO4/
FLDH-3 in particular, exhibited much higher catalytic effi-
ciency than bare Ag3PO4 for the degradation of ARG under
visible light irradiation. The enhanced photocatalytic prop-
erties can be attributed to the combination of the smaller-
sized and well-distributed Ag3PO4 immobilized on the
FLDH and the strong adsorption of the dye on the FLDH.
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Hematite (Fe2O3) thin films with different thicknesses are fabricated by the rf magnetron sputtering deposition. The effects of film
thicknesses on the photocatalytic activity of hematite films have been investigated. Hematite films possess a polycrystalline hexa-
gonal structure, and the band gap decreases with an increase of film thickness. Moreover, all hematite films exhibit good photo-
catalytic ability under visible-light irradiation; the photocatalytic activity of hematite films increases with the increasing film
thickness. This is because the hematite film with a thicker thickness has a rougher surface, providing more reaction sites for
photocatalysis. Another reason is a lower band gap of a hematite film would generate more electron-hole pairs under visible-light
illumination to enhance photocatalytic efficiency. Experimental data are well fitted with Langmuir-Hinshelwood kinetic model.
The photocatalytic rate constant of hematite films ranges from 0.052 to 0.068 min−1. This suggests that the hematite film is a super-
ior photocatalyst under visible-light irradiation.

1. Introduction

Many industrial dyes are toxic and carcinogenic [1, 2]. The
organic dyes present in industrial wastewater often pose
significant threats against human health and environmental
pollution control. Therefore, it is important to remove or-
ganic dyes from wastewater. However, wastewater exhibits
stable behavior under harsh conditions and resists biodegra-
dation, making it difficult to remove organic dyes easily.
Many wastewater treatment methods have been explored [3,
4], and the most commonly reported technique is the adsor-
ption technique [5, 6]. However, this method is now becom-
ing unpopular because it is expensive, and the adsorbent has
low recyclability [7–9].

Photocatalysis is an environment friendly process that
utilizes irradiation energy for catalytic reactions. Hence, pho-
tocatalytic technology has been widely investigated for appli-
cations to the decomposition of pollutants [10–12]. The pho-
tocatalytic decomposition of wastewater is a process that
combines heterogeneous catalysis with solar technologies
[13]. Researchers are especially interested in developing pho-
tocatalysts that can extend the absorption wavelength into
the visible-light region [14–16].

Hematites (Fe2O3) are minerals belonging to the group
of iron-oxide minerals; they have a hexagonal structure and
exhibit paramagnetic behavior. Moreover, they show strong
catalytic activity, widely and easily available, and are extre-
mely environment friendly. In particular, hematite may be a
promising candidate for visible-light photocatalysis—it can
absorb visible light, collect up to 45% of solar-spectrum
energy, and is one of the cheapest semiconductor materials
available.

Photocatalysts are usually in the form of powders and
thin films. The powders have a better adsorption activity and
photocatalytic efficiency than thin films because of a con-
siderably large surface area. However, the drawback of the
powders, especially nanopowders, is that they are not easy to
retrieve and may be harmful to human beings. In this study,
hematite thin films are employed for the removal of methy-
lene blue (MB) dye by photocatalytic decomposition. MB
is nonbiodegradable and extensively used in the industry;
therefore, it is selected as the model contaminant. The photo-
catalytic activity for different thicknesses of hematite thin
films (1H, 2H, and 4H) will be evaluated, and their thickness
dependence is discussed.
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Figure 1: XRD patterns of hematite thin films with different depo-
sition times.

2. Experimental

2.1. Preparation and Characterization of Hematite Thin Films.
The hematite thin films were grown using the rf magnetron
sputtering system on a Si(100) substrate. The Fe2O3 target
was prepared as the starting material. The deposition was
carried out at 600◦C in the atmosphere having an Ar/O2 ratio
of 14/6, at a total pressure of 20 mtorr. Several deposition
times of the Fe2O3 films were studied: 1.0, 2.0, and 4.0 hr,
which were in different thicknesses. The crystal structure of
Fe2O3 thin films was characterized by X-ray powder diffrac-
tion (XRD). The morphology and the grain size of Fe2O3

films were observed by a field-emission scanning electron
microscope (FE-SEM). Magnetic properties of Fe2O3 films
were measured by a superconducting quantum interference
device (SQUID) magnetometer at room temperature within
a magnetic field up to 1 T. The band gap of the specimens was
examined via a UV-Vis diffuse reflectance spectrometer.

2.2. Photocatalytic Experiment. In the photocatalytic exper-
iment, the degradation of MB (C16H18ClN3S•3H2O)
was measured under visible-light irradiation (wavelength
>400 nm) in a black box. The power of the visible light was
500 W. The visible-light lamp was placed vertically on the
closed reaction vessel at a distance of 60 cm. The reaction
system was kept at 25◦C with cooling water. The initial con-
centration of MB was adjusted to 1.0 ppm (100 mL), and
then, 1 cm × 1 cm of the Fe2O3 thin film (photocatalyst) was
added. After every measurement, the MB solution was cen-
trifuged and filtered, and subsequently, the 2 mL MB solution
was removed for concentration measurements. The varia-
tions in the MB concentration were measured using a UV-Vis
spectrometer (UV-Vis).

2.3. Photocatalytic Model. The kinetic mechanism is impor-
tant because it describes the removal rate of the photocatalyst
and controls the residual time of the entire process. The
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Figure 2: Plane view of FE-SEM images of hematite thin films with
various deposition times: (a) 1.0 hr, (b) 2.0 hr, and (c) 4.0 hr.

heterogeneous photocatalysis usually follows a pseudo-first-
order equation, which can be expressed by the Langmuir-
Hinshelwood kinetic model [17, 18]

rLH = −dC

dt
= k · KC0

1 + KC0
or ln

C

C0
= k′t, (1)

where rLH is the photocatalytic reaction rate, C0 is the initial
concentration, C is the concentration at time t, k is the reac-
tion rate constant, K is the equilibrium adsorption constant,
and k′ is the pseudo-first-order rate constant (photocatalytic
rate constant).
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Figure 3: Cross-section of FE-SEM images of hematite thin films
with different deposition times: (a) 1.0 hr, (b) 2.0 hr, and (c) 4.0 hr.

3. Results and Discussion

3.1. Characterization of Hematite Thin Films. The XRD pat-
terns of the prepared Fe2O3 films are shown in Figure 1. The
diffraction peaks can be identified as hematite with a hexa-
gonal structure, which is in agreement with the standard data
given in its JCPDS card (33-0664). No other impurity peaks
can be detected, and the diffraction intensity increases with
the increasing deposition time. Moreover, the strong and
sharp diffraction peaks of the films indicate well-crystallized
hematite films that can be easily obtained using the afore-
mentioned sputtering parameters.
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Figure 4: Magnetization plots as a function of magnetic field of
hematite thin films with various film thicknesses.

Table 1: Grain size, magnetic properties, band gap, and related
parameters of photocatalysis of hematite thin films with various
film thicknesses.

Properties 1H 2H 4H

Film thickness (nm) 172 367 553

Particle size (nm) 17 35 77

Band gap (eV) 2.77 2.74 2.71

Maximal magnetization (emu/cm3) 4.7 8.6 22.6

Rate constant (1/min) 0.052 0.055 0.068

The film thickness, morphology, and grain size of the
hematite thin films investigated by FE-SEM are shown in
Figures 2 and 3. The film thickness of hematite films is 172,
367, and 553 nm for the deposition time of 1.0, 2.0, and
4.0 hr, respectively. All the films have fine and irregularly
shaped crystal grains, and the grain size gradually increases
with an increase in the layer thickness (deposition time). The
grain size of hematite films is around 17, 35, and 77 nm, and
we name these films 1H, 2H, and 4H, as listed in Table 1.

The magnetization plots as a function of magnetic field,
at 300 K, are shown in Figure 4. All the three specimens
exhibit superparamagnetic behavior however, the bulk mag-
netite is paramagnetic. The maximal magnetization increases
with the increasing film thickness of hematite films, which is
in agreement with the previous studies [19, 20]. The results
suggest that hematite films could be manipulated or recov-
ered rapidly by an external magnetic field. Furthermore, the
nonmagnetic impurities can be excluded during hematite
films recovery.

The absorbance of the UV-Vis diffuse reflectance spec-
trum for hematite films is shown in Figure 5(a); the absor-
bance for the three samples is fairly high and within the
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Table 2: The comparison of photocatalytic activity for various photocatalysts.

Photocatalyst Material Rate constant (k′: min−1) Reference

Nanohematite Congo red 0.0026 [21]

Fe2O3/RR (20 mM H2O2) Orange II 0.0029 [22]

Fe2O3 thin film MB dye 30% [23]

TiO2/Fe2O3 thin film MB dye 15% [23]

α-Fe2O3/SnO2 thin film 2-naphthol 8% [24]

Fe2O3 nanorod thin film Rhodamine B 0.3% [25]

Fe2O3 thin film MB dye 0.068/99% This study
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Figure 5: The absorbance of the (a) UV-Vis diffuse reflectance spectrum, (b) Tauc plot for hematite thin films with different film thicknesses.

region of visible-light wavelength. This result indicates that
the photocatalytic properties of hematite films may exist
under visible-light irradiation. By using the absorbance pat-
tern and the following equation [21]: αhν = A(hν− Eg)0.5

(where α is the considered absorption coefficient, A is a
constant, h is Planck’s constant, ν is the photon frequency,
and Eg is the optical band gap energy), an extrapolation of
the linear plot of (αhν)2 on the y-axis versus (hν) on the x-
axis gives the Eg value. The estimate Eg is to be approximately
2.77, 2.74, and 2.71 eV for 1H, 2H, and 4H, respectively
(Figure 5(b)). It is observed that the band gap of hematite
films increases with a decrease of film thickness (grain size).
It has been reported by Bao et al. [22] and Miller et al. [23]
that the film with a small grain size would have a high poten-
tial barrier at the grain boundary; thus, it has a large band
gap. An increase of the band gap with a decrease of the grain
size (film thickness) is also associated with the quantum size
effect, which is reported by Lee et al. [24] and Ubale et al.
[25].

3.2. Photocatalytic Activity of Hematite Thin Films

3.2.1. Time Effect of Photocatalysis. The changes in the MB
concentration as a function of time in the presence of visible

light for hematite thin films (1H, 2H, and 4H) are shown in
Figure 6(a). The degradation efficiency is higher during the
early stages of the reaction and decreases with time until the
end of the reaction. It can be found that the photocatalytic
ability increases with an increase of film thickness. The pho-
tocatalytic efficiency at the reaction time of 60 min is 95%,
99%, and 99% for the films of 1H, 2H, and 4H, respectively.

3.2.2. Photocatalytic Kinetics. The kinetics of the degradation
reaction is investigated by plotting the variations in MB con-
centration with time (Figure 6(b)). A linear section is obtain-
ed within the reaction time. The obtained values of the rate
constant (k′) of the photocatalytic reactions are summarized
in Table 1. The results reveal that the photocatalytic degra-
dation of MB dye obeys the rule of the pseudo-first-order
kinetic reaction. Moreover, the corresponding rate constants
are 0.052, 0.055, and 0.068 per min with the increasing film
thickness. Note that these radicals initially lead to the gene-
ration of free electrons and holes in the conduction and
valence bands of the solid. They also lead to the formation of
surface excited states that subsequently react with the surface
molecules of the reagents and then accelerate the decompo-
sition reaction rate as the film thickness of hematite films
increases. The reason for a better photocatalytic ability of



International Journal of Photoenergy 5

0 10 20 30 40 50 60

0

0.2

0.4

0.6

0.8

1

1H
2H
4H

C
t/
C

0

Time (min)

(a)

1H
2H
4H

0 10 20 30 40 50 60
Time (min)

0

2

4

ln
(C

t/
C

0
)

(b)

Figure 6: (a) Plot of photocatalytic efficiency versus the degradation time for the hematite films; (b) plot of log C/C0 versus irradiation time
for hematite films.

the hematite film with a thicker film thickness is a large sur-
face roughness and a small band gap. A large surface rough-
ness provides a large number of reaction sites for photocatal-
ysis; a small band gap generates more electron-hole pairs
under light irradiation. Consequently, a thicker hematite film
has a better photocatalytic activity.

Previous studies have shown that the photocatalytic rates
constant of the nanohematite and Fe2O3/RR (0.02 M H2O2)
are 0.0026 and 0.0029 min−1, respectively [26, 27]. Moreover,
the photocatalytic efficiency at the reaction time of 60 min
for Fe2O3 thin film, TiO2/Fe2O3 thin film, α-Fe2O3/SnO2

glass thin film, and Fe2O3 nanorod thin film is 30%, 15%,
8%, and 0.3% [28–30]. The detailed comparisons of photo-
catalysts are listed in Table 2, which indicates that the pho-
tocatalytic activity of hematite thin films is competitive with
the reported literatures. Therefore, the hematite thin film can
act as a good photocatalyst under visible-light excitations,
and it is able to successfully utilize solar energy for perform-
ing photocatalysis.

4. Conclusion

In this study, it is observed that hematite thin films with
different film thicknesses can be fabricated by the rf magnet-
ron sputtering deposition. The FE-SEM images show that the
grain size and the surface roughness increase with an increase
in the film thickness. The band gap decreases with the in-
creasing grain size (film thickness) because of the potential
barrier at the grain boundary. The result of the photocatalytic
degradation of MB reveals that all the films have a good pho-
tocatalytic ability; a thicker hematite film, with a larger grain
size, has a better photocatalytic efficiency because of a smaller
band bap and a rougher surface. We believe that with contin-
ued development, this type of thin film will have the potential
to be employed in environmental remediation applications.
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Fe2BiSbO7 was synthesized by a solid-state reaction method for the first time. The structural and photocatalytic properties of
Fe2BiSbO7 have been characterized. The results showed that Fe2BiSbO7 was crystallized with the pyrochlore-type structure,
cubic crystal system, and space group Fd3m. The lattice parameter for Fe2BiSbO7 was a = 10.410297 Å. The photocatalytic
degradation of methylene blue (MB) was realized under visible light irradiation with Fe2BiSbO7 as catalyst. Fe2BiSbO7 owned
higher catalytic activity compared with Bi2InTaO7 or pure TiO2 or N-doped TiO2 for photocatalytic degradation of MB. The
photocatalytic degradation of MB with Fe2BiSbO7, Bi2InTaO7, or N-doped TiO2 followed the first-order reaction kinetics, and
the first-order rate constant was 0.01189, 0.00275, or 0.00333 min−1. After visible light irradiation for 230 min with Fe2BiSbO7,
complete removal and mineralization of MB was observed. The reduction of the total organic carbon, the formation of inorganic
products, SO4

2− and NO3
−, and the evolution of CO2 revealed the continuous mineralization of MB during the photocatalytic

process. The photocatalytic degradation pathway of MB was obtained. Fe2BiSbO7/(visible light) photocatalysis system was found
to be suitable for textile industry wastewater treatment.

1. Introduction

Dye effluents from textile industries and photographic
industries are becoming a serious environmental problem
because of their toxicity, unacceptable color, high chemical
oxygen demand content, and nonbiological degradation [1].
Many conventional methods have been proposed to treat
industrial effluents, but each method has its shortcomings
[1–7]. In recent years, the photocatalytic degradation pro-
cesses have been widely applied as techniques of destruction
of organic pollutants in wastewater and effluents, especially
for degrading dyes [1, 7–21]. However, among various dyes,
methylene blue (MB) dye was difficult to be degraded and
was often utilized as a model dye contaminant to estimate the
activity of a photocatalyst under both ultraviolet light irradi-
ation [18, 19, 22] and visible light irradiation [20, 21, 23, 24].
There were many reports about the photodegradation of MB.
Unfortunately, most of these reports were carried out under
UV light irradiation. Up to now, there were only few reports
of MB dye degradation under visible light irradiation such as
the research by Asahi et al. with a reduced TiOx(TiO2−xNx)

as catalyst and the research by Tang et al. and Cui et al. with
Pt-TiO2 as photocatalyst [21, 24]. Zhang [25] utilized N-
doped TiO2 as catalyst to degrade MB under visible light
irradiation and found that the removal ratio of MB was
only 35% after 180 min. It is known that ultraviolet light
only occupies 4% of the solar energy. For this reason, many
endeavors should be taken up to develop new visible light-
responsive photocatalysts which are capable of utilizing more
visible light, which accounts for about 43% of the solar
energy. Therefore, it is urgent to develop novel visible light-
responsive photocatalysts.

With the development of investigation of photocatalysis
process, investigators also paid much attention to researching
and developing novel photocatalysts [26–30]. Currently,
TiO2 was the most common photocatalyst, however, TiO2

could not be utilized in the visible light region and could only
degrade RhB under ultraviolet light irradiation which was
a restrained factor for photocatalysis technology with TiO2

as catalyst. Therefore, some efficient catalysts which could
generate electron-hole pairs under visible light irradiation
should be developed. Fortunately, A2B2O7 compounds were
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often considered to own photocatalytic properties under
visible light irradiation. In our previous work [31], we have
found that Bi2InTaO7 was crystallized with the pyrochlore-
type structure and acted as a photocatalyst under visible light
irradiation and seemed to have potential for improvement
of photocatalytic activity upon modification of its structure.
According to the above analysis, we could assume that
substitution of Ta5+ by Sb5+, substitution of Bi3+ by Fe3+, and
substitution of In3+ by Bi3+ in Bi2InTaO7 might increase car-
riers concentration. As a result, a change and improvement
of the electrical transportation and photophysical properties
could be found in the novel Fe2BiSbO7 compound which
might own advanced photocatalytic properties.

Fe2BiSbO7 has never been produced before and the
data about its structural and photophysical properties such
as space group and lattice constants have not been found
previously. In addition, the photocatalytic properties of
Fe2BiSbO7 have not been studied by other investigators. The
molecular composition of Fe2BiSbO7 was very similar with
other A2B2O7 compounds. Thus the resemblance suggested
that Fe2BiSbO7 might possess photocatalytic properties
under visible light irradiation, which was similar with those
other members in A2B2O7 family. Fe2BiSbO7 also seemed
to own potential for improvement of photocatalytic activity
upon modification of its structure because it had been proved
that a slight modification of a semiconductor structure will
result in a remarkable change within photocatalytic proper-
ties [21]. In this paper, Fe2BiSbO7 was prepared for the first
time by the solid-state reaction method and the structure
and photocatalytic properties of Fe2BiSbO7 were investigated
in detail. The photocatalytic degradation of MB under
visible light irradiation was also performed to evaluate the
photocatalytic activity of Fe2BiSbO7. A comparison among
the photocatalytic properties of Fe2BiSbO7, Bi2InTaO7, and
N-doped TiO2 was achieved in order to elucidate the rela-
tionship between the structure and photocatalytic activity of
Fe2BiSbO7.

2. Experimental

2.1. Synthesis of Fe2BiSbO7 and N-Doped TiO2. Fe2BiSbO7

powder was first synthesized by the solid-state reaction
method. Fe2O3, Bi2O3, and Sb2O5 with the purity of 99.99%
were utilized as raw materials which were purchased from
Sinopharm Group Chemical Reagent Co. (Shanghai, China)
and used without further purification. All powders were
dried at 200◦C for 4 h before synthesis. In order to synthesize
Fe2BiSbO7, the precursors were stoichiometrically mixed in
a quartz mortar, subsequently pressed into small columns,
and put into an alumina crucible (Shenyang Crucible Co.,
Ltd., China). Finally, calcination was carried out at 1020◦C
for 25 h in an electric furnace (KSL 1700X, Hefei Kejing
Materials Technology Co., Ltd., China). Similarly, Bi2InTaO7

was synthesized by calcination at 1050◦C for 46 h. After
sintering and grounding within a quartz mortar, ultrafine
Fe2BiSbO7 powder was fabricated. Nitrogen-doped titania
(N-doped TiO2) catalyst with tetrabutyl titanate as a tita-
nium precursor was prepared via the sol-gel method at

room temperature. The procedure was as follows: 17 mL
tetrabutyl titanate and 40 mL absolute ethyl alcohol were
mixed as solution a, subsequently solution a was added
dropwise under vigorous stirring into the solution b that
contained 40 mL absolute ethyl alcohol, 10 mL glacial acetic
acid, and 5 mL double distilled water to form transparent col-
loidal suspension c. Subsequently aqua ammonia with N/Ti
proportion of 8 mol% was added into the resulting transpar-
ent colloidal suspension under vigorous stirring condition
and kept stirring for 1 h. Finally, the xerogel was formed after
being aged for 2 days. The xerogel was grounded into powder
which was calcined at 500◦C for 2 h. Finally, above powder
was grounded in agate mortar and screened by shaker to
obtain N-doped TiO2 powders.

2.2. Characterization of Fe2BiSbO7. The crystalline phase of
Fe2BiSbO7 was analyzed by X-ray diffractometer (D/MAX-
RB, Rigaku Corporation, Japan) with CuKα radiation (λ =
1.54056). The patterns were collected at 295 K with a step-
scan procedure in the range of 2θ = 10− 95◦. The step inter-
val was 0.02◦ and the time per step was 1 s. The accelerating
voltage and applied current were 40 kV and 40 mA, respec-
tively. The chemical composition of the compound was
determined by scanning electron microscope-X-ray energy
dispersion spectrum (SEM-EDS, LEO 1530VP, LEO Cor-
poration, Germany), X-ray fluorescence spectrometer (XFS,
ARL-9800, ARL Corporation, Switzerland), and X-ray pho-
toelectron spectroscopy (XPS, ESCALABMK-2, VG Scientific
Ltd., UK). The particle morphology of Fe2BiSbO7 was
observed by transmission electron microscope (Tecnal F20
S-Twin, FEI Corporation, USA). The Fe3+ content, Bi3+

content, Sb5+ content, and O2− content of Fe2BiSbO7 and the
valence state of elements were also analyzed by X-ray pho-
toelectron spectroscopy (XPS). The chemical composition
within the depth profile of Fe2BiSbO7 was examined by the
argon ion denudation method when X-ray photoelectron
spectroscopy was used. UV-visible diffuse reflectance spec-
trum of Fe2BiSbO7 was measured with a Shimadzu UV-
2550 UV-Visible spectrometer, and BaSO4 was used as the
reference material. The surface areas of Fe2BiSbO7 and N-
doped TiO2 were determined by the Brunauer-Emmett-
Teller (BET) method (MS-21, Quantachrome Instruments
Corporation, USA) with N2 adsorption at liquid nitrogen
temperature. The particle sizes of the photocatalysts were
measured by Malvern’s mastersize-2000 particle size analyzer
(Malvern Instruments Ltd., UK).

2.3. Photocatalytic Activity Tests. The photocatalytic activ-
ity of Fe2BiSbO7 was evaluated with methylene blue
(C16H18ClN3S) (Tianjin Bodi Chemical Co., Ltd., China) as a
model material. The photoreaction was carried out in a pho-
tochemical reaction apparatus (Nanjing Xujiang Machine
Plant, China). The internal structure of the reaction appa-
ratus is as follows: the lamp is put into a quartz hydrazine
which is a hollow structure and located in the middle of
the reactor. The recycling water through the reactor main-
tains a near constant reaction temperature (20◦C) and the
solution was continuously stirred and aerated. Twelve holes
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which are used to put quartz tubes evenly distribute around
the lamp and the distance between the lamp and each hole
is equal. Under the condition of magnetic stirring, the photo-
catalyst within the MB solution is in the state of suspension.
In this paper, the photocatalytic degradation of the MB
solution was performed with 0.3 g Fe2BiSbO7 in 300 mL
0.025 mM MB aqueous solution in quartz tubes with 500 W
Xenon lamp (400 nm < λ < 800 nm) as visible-light source.
Prior to visible light irradiation, the suspensions which
contained the catalyst and MB dye were magnetically stirred
in the dark for 45 min to ensure establishment of an adsorp-
tion/desorption equilibrium among Fe2BiSbO7, the MB dye,
and atmospheric oxygen. During visible light illumination,
the suspension was stirred at 500 rpm and the initial pH
value of the MB solution was 7.0 without pH adjustment in
the reaction process. The above experiments were performed
under oxygen-saturation conditions ([O2]sat = 1.02 ×
10−3 M). One of the quartz tubes was taken out from the
photochemical reaction apparatus at various time intervals.
The suspension was filtered through 0.22 μm membrane
filters. The filtrate was subsequently analyzed by a Shimadzu
UV-2450 UV-Visible spectrometer with the detecting wave-
length at 665 nm. The experimental error was found to be
within ±2.2%.

The incident photon flux Io measured by a radiometer
(Model FZ-A, Photoelectric Instrument Factory Beijing
Normal University, China) was determined to be 4.76×10−6

Einstein L−1 s−1 under visible light irradiation (wavelength
range of 400–700 nm). The incident photon flux on the
photoreactor was varied by adjusting the distance between
the photoreactor and the Xe arc lamp. The pH value
adjustment was not carried out, and the initial pH value was
7.0. The inorganic products which were obtained from MB
degradation were analyzed by ion chromatograph (DX-300,
Dionex Corporation, USA). The identification of MB and the
degradation intermediate products of MB were performed by
gas chromatograph—mass spectrometer (GC-MS, HP 6890
Series Gas Chromatograph, AT column, 20.3 m × 0.32 mm,
ID of 0.25 μm) which operated at 320◦C and was connected
to HP 5973 mass selective detector and a flame ionization
detector with H2 as the carried gas. The intermediate prod-
ucts of MB were also measured by liquid chromatograph—
mass spectrometer (LC-MS, Thermo Quest LCQ Duo, USA,
Beta Basic-C18 HPLC column: 150 × 2.1 mm, ID of 5 μm,
Finnigan, Thermo, USA). Here, 20 μL of postphotocatalysis
solution was injected automatically into the LC-MS system.
The fluent contained 60% methanol and 40% water, and
the flow rate was 0.2 mL min−1. MS conditions included an
electrospray ionization interface, a capillary temperature of
27◦C with a voltage of 19.00 V, a spray voltage of 5000 V, and
a constant sheath gas flow rate. The spectrum was acquired in
the negative ion scan mode and the mz−1 range swept from
50 to 600. Evolution of CO2 was analyzed with an intersmat
IGC120-MB gas chromatograph equipped with a porapack
Q column (3 m in length and an inner diameter of 0.25 in.),
which was connected to a catharometer detector. The total
organic carbon (TOC) concentration was determined with
a TOC analyzer (TOC-5000, Shimadzu Corporation, Japan).

The photonic efficiency was calculated according to the fol-
lowing equation [32, 33]:

ϕ = R

Io
, (1)

where ϕ is the photonic efficiency (%), R is the rate of MB
degradation (Mol L−1 s−1), and Io is the incident photon flux
(Einstein L−1s−1).

3. Results and Discussion

3.1. Crystal Structure of Fe2BiSbO7. Figure 1 presents TEM
image and the selected area electron diffraction pattern of
Fe2BiSbO7. The TEM image of Fe2BiSbO7 showed that the
morphology of the Fe2BiSbO7 particle was very similar and
regular. It could be seen that the Fe2BiSbO7 particles crystal-
lized well and the mean particle diameter of Fe2BiSbO7 was
about 150 nm. SEM-EDS spectrum of Fe2BiSbO7 revealed
that Fe2BiSbO7 was pure phase without any other impure
elements and Fe2BiSbO7 displayed the presence of iron,
bismuth, antimony, and oxygen. It could be seen from
Figure 1 that Fe2BiSbO7 was crystallized with the pyrochlore-
type structure, cubic crystal system, and space group Fd3m.
The lattice parameter for Fe2BiSbO7 was proved to be
a = 10.410297 Å. According to the calculation results from
Figure 1, the (h k l) value for the main peaks of Fe2BiSbO7

could be found and indexed.
Full-profile structure refinements of the collected X-ray

diffraction data of Fe2BiSbO7 were obtained by the RIETAN
[34] program, which was based on Pawley analysis. The
refinement results of Fe2BiSbO7 are shown in Figure 2. The
atomic coordinates and structural parameters of Fe2BiSbO7

are listed in Table 1. The results of the final refinement
for Fe2BiSbO7 indicated a good agreement between the
observed and calculated intensities in a pyrochlore-type
structure and cubic crystal system with space group Fd3m.
Our XRD results also showed that Fe2BiSbO7 and Bi2InTaO7

were crystallized in the same structure, and 2 theta angles
of each reflection of Fe2BiSbO7 changed with Fe3+ being
replaced by Bi3+, Bi3+ being replaced by In3+, and Sb5+ being
replaced by Ta5+. Bi2InTaO7 was also crystallized with a cubic
structure by space group Fd3m and the lattice parameter
of Bi2InTaO7 was a = 10.746410 Å. The lattice parameter
of Fe2BiSbO7 was a = 10.410297 Å, which indicated that
the lattice parameter of Fe2BiSbO7 decreased compared with
the lattice parameter of Bi2InTaO7 because the In3+ ionic
radii (0.92 Å) or the Bi3+ ionic radii (1.17 Å) was larger than
the Fe3+ ionic radii (0.78 Å). The outcome of refinement
for Fe2BiSbO7 generated the unweighted R factor, RP =
11.56% with space group Fd3m. Zou et al. [35] refined the
crystal structure of Bi2InNbO7 and obtained a large R factor
for Bi2InNbO7, which was ascribed to a slightly modified
structure model for Bi2InNbO7. Based on the high purity of
the precursors which were used in this study and the EDS
results that did not trace any other elements, it was unlikely
that the observed space groups originated from the presence
of impurities. Therefore, it was suggested that the slightly
high R factor for Fe2BiSbO7 was due to a slightly modified
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Figure 1: TEM image of Fe2BiSbO7 (a) and the selected area electron diffraction pattern of Fe2BiSbO7 (b).
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Figure 2: Pawley refinements of XRD data for novel photocatalyst
Fe2BiSbO7 prepared by the solid state reaction method at 1020◦C.
The solid line represents experimental X-ray diffraction pattern
(—). The dot line represents simulation X-ray diffraction pattern
(. . .). The tic marks represent reflection positions. A difference
(observed-calculated) profile is shown beneath.

Table 1: Atomic coordinates and structural parameters of
Fe2BiSbO7 prepared by the solid state reaction method.

Atom x y z Occupation factor

Fe 0.00000 0.00000 0.00000 1.0

Bi 0.50000 0.50000 0.50000 0.5

Sb 0.50000 0.50000 0.50000 0.5

O(1) −0.14538 0.12500 0.12500 1.0

O(2) 0.12500 0.12500 0.12500 1.0

structure model for Fe2BiSbO7. It should be emphasized
that the defects or the disorder/order of a fraction of the
atoms could result in the change of structures, including
different bond-distance distributions, thermal displacement
parameters, and/or occupation factors for some of the atoms.

In order to reveal the surface chemical compositions and
the valence states of various elements of Fe2BiSbO7, the X-ray

Table 2: Binding energies (BE) for key elements from Fe2BiSbO7.

Compounds
Bi4f7/2

BE (eV)
Sb3d5/2

BE (eV)
Fe2p3/2

BE (eV)
O1s

BE (eV)

Fe2BiSbO7 155.80 530.88 708.10 527.00

photoelectron spectrum of Fe2BiSbO7 for detecting Fe, Bi,
Sb, and O was performed. The full XPS spectrum confirmed
that the prepared Fe2BiSbO7 contained elements of Fe, Bi,
Sb, and O, which was consistent with the results of SEM-
EDS. The different elemental peaks which are corresponding
to definite binding energies are given in Table 2. The results
illustrated that the oxidation states of Fe, Bi, Sb, and O
ions from Fe2BiSbO7 were +3, +3, +5, and −2, respectively.
Besides, the average atomic ratio of Fe : Bi : Sb : O for
Fe2BiSbO7 was 2.00 : 0.97 : 1.01 : 6.98 based on our XPS,
SEM-EDS and XFS results. Accordingly, it could be deduced
that the resulting material was highly pure under our
preparation conditions. It was remarkable that there were not
any shoulders and widening in the XPS peaks of Fe2BiSbO7,
which suggested the absence of any other phases.

3.2. Photocatalytic Properties. Generally, the direct absorp-
tion of band-gap photons would result in the generation
of electron-hole pairs within Fe2BiSbO7, subsequently; the
charge carriers began to diffuse to the surface of Fe2BiSbO7.
As a result, the photocatalytic activity for decomposing
organic compounds with Fe2BiSbO7 might be enhanced.
Changes in the UV-Vis spectrum of MB upon exposure to
visible light (λ > 400 nm) irradiation with the presence
of Fe2BiSbO7, Bi2InTaO7, or N-doped TiO2 indicated that
Fe2BiSbO7, Bi2InTaO7, or N-doped TiO2 could photode-
grade MB effectively under visible light irradiation. Figure 3
shows the photocatalytic degradation of methylene blue
under visible light irradiation in the presence of Fe2BiSbO7,
Bi2InTaO7, pure TiO2, N-doped TiO2, as well as in the
absence of a photocatalyst. The results showed that a reduc-
tion in typical MB peaks at 665 nm and 614.5 nm was clearly
noticed and the photodegradation rate of MB was about
1.980 × 10−9 mol L−1 s−1 and the photonic efficiency was
estimated to be 0.0416% (λ = 420 nm) with Fe2BiSbO7
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as catalyst. Similarly, the photodegradation rate of MB was
about 1.001 × 10−9 mol L−1s−1and the photonic efficiency
was estimated to be 0.0210% (λ = 420 nm) with N-doped
TiO2 as catalyst. Moreover, the photodegradation rate of
MB was about 0.891 × 10−9 mol L−1 s−1 and the photonic
efficiency was estimated to be 0.0187% (λ = 420 nm) with
Bi2InTaO7 as catalyst. By contrast, the photodegradation rate
of MB within 200 min of visible light irradiation was only
0.8338 × 10−9 mol L−1 s−1 and the photonic efficiency was
estimated to be 0.0175% (λ = 420 nm) with pure TiO2 as cat-
alyst. The photodegradation rate of MB was about 0.6830 ×
10−9 mol L−1 s−1 and the photonic efficiency was estimated to
be 0.0143% (λ = 420 nm) in the absence of a photocatalyst.
The results showed that the photodegradation rate of MB
and the photonic efficiency with Fe2BiSbO7 as catalyst were
both higher than those with N-doped TiO2 or Bi2InTaO7,
or pure TiO2 as catalyst. The photodegradation rate of MB
and the photonic efficiency with N-doped TiO2 as catalyst
were both higher than those with Bi2InTaO7 or pure TiO2 as
catalyst. The photodegradation rate of MB and the photonic
efficiency with Bi2InTaO7 as catalyst were both higher than
those with pure TiO2 or the absence of a photocatalyst. The
photodegradation rate of MB and the photonic efficiency
with pure TiO2 as catalyst were both higher than those with
the absence of a photocatalyst. When Fe2BiSbO7, N-doped
TiO2, Bi2InTaO7 or pure TiO2 was used as photocatalyst,
the photodegradation conversion rate of MB was 96.59%,
48.05%, 42.76%, and 40.02% after visible light irradiation for
200 min, respectively. Moreover, the photodegradation con-
version rate of MB was 32.78% after visible light irradiation
for 200 min with the absence of a photocatalyst because of
the MB dye photosensitization effect [36]. After visible light
irradiation for 230 min with Fe2BiSbO7 as catalyst, complete
removal of MB was observed and the complete disappearance
of the absorption peaks which presented the absolute color
change from deep blue into colorless solution occurred.
Based on above results, the photocatalytic degradation
activity of Fe2BiSbO7 was much higher than that of N-
doped TiO2, Bi2InTaO7, or pure TiO2. Meanwhile, N-doped
TiO2 showed higher photocatalytic degradation activity for
MB photodegradation compared with Bi2InTaO7 or pure
TiO2. Bi2InTaO7 showed higher photocatalytic degradation
activity for MB photodegradation compared with pure TiO2.
Pure TiO2 was more suitable for MB photodegradation
than the absence of a photocatalyst. The photocatalytic
property of novel Fe2BiSbO7 under visible light irradiation
was amazing compared with that of N-doped TiO2 or pure
TiO2, and the main reason was that the specific surface
area of Fe2BiSbO7 was much smaller than that of N-
doped TiO2 or pure TiO2. BET isotherm measurements of
Fe2BiSbO7, N-doped TiO2, and pure TiO2 provided a specific
surface area of 2.78 m2 g−1, 45.53 m2 g−1, and 46.24 m2 g−1,
respectively, which indicated that the photocatalytic degra-
dation activity of Fe2BiSbO7 could be greatly improved by
enhancing the specific surface area of Fe2BiSbO7.

Figure 4 shows the change of TOC during photocatalytic
degradation of MB with Fe2BiSbO7, Bi2InTaO7, or N-
doped TiO2 as catalyst under visible light irradiation. The
TOC measurements revealed the disappearance of organic
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Figure 3: The absorbance pattern of methylene blue photocatalyt-
ically degraded by Fe2BiSbO7 (a), and photocatalytic degradation
of methylene blue under visible light irradiation in the presence of
Fe2BiSbO7, Bi2InTaO7, pure TiO2, N-doped TiO2, as well as in the
absence of a photocatalyst (b).

carbon when the MB solution which contained Fe2BiSbO7,
Bi2InTaO7, or N-doped TiO2 was exposed under visible
light irradiation. The results showed that 89.51%, 46.77%,
or 41.71% of TOC decrease was obtained after visible light
irradiation for 200 min when Fe2BiSbO7, or N-doped TiO2

or Bi2InTaO7 was used as photocatalyst. Consequently, after
visible light irradiation for 230 min with Fe2BiSbO7 as cat-
alyst, the entire mineralization of MB was observed because
of 100% TOC removal. The turnover number which repre-
sented the ratio between the total amount of evolved gas and
dissipative catalyst was calculated to be more than 0.204 for
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photocatalytic degradation of methylene blue with Fe2BiSbO7,
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Figure 5: CO2 production kinetics during the photocatalytic
degradation of methylene blue with Fe2BiSbO7, Bi2InTaO7, or N-
doped TiO2 as catalyst under visible light irradiation.

Fe2BiSbO7 after 200 min of reaction time under visible light
irradiation and this turnover number was evident to prove
that this reaction occurred catalytically. Similarly, when the
light was turned off in this experiment, the stop of this
reaction showed the obvious light response.

Figure 5 shows the amount of CO2 which was yield-
ed during the photodegradation of MB with Fe2BiSbO7,
Bi2InTaO7 or N-doped TiO2 as catalyst under visible light

irradiation. The amount of CO2 increased gradually with
increasing reaction time when MB was photodegraded by
Fe2BiSbO7, Bi2InTaO7 or N-doped TiO2. At the same time,
after 200 min visible light irradiation, the CO2 production
of 0.11063 mmol with Fe2BiSbO7 as catalyst was higher
than the CO2 production of 0.05600 mmol with N-doped
TiO2 as catalyst. Meanwhile, after visible light irradiation
for 200 min, the CO2 production of 0.05600 mmol with N-
doped TiO2 as catalyst was higher than the CO2 production
of 0.04934 mmol with Bi2InTaO7 as catalyst.

The first-order nature of the photocatalytic degradation
kinetics with Fe2BiSbO7, Bi2InTaO7, or N-doped TiO2 as cat-
alyst is clearly demonstrated in Figure 6. The results showed
a linear correlation between ln(C/Co) (or ln(TOC/TOCo))
and the irradiation time for the photocatalytic degradation
of MB under visible light irradiation with the presence of
Fe2BiSbO7, Bi2InTaO7, or N-doped TiO2. Here, C repre-
sented the MB concentration at time t, Co represented the
initial MB concentration, TOC represented the total organic
carbon concentration at time t, and TOCo represented the
initial total organic carbon concentration. According to
Figure 6, the first-order rate constant kC of MB concen-
tration was estimated to be 0.01189 min−1 with Fe2BiSbO7

as catalyst, 0.00275 min−1 with Bi2InTaO7 as catalyst, and
0.00333 min−1 with N-doped TiO2 as catalyst. The different
value of kC indicated that Fe2BiSbO7 was more suitable for
the photocatalytic degradation of MB under visible light
irradiation than N-doped TiO2 or Bi2InTaO7. Meanwhile N-
doped TiO2 was more suitable for the photocatalytic degra-
dation of MB under visible light irradiation than Bi2InTaO7.
Figure 6 also showed that the first-order rate constant KTOC

of TOC was estimated to be 0.01101 min−1 with Fe2BiSbO7

as catalyst, 0.00275 min−1 with N-doped TiO2 as catalyst, and
0.00259 min−1 with Bi2InTaO7 as catalyst, which indicated
that the photodegradation intermediate products of MB
probably appeared during the photocatalytic degradation of
MB under visible light irradiation because of the different
value between kC and KTOC. It could also be seen from
Figure 6 that Fe2BiSbO7 showed higher mineralization effi-
ciency for MB degradation compared with N-doped TiO2 or
Bi2InTaO7. At the same time, N-doped TiO2 showed higher
mineralization efficiency for MB degradation compared with
Bi2InTaO7.

Some inorganic ions such as NH4
+, NO3

−, and SO4
2−

were formed in parallel as the end products of nitrogen and
sulfur atoms which existed in MB. Figures 7 and 8 showed
the concentration variation of SO4

2− and NO3
− during pho-

tocatalytic degradation of MB with Fe2BiSbO7, Bi2InTaO7,
or N-doped TiO2 as catalyst under visible light irradiation.
The results showed that the concentration of NO3

− or SO4
2−

increased gradually with increasing reaction time when MB
was photodegraded by Fe2BiSbO7, Bi2InTaO7, or N-doped
TiO2. Monitoring the presence of ions in the solution
revealed that the SO4

2− ion concentration was 0.01849 mM,
0.00924 mM, or 0.00757 mM with Fe2BiSbO7, N-doped
TiO2, or Bi2InTaO7 as catalyst after visible light irradiation
for 200 min, indicating that 63.22%, 36.94%, or 30.28%
of sulfur from MB was converted into sulfate ions with
Fe2BiSbO7, N-doped TiO2, or Bi2InTaO7 as catalyst after
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Figure 6: Observed first-order kinetic plots for the photocatalytic
degradation of methylene blue with Fe2BiSbO7, Bi2InTaO7, or N-
doped TiO2 as catalyst under visible light irradiation.

visible light irradiation for 200 min. It could be seen from
Figure 8 that the NO3

− ion concentration was 0.05258 mM,
0.0351 mM, or 0.02232 mM with Fe2BiSbO7, N-doped TiO2,
or Bi2InTaO7 as catalyst after visible light irradiation for
200 min, which indicated that 70.11%, 46.80%, or 29.76%
of nitrogen from MB was converted into nitrate ions with
Fe2BiSbO7, N-doped TiO2, or Bi2InTaO7 as catalyst after
visible light irradiation for 200 min. The sulfur was first
hydrolytically removed, and subsequently was oxidized and
transformed into SO4

2− . At the same time, nitrogen atoms
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Figure 7: The concentration variation of SO4
2− during photocat-

alytic degradation of methylene blue with Fe2BiSbO7, Bi2InTaO7,
or N-doped TiO2 as catalyst under visible light irradiation.
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Figure 8: The concentration variation of NO3
− during photocat-

alytic degradation of methylene blue with Fe2BiSbO7, Bi2InTaO7,
or N-doped TiO2 as catalyst under visible light irradiation.

in the −3 oxidation state produced NH4
+ cations that

subsequently were oxidized into NO3
− ions. As expected, the

formation kinetics with Fe2BiSbO7 was significantly faster
than that of N-doped TiO2 or Bi2InTaO7 by using the same
amount of photocatalyst. Moreover, the formation kinetics
with N-doped TiO2 was faster than that of Bi2InTaO7 by
using the same amount of photocatalyst. It was noteworthy
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that the amount of SO4
2− ions which was released into the

solution was lower than the amount of SO4
2− which should

come from stoichiometry. One possible reason could be a loss
of sulfur-containing volatile compounds such as SO2. The
second possible reason was a partially irreversible adsorption
of some SO4

2− ions on the surface of the photocatalyst which
had been observed by Lachheb et al. by titanium dioxide
[37]. Regardless, whether the sulfate ions were adsorbed
irreversibly on the surface or not, it was important to stress
that the evidence for restrained photocatalytic activity was
not noticed.

The photodegradation intermediate products of MB
in our experiment were identified as azure B, azure A,
azure C, thionine, phenothiazine, leucomethylene blue, N,N-
dimethylp-phenylenediamine, phenol, and aniline. Accord-
ing to the intermediate products which were found in this
work and the observed appearance time of other inter-
mediate products, a possible photocatalytic degradation

pathway for MB was proposed. Figure 9 shows the suggested
photocatalytic degradation pathway scheme for methylene
blue under visible light irradiation in the presence of
Fe2BiSbO7. The molecule of MB was converted into small
organic species, which were subsequently mineralized into
inorganic products such as SO4

2− ions, NO3
− ions, CO2, and

water ultimately.

3.3. Photocatalytic Degradation Mechanism. The action spec-
tra of MB degradation with Fe2BiSbO7 as catalyst were
observed under visible light irradiation. A clear photonic
efficiency (0.0103% at its maximal point) at wavelengths
which corresponded to sub-Eg energies of the photocatalysts
(λ from 375 to 700 nm) was observed for Fe2BiSbO7. The
existence of photonic efficiency at this region revealed that
photons are not absorbed by the photocatalysts. In particular,
the correlation between the low-energy action spectrum and
the absorption spectrum of MB clearly demonstrated that
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any photodegradation results at wavelengths above 545 nm
should be attributed to photosensitization effect by the dye
MB itself (Scheme I).

Scheme I. Consider

MBads
Visible light−−−−−−→MB∗ads

MB∗ads + Fe2BiSbO7 −→ Fe2BiSbO7(e) + MB+
ads

Fe2BiSbO7 (e) + O2 −→ Fe2BiSbO7 + ·O2
−

(2)

According to the mechanism which was shown in Scheme
I, MB which was adsorbed on Fe2BiSbO7 was excited by vis-
ible light irradiation. Subsequently, an electron was injected
from the excited MB to the conduction band of Fe2BiSbO7

where the electron was scavenged by molecular oxygen.
Scheme I explained the results which were obtained with
Fe2BiSbO7 as catalyst under visible light irradiation, where
the photocatalyst Fe2BiSbO7 could serve to reduce recombi-
nation of photogenerated electrons and holes by scavenging
of electrons [38].

Below the wavelength of 545 nm, the situation was dif-
ferent. The results of photonic efficiency correlated well with
the absorption spectra of Fe2BiSbO7. These results evidently
showed that the mechanism which was responsible for the
photodegradation of MB went through band gap excitation
of Fe2BiSbO7. Despite the detailed experiments about the
effect of oxygen and water were not performed, it was
logical to presume that the mechanism in the first step was
similar to the observed mechanism for Fe2BiSbO7 under
suprabandgap irradiation, namely Scheme II.

Scheme II. Consider

Fe2BiSbO7
Visible light−−−−−−→ h+ + e−

e− + O2 −→ ·O2
−

h+ + OH− −→ ·OH

(3)

According to first principles calculations, we deduced
that the conduction band of Fe2BiSbO7 was composed of
Fe 3d and Sb 5p orbital component, and the valence band
of Fe2BiSbO7 was composed of O 2p and Bi 6s orbital
component. Fe2BiSbO7 could produce electron-hole pairs
by absorption of photons directly, and it indicated that
enough energy which was larger than the band gap energy of
Fe2BiSbO7 was necessary for the photocatalytic degradation
process of MB.

Former luminescent studies had shown that the closer the
M–O–M bond angle was 180◦, the more delocalized was the
excited state [39], as a result, the charge carriers could move
more easily in the matrix. The mobility of the photoinduced
electrons and holes influenced the photocatalytic activity
because high diffusivity indicated the enhancement of prob-
ability that the photogenerated electrons and holes would
reach the reactive sites of the catalyst surface. For Fe2BiSbO7,
the bond angle of Bi–O–Sb was 119.76◦, which indicated
that the bond angle of Bi–O–Sb was close to 180◦. Thus,
the photocatalytic activity of Fe2BiSbO7 was consequently

higher. The crystal structure and the electronic structure
of Fe2BiSbO7 and N-doped TiO2 were totally different. For
Fe2BiSbO7, Fe was 3d-block metal element, and Bi was 6p-
block metal element, and Sb was 5p-block metal element. But
for N-doped TiO2, Ti was 3d-block metal element, indicating
that the photocatalytic activity might be affected by not
only the crystal structure but also the electronic structure
of the photocatalysts, as well. In conclusion, the different
photodegradation effect of MB between Fe2BiSbO7 and N-
doped TiO2 could be mainly attributed to the difference of
their crystalline structures and electronic structures.

The present results indicated that the Fe2BiSbO7-visible
light photocatalysis system might be regarded as a practical
method for treatment of diluted colored wastewater. This
system could be utilized for decolorization, purification, and
detoxification of textile, printing, and dyeing industries in
the long-day countries. Meanwhile, this system did not need
high pressure of oxygen, heating, or any chemical reagents.
Much decolorized and detoxified water were flowed from our
new system for treatment, and the results showed that the
Fe2BiSbO7-visible light photocatalysis system might provide
a valuable treatment for purifying and reusing colored
aqueous effluents.

4. Conclusions

Fe2BiSbO7 was prepared by the solid-state reaction method
for the first time. The structural and photocatalytic proper-
ties of Fe2BiSbO7 were investigated. XRD results indicated
that Fe2BiSbO7 was crystallized with the pyrochlore-type
structure, cubic crystal system, and space group Fd3m.
The lattice parameter of Fe2BiSbO7 was found to be a =
10.410297 Å. Photocatalytic decomposition of aqueous MB
was realized under visible light irradiation in the presence of
Fe2BiSbO7, Bi2InTaO7, or N-doped TiO2. The results showed
that Fe2BiSbO7 owned higher catalytic activity compared
with pure TiO2, Bi2InTaO7, or N-doped TiO2 for photo-
catalytic degradation of MB under visible light irradiation.
The photocatalytic degradation of MB with Fe2BiSbO7,
Bi2InTaO7, or N-doped TiO2 as catalyst followed the first-
order reaction kinetics, and the first-order rate constant was
0.01189 min−1, 0.00275 min−1, or 0.00333 min−1. Complete
removal and mineralization of MB was observed after visible
light irradiation for 230 min with Fe2BiSbO7 as catalyst.
The reduction of the total organic carbon, the formation
of inorganic products such as SO4

2− and NO3
−, and the

evolution of CO2 revealed the continuous mineralization
of MB during the photocatalytic process. The possible
photocatalytic degradation pathway of MB was obtained
under visible light irradiation. Fe2BiSbO7/(visible light)
photocatalysis system was found to be suitable for textile
industry wastewater treatment and could be used to solve
other environmental chemical pollution problems.
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Nitrogen-doped TiO2 nanotubes with enhanced visible light photocatalytic activity have been synthesized using commercial
titania P25 as raw material by a facile P25/urea cohydrothermal method. Morphological and microstructural characteristics
were conducted by transmission electron microscopy, powder X-ray diffraction, and nitrogen adsorption/desorption isotherms;
chemical identifications were performed using X-ray photoelectron spectroscopy, and the interstitial nitrogen linkage to the
TiO2 nanotubes is identified. The photocatalytic activity of nitrogen-doped TiO2 nanotubes, evaluated by the decomposition
of rhodamine B dye solution under visible light using UV-vis absorption spectroscopy, is found to exhibit ∼ four times higher
than that of P25 and undoped titanate nanotubes. Factors affecting the photocatalytic activity are analyzed; it is found that the
nitrogen content and surface area, rather than the crystallinity, are more crucial in affecting the photocatalytic efficiency of the
nitrogen-doped TiO2 nanotubes.

1. Introduction

Titanium oxide (TiO2) is one of the well-known photocat-
alysts with many promising properties such as nontoxicity,
excellent chemical stability, high photocatalytic activity, high
resistance to photocorrosion, and great photostability. The
good semiconductor characteristics of TiO2 render itself
wilder applications, especially in the photoelectrochemical
devices. They have been applied to the decomposition of
some pollutants under light irradiation, such as nitrogen
monoxide in atmosphere and organic pollutants in water.
However, applications of pure titania suffer from limitation
to only UV light (λ < 380 nm) because of its wide band
gap value of 3.2 eV. Since UV light accounts for only a
small fraction (4∼5%) of the natural sun light as compared
to visible light (45%), any shift in the optical response of
TiO2 from UV to visible spectral range will have a profound
positive effect on its photocatalytic efficiency [1–4].

There are two basic strategies to overcome the limitation
and to improve the efficiency of photocatalysis. One is
enlarging the light absorption range of the photocatalysts
to enhance the harvesting efficiency of sun light by doping
metal or nonmetal ions. The second one is the control of the
morphology and size of the particles and their distribution,
phase composition, and porosity of the photocatalyst. Early
attempts on the shifting of TiO2 absorption into visible light
region mainly focus on the doping with transition metals
[5–7]. But it suffers from thermally instability, its tendency
to form charge carrier recombination centers [6, 8], and the
expensive ion implantation facilities; all these make metal-
doped TiO2 impractical.

Efforts have been made to modify titanium dioxide with
nonmetal elements such as boron, carbon, sulfur, fluorine,
and nitrogen [2, 4, 9–11] to efficiently extend the photore-
sponse from UV to visible light region. Asahi et al. showed an
effective shift to visible light region by doping with nitrogen
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[2]. The reason for the improvement of photocatalytic
activity has been often attributed to the decrease of the band
gap, which is due to either mixing the N 2p states with O 2p
states on the top of valence band, or the creation of an ion-
induced mid-gap level.

Beside metal and nonmetal doping method, it is well
known that the performance of TiO2 depends strongly
on its crystallite phase, size, and morphology, since they
give an important influence on the chemical and physical
properties of TiO2. Kasuga et al. [12, 13] reported that the
thermal treatment of TiO2 particles in NaOH resulted in the
formation of TiO2 nanotubes with large surface areas. On
the other hand, one-dimensional nanostructured TiO2, such
as nanotubes and nanofibers, are of particular significance
due to their superior electronic, magnetic, optical, catalytic,
and mechanical properties, and their potential applications
in environmental purification, gas sensors, and solar cell [14–
16].

N-doped TiO2 has been prepared by various methods
such as mechanochemical reaction [17], sputtering [18],
ion implantation [19], chemical vapor deposition [20],
and sol-gel processing [21, 22]. Most of the preparation
methods adopted NH3 under higher temperatures as the
nitrogen source, which did not meet the ever-increasing
environmental restrictions and energy-saving requirement;
other methods such as ion implanter or complex process
were either complicated or expensive [23, 24]. Therefore, it
is a worthwhile effort to find a simple and low-temperature
approach to synthesize N-doped TiO2 nanotubes without
destroying their inherent tubular morphology and keep their
superior photocatalytic property to extend the application
of the N-doped TiO2 photocatalysts. In this study, N-doped
TiO2 nanotubes are synthesized via a facile cohydrothermal
process. This unique process combines the chemical vapor
deposition of urea as the nitrogen source and the alkaline
hydrothermal treatment of 10 M NaOH at the same time,
combining the nitrogen-doping and TiO2 nanotube synthe-
sis in a single process. The effects of calcination temperature
and nitrogen content on the microstructure of the nanotubes
are investigated in detail. The photocatalytic activity of N-
doped TiO2 nanotubes is evaluated by the photocatalytic
degradation of rhodamine B (RB) dye solution under visible
light irradiation.

2. Experimental

2.1. Preparation of N-Doped TiO2 Nanotubes. Titanium
dioxide used for synthesis of the nanotubes was a commer-
cially available P25 TiO2 powder (P25, Acros), consisting of
about 30% rutile and 70% anatase with a primary particle
size of about 21 nm; it was used without further treatment.
Urea was purchased from Soha Co. Ltd. and used as the
nitrogen source. All other reagents were of analytical grade,
and all the water used was deionized.

TiO2 nanotubes were synthesized by a hydrothermal
method analogous to the one proposed by Kasuga et al.
[12]. 1.5 g P25 TiO2 powder was dispersed in 50 mL NaOH
solution with a concentration of 10 molL−1 and stirred for

30 min. Then, a certain amount of urea was added and stirred
for another 30 min. The solution was heated at 110◦C for
24 h under hydrothermal condition in a PTFE-lined stainless
steel vessel. It was then filtered and washed with 0.1 N HCl
solutions until pH < 7, followed by washing with DI water
and drying at 80◦C in air overnight. Samples with different
urea loadings (0, 1.9 g) are designated as TC-0 and TC-
1. Sample TC-1 was calcined under various temperatures
ranging from 200◦C to 400◦C.

2.2. Characterizations. X-ray diffraction patterns were col-
lected on a Siemens D5000 powder diffraction system
equipped with a position-sensitive detector, using Cu Kα (λ =
0.154 nm) radiation under 40 kV working voltage and 30 mA
working current. The patterns were collected in the range of
2θ = 5–80◦ with a speed of 1.5◦/min in the continuous scan
mode. Nitrogen physisorption was performed at −196◦C
with a Micromeritics ASAP 2010 apparatus. Prior to the
measurements, the powdered samples were degassed for 24 h
at 200◦C in vacuum. Surface area, pore volume, and pore size
distribution were determined with standard BET and BJH
methods, respectively. Samples ultrasonicated and filtered
on holey carbon grids were examined by the transmission
electron microscopy (TEM, JEOL AEM 3010, Tokyo, Japan)
operating at 200 kV. The chemical nature of N in TiO2− x Nx

was studied using X-ray photoelectron spectroscopy (XPS)
by a Krato Axis Ultra DLD (delay line detector) with Al Kα
radiation as the exciting source. All the binding energy was
referenced to the C 1s peak at 285 eV of the surface carbon
for calibration.

2.3. Photocatalytic Activity. The photocatalytic activity of the
as-prepared samples was evaluated by the photodegradation
of rhodamine B dye (RB) under a 500 W xenon lamp through
a cutoff filter (UVCUT425, λ > 400 nm, Rocoes). The mix-
ture containing the N-doped TiO2 nanotubes (50 mg) and
RB (7.5 mg/L, 100 mL) was magnetically stirred in a 250 mL
beaker for 1 h in darkness to reach adsorption equilibrium
before irradiation. At the given time intervals during the
irradiation period, samples were taken from the suspension
and immediately centrifuged for 20 min. After recovering
the catalyst by centrifugation, the absorbance of the clear
solution was measured by using a UV-vis spectrophotometer
(Hitachi U-1500) at 554 nm (λmax for RB). For comparison,
the photocatalytic activity of pure P25 and the undoped TiO2

nanotubes was also performed. The UV-vis light absorption
spectra were obtained from a spectrophotometer (Hitachi U-
4100) equipped with an integrating sphere assembly, using
the diffuse reflection method and BaSO4 as a reference.

3. Results and Discussion

3.1. Morphological and Microstructural Characterizations of
N-Doped TiO2 Nanotubes. The purpose of adding urea is
to provide nitrogen source during the synthesis process of
TiO2 nanotube. Urea is a very weak Brønsted base, highly
soluble in water, and its hydrolyzing rate may be controlled
by temperature, its decomposition giving rise to ammonium
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carbonate, and when the temperature is above 90◦C, it
obviously begins to hydrolyze in a basic solution and can be
described by:

CO(NH2)2 + 2H2O −→ 2NH4
+ + CO3

2− (1)

TEM image of the as-prepared TiO2 nanotubes shown
in Figure 1(a) reveals a large amount of nanotubes with an
outer diameter of 8–15 nm and a length of several hundred
nanometers. HRTEM image in Figure 2(a) indicates that
the as-prepared N-doped TiO2 nanotubes possess rather
uniform inner and outer diameters along their length.

A closer observation further suggests that the nanotubes
are multilayered and open-ended, in good agreement with
the previous reports [14, 25]. As shown in Figure 1(b), after
calcination at 400◦C, some of the nanotubes with porous
multilayer structure become dense and aggregated to form
nanorods with a diameter of 8–15 nm and a length of several
hundred nanometer, also in agreement with the previous
report [26]; other nanotubes begin to form particles.

HRTEM in Figure 2(b) for calcined TiO2 nanotube TC-
1(400) (the number in parenthesis indicates that sample was
calcined at 400◦C) suggests that the crystalline structure of
the nanorods is of anatase phase. The interplanar spacing of
the nanorods is measured to be ca. 0.35 nm, corresponding
to the (101) crystal plane of anatase. Selected area electron
diffraction pattern (inset, Figure 2(b)) reveals that five
indiscernible diffraction rings can be identified as (101),
(004), (200), (211), and (204); all belong to the anatase phase
of the TiO2 crystal.

Figure 3 shows the XRD patterns of the titanate
nanotubes TC-1 calcined at 200◦C–400◦C, along with the
starting material P25 for comparison. For the as-prepared
sample, there exists three broad yet weak peaks at 2θ =
24.5◦, 28.2◦, and 48.4◦, corresponding to (110), (130),
and (200) reflections, respectively. This suggests a rather
low crystallinity of the as-prepared TC-1. In addition, the
broad peak at 2θ = 9.6∼13◦ can be assigned to the different
interlayer spacings of the nanotubes having the trititanate
configuration (H,Na)2Ti3O7 [27]. They can be ascribed
to the lepidocrocite-type sodium titanate compounds
[27–29]. As reported, this sodium titanate is probably first
formed from original titania powder through hydrothermal
treatment and then changes to hydrogen titanate after
washing with HCl solution through an ion-exchange
mechanism [29]. Several crystal structures of the TiO2-
derived titanates have been reported, including H2Ti3O7

(or Na2Ti3O7), NaxH2− x Ti3O7, Na2Ti2O4(OH)2, or
NayH2− y TinO2n + 1 · x H2O [30], where x and y depend
strongly on the pH value of the acidic washing solution
during the postcalcination treatment.

As the calcination temperature further increases, those
peaks belonging to lepidocrocite-type sodium titanate phase
disappear gradually, and the anatase phase of (101), (004),
(200), and (211) reflections becomes the main crystal form.
Meanwhile, the peak located at ca. 12◦ (nanotubes) was
weakened moderately, accompanying with the formation of
anatase phase. This indicates a decrease of the interlayer
spacing due mainly to the dehydration of the interlayered

OH groups, while the titanate structure remains almost
unchanged. It has been reported that for titanate nanotubes
with the postheat treatment above 350◦C, some of the
nanotubes began to break into particles of anatase phase, and
the others remained as nanotubes. The remaining nanotubes
was believed to be stabilized by the remnant Na atoms
[27]. Our XRD results demonstrate that the crystallinity
of the resultant nanotubes increases with increasing heat-
treatment temperatures. The diffraction peaks of the samples
TC-1(400) can be indexed as the anatase phase of TiO2.
(JCPDS 21-1272). No nitrogen-derived peaks are detected,
presumably due to the fact that the content of N doping
is very low and the doped N is uniformly distributed in
the nanotubes. It can be concluded that N doping does not
cause the change in crystallite structure of TiO2, which was
consistent with previous report [31].

From the nitrogen physisorption, the adsorption-
desorption isotherm of TC-1 shown in Figure 4 is the
type IV isotherm with H1 hysteresis, according to IUPAC
classification [32]. The shapes of hysteresis loops have often
been identified with specific pore structures. Thus, Type H1
hysteresis appearing in the multilayer range of physisorption
isotherms is usually associated with capillary condensation
in mesopore structures. As expected, the as-prepared titanate
nanotubes have a large mesopore volume of 1.01 cm3/g.
The BJH method was employed to analyze the pore size
distributions, and the results are depicted in the inset of
Figure 4. The pore structures of TC-1 samples determined
according to the adsorption data are also collected in Table 1.
The distributions are relatively narrow within 15 nm. We
infer that both tips of nanotubes are opened and their inner
cavities are accessible to N2 gas molecules. Therefore, the
enhancement of pore volume can be mainly contributed by
the tubular-type titanate. This type of mesoporous TiO2 is
credited to show an excellent performance in photocatalysis
and photovoltaic applications.

As compared to the as-prepared one, the specific surface
areas of TC-1(400) decreased rapidly from 292 to 73 m2/g,
pore volume reduced from 1.01 to 0.57 cm3/g, and the pore
size distribution extended from 15.0 to 31.8 nm. All these
could be inferred to the substantial destruction of interlayer
structure in nanotubes and the formation of particles with
smaller specific surface areas. The results of reduced specific
surface area are in good agreement with those of the XRD
and TEM observations from this study.

3.2. Chemical Identification of N-Doped TiO2 Nanotubes.
XPS was conducted for chemical identification of the valence
state of the doping nitrogen in detail. Figure 5 shows that
the XPS survey spectrum of the nitrogen-doped titanate
nanotubes TC-1, revealing strong peaks of Ti, O, and C
elements. The minor peak at about 400 eV can be assigned to
the binding energy of N 1s. The C element can be ascribed
to the adventitious hydrocarbon in carbon tape from XPS
instrument itself. Table 2 summarizes the XPS spectra of TC-
0, TC-1, and TC-1(400).

The high-resolution XPS spectra of the N 1s region on
the surface of TC-0, TC-1, and TC-1(400) are displayed
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Figure 1: TEM images of (a) as-prepared TC-1 and (b) TC-1(400).
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Figure 2: HRTEM images of (a) as-prepared TC-1 and (b) TC-1(400).

in Figure 6, from which the nitrogen concentrations are
estimated to be about 0.50%, 2.69%, and 2.46% for TC-0,
TC-1, and TC-1(400), respectively. The low nitrogen content
of the undoped TC-0 might be due to the existence of the
molecularly chemisorbed γ-N, which should not be ignored.
Sample TC-1 shows a single peak at 400.6 eV for N 1s core
level. The assignment of the XPS peak of N 1s has still
been under disputation, and some controversial hypotheses
have been provided. Some reports suggested that the N 1s
peak at 399-400 eV is due to the NH3 adsorbed on the
TiO2 surface [2, 33]. Other researchers pointed out that the
presence of oxidized nitrogen such as Ti–O–N or Ti–N–O
linkages should appear above 400 eV [34–36]. In most cases,
the N 1s peaks at around 400 eV has been assigned to the
molecularly chemisorbed γ-N [37]. Although not proven
experimentally, it has been postulated that the bonding
energy of N 1s is higher when the nitrogen atom in a
chemical linkage shows more positive formal charge [34, 36].
Therefore, the N 1s peak at 400 eV in this study is ascribed to

a characteristic peak of interstitial N, which is hosted in an
interstitial position and directly bound to lattice oxygen. In
this study, urea was used as nitrogen source and contained
in cohydrothermal synthesis process, it is highly soluble in
water, and its controlled hydrolysis in aqueous solutions can
yield ammonium cyanate or its ionic form (NH4

+, NCO−)
[38]. From these viewpoints, the N 1s peak explored in this
work can be assigned to the anionic N− in Ti–O–N or Ti–N–
O linkages. In Figure 6, the N 1s peak of TC-1(400) centering
at 399.9 eV has a lower N concentration. This low N content
may be due to the replacement of N in the matrix by O during
the annealing process.

The high-resolution XPS spectra of the Ti 2p and O
1s on the surface of TC-1 and TC-1(400) are shown in
Figure 7. Both peaks are significantly reduced in intensity by
calcination. It can be seen that peaks of Ti 2p3/2 (459.8 eV),
Ti 2p1/2 (465.5 eV), and O 1s (531.1 eV) of sample TC-
1(400) shift to higher binding energy, as compared to those
of sample TC-1. This can be attributed to the formation of
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Table 1: Nitrogen physisorption properties of N-doped TC-series.

Sample Urea (g) SBET (m2/g)a DBJH-ads (nm)b VPore (cm3/g)c

TC-0 0.00 207 9.2 0.48

TC-1 1.88 292 15.0 1.01

TC-1(400) 1.88 73 31.8 0.57
a
BET surface area calculated from the linear part of BET plot.

bEstimated using the adsorption branch of the isotherm by BJH method.
cSingle-point total pore volume of pores at P/P0 = 0.97.

Table 2: XPS of TC-series.

Sample
Nitrogen content

(%)a
N 1s
(eV)

O 1s
(eV)

Ti 2p3/2

(eV)

TC-0 0.50 398.0 528.0 457.0

TC-1 2.69 400.6 530.3 458.8

TC-1(400) 2.46 399.9 531.1 459.8
a
Nitrogen doping percentage calculated according to the curve fitting of the

XPS micrographs for the N 1s region.

hyponitrite (N2O2)2− in sample TC-1(400) after calcination,
supporting further the postulate of the interstitial doping
of nitrogen atoms into the lattice in sample TC-1 [31].
These XPS results lead to the confirmation that nitrogen is
successfully incorporated into the titania in this study.

A controversial viewpoint on the nitrogen doping mech-
anism has been proposed, and it was postulated that the
nitrogen should be doped into the oxide side of the nanotu-
bes during calcination. Apparently, this is not what found,
particularly from a series of XPS data in this work.

The urea adopted is highly soluble in water, and its
hydrolyzing rate may be controlled by temperature, giving
rise to ammonium carbonate when the autoclave temper-
ature is above 90◦C. Similar urea applications have also
been reported. Cong et al. applied urea as nitrogen source
in the sol-gel hydrothermal reaction to synthesize N-doped
TiO2 successfully [39]. Another study by Peng et al. used
P25 and urea in ethanol via a solvothermal approach by
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Figure 7: High-resolution XPS spectra of TC-1 and TC-1(400), (a) Ti 2p (b) O1s.

microwave; the temperature was set above 135◦C, higher
than the decomposition temperature of urea. They reported
the as-synthesized yellowish powder of nitrogen-doped
titanium dioxide possessed the best photocatalytic activity
[31]. Although the exact mechanism of urea hydrolysis in
autoclave was not clear, it was confirmed by XPS in this study
that the as-prepared sample TC-1 has the stronger N1s peak
and the higher nitrogen content up to 2.69%. All of these data
strongly indicate that nitrogen was directly doped during the
one-step cohydrothermal reaction.

3.3. Photocatalytic Activity. The UV-vis diffuse reflectance
spectra of samples TC-1, TC-1(400), TC-0, and P25 are
shown in Figure 8. Compared with P25, samples TC-1,
TC-1(400), and TC-0 present a noticeable increase in the
absorbance extending to the visible-light region between
400–600 nm, which is the typical absorption feature of the
nitrogen-doped TiO2.

The photocatalytic activity has been tested by the pho-
todegradation of aqueous solutions of Rhodamine B dye.
Figure 9 shows the degradation of RB with time over the N-
doped titania nanotube TC-1 under visible light irradiation.
Sample TC-1 exhibits a remarkable photocatalytic activity
than P-25. Over 95% of the Rhodamine B dye is degraded
after 1 h irradiation for TC-1, but only 22% for P-25
powder. The photocatalytic degradation rate of N-doped
TC-1 is far greater than that of P-25 in the first hour.
The commercially available P-25 is believed to be a high-
efficiency photocatalyst due to the synergetic contribution
by the mixing phase of anatase and rutile [40]. The extra
high photocatalytic efficiency of TC-1 can be interpreted in
the view of the high nitrogen content, high surface area,
and large mesopore volume. It is noteworthy that the as-
prepared amorphous TC-1 shows the highest photocatalytic
activity and not the well-crystallized samples TC-1(400).
The crystallinity has been reported as the key factor in
determining the photoactivity under visible light [41, 42].
However, our results above point out that the crystallinity
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might not be the only factor; the microstructure, nitrogen
content, pore volume, and surface area also play influential
roles in photoactivity.

It is interesting to point out the photocatalytic activity of
P25 under the visible light in Figure 9, since the original P25
does not normally absorb visible light. Two possible reasons
can be rationalized. First, according to the manufacture’s
specification, the UV cutoff filter used in this study can
normally screen the irradiation with a wavelength longer
than 400 nm but still has a T50% at 425 nm. This may
account for the mild absorbance of P25 from 420 to 425 nm
in the early stage of irradiation. Similar result has also
been reported by Li et al. in 2010 [43]. Second, the cutoff
filter effect has also been checked using a spectrometer
(HR4000CG, Ocean Optics). It demonstrates a satisfactory
screening effect of wavelength less than 400 nm; yet, there
is a strong peak from 400 nm, rising to 450 nm sharply. We
believe that this is another reason for the activated P25 within
this wavelength region.

The visible light response in nitrogen N-doped TiO2

titania has been extensively investigated but remains under
controversy. Chen and Burda reported that the substitutional
type nitrogen species with the N–O type bonding was
responsible for the observed increase in photocatalytic activ-
ity in the visible region [36]. Diwald et al. indicated that a
binding energy of 399.6 eV for N 1s was effective in reducing
the band gap from 3.0 to 2.4 eV, which is a shift of 0.6 eV into
the visible spectral region [44]. In general, an N 1s binding
energy near 400 eV is regarded as an active dopant although
assignments of its chemical nature differed. Di Valentin
et al. investigated the difference in the dopant states for
substitutional versus interstitial type impurities in anatase
TiO2 by electron paramagnetic resonance spectroscopy and
XPS and also by calculations using density functional theory
[22]. Very distinct differences in the calculated electronic
structure for substitutional versus interstitial type nitrogen
were reported. Both types of impurities were found to add
localized states within the band gap. For substitutional type
nitrogen, these states were located 0.14 eV above the valence
band, and for interstitial type nitrogen species (referred to
as N–O), the localized states were 0.73 eV above the valence
band.

The N1s XPS spectra of TC-1 display a peak at 400.6 eV,
which can thus be assigned to the interstitial Ti–O–N or
Ti–N–O linkages or molecularly chemisorbed γ-N [37]. All
these findings lead us to infer that NH4

+ has successfully
incorporated as nitrogen doping source during the forma-
tion of TiO2 nanotube and that N-doped TiO2− x Nx is
transformed into multilayer tubular structure with meso-
pores which eventually becomes the nanocrystalline anatase,
However, the photoactivity of the N-doped nanotube TC-1
decreases, as the calcination temperature increases to 400◦C.
This decrease in photoactivity can be explained by the loss
of nitrogen content and the destruction of tubular structure,
accompanied by a decreased specific area. On the other hand,
formation of larger amounts of oxygen vacancies due to high
calcination temperatures should be promoted, which further
encourages the recombination of photogenerated electron
and holes, resulting in a lower photoactivity.

4. Conclusions

Nitrogen-doped TiO2 nanotubes were successfully prepared
by a simple urea/P25 cohydrothermal method. Morpholog-
ical study by TEM reveals that the nanotubes change from
porous multilayer and tube-shaped structure to dense and
aggregated rod-shaped structure when the postannealing
temperature increases. Microstructure study by XRD and
BET indicates that the as-prepared N-doped TiO2 nanotube
is a lepidocrocite-type sodium titanate compound having
a surface area of 292 m2/g; it changes to the anatase TiO2

after calcination. Chemical identification by XPS shows
incorporation of high nitrogen content and the formation
of Ti–O–N or Ti–N–O linkages within the nanotubes. Pho-
tocatalytic activity experiments indicate that it exhibits high
photoactivity under visible light, which is about four times
greater than that of P25. The results suggest that the nitrogen
content and surface area, rather than crystallinity, are more
crucial in determining the photocatalytic activity. We believe
that the preparation method of N-doped titanium oxide
nanotube derived from this facile cohydrothermal method
is simple, costeffective, and environmentally friendly. With
further investigation and improvement, it should provide
great potential applications in photocatalysis.
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of Zr-doped TiO2 prepared by homogenous co-precipitation
without high-temperature treatment,” Journal of Materials
Science, vol. 42, no. 22, pp. 9421–9428, 2007.

[6] W. Choi, A. Termin, and M. R. Hoffmann, “The role of metal
ion dopants in quantum-sized TiO2: correlation between
photoreactivity and charge carrier recombination dynamics,”
Journal of Physical Chemistry, vol. 98, no. 51, pp. 13669–13679,
1994.

[7] M. Zhou, J. Yu, and B. Cheng, “Effects of Fe-doping on the
photocatalytic activity of mesoporous TiO2 powders prepared
by an ultrasonic method,” Journal of Hazardous Materials, vol.
137, no. 3, pp. 1838–1847, 2006.

[8] M. A. Henderson, J. M. White, H. Uetsuka, and H. Onishi,
“Photochemical charge transfer and trapping at the interface
between an organic adlayer and an oxide semiconductor,”
Journal of the American Chemical Society, vol. 125, no. 49, pp.
14974–14975, 2003.

[9] J. Y. Lee, J. Park, and J. H. Cho, “Electronic properties of N-and
C-doped TiO2,” Applied Physics Letters, vol. 87, no. 1, Article
ID 011904, 2005.



8 International Journal of Photoenergy

[10] D. Chen, D. Yang, Q. Wang, and Z. Jiang, “Effects of boron
doping on photocatalytic activity and microstructure of tita-
nium dioxide nanoparticles,” Industrial and Engineering
Chemistry Research, vol. 45, no. 12, pp. 4110–4116, 2006.

[11] T. Ohno, T. Mitsui, and M. Matsumura, “Photocatalytic activ-
ity of S-doped TiO2 photocatalyst under visible light,” Chem-
istry Letters, vol. 32, no. 4, pp. 364–365, 2003.

[12] T. Kasuga, M. Hiramatsu, A. Hoson, T. Sekino, and K.
Niihara, “Titania nanotubes prepared by chemical process-
ing,” Advanced Materials, vol. 11, no. 15, pp. 1307–1311, 1999.

[13] T. Kasuga, M. Hiramatsu, A. Hoson, T. Sekino, and K. Niihara,
“Formation of titanium oxide nanotube,” Langmuir, vol. 14,
no. 12, pp. 3160–3163, 1998.

[14] B. D. Yao, Y. F. Chan, X. Y. Zhang, W. F. Zhang, Z. Y. Yang, and
N. Wang, “Formation mechanism of TiO2 nanotubes,” Applied
Physics Letters, vol. 82, no. 2, pp. 281–283, 2003.

[15] D. V. Bavykin, S. N. Gordeev, A. V. Moskalenko, A. A. Lapkin,
and F. C. Walsh, “Apparent two-dimensional behavior of TiO2

nanotubes revealed by light absorption and luminescence,”
Journal of Physical Chemistry B, vol. 109, no. 18, pp. 8565–
8569, 2005.

[16] M. Paulose, K. Shankar, O. K. Varghese, G. K. Mor, and C. A.
Grimes, “Application of highly-ordered TiO2 nanotube-arrays
in heterojunction dye-sensitized solar cells,” Journal of Physics
D, vol. 39, no. 12, pp. 2498–2503, 2006.

[17] S. Yin, K. Ihara, M. Komatsu et al., “Low temperature synthesis
of TiO2-xNy powders and films with visible light responsive
photocatalytic activity,” Solid State Communications, vol. 137,
no. 3, pp. 132–137, 2006.

[18] G. R. Torres, T. Lindgren, J. Lu, C. G. Granqvist, and S.
E. Lindquist, “Photoelectrochemical study of nitrogen-doped
titanium dioxide for water oxidation,” Journal of Physical
Chemistry B, vol. 108, no. 19, pp. 5995–6003, 2004.

[19] P. G. Wu, C. H. Ma, and J. K. Shang, “Effects of nitrogen
doping on optical properties of TiO2 thin films,” Applied
Physics A, vol. 81, no. 7, pp. 1411–1417, 2005.

[20] F. Fabreguette, L. Imhoff, M. Maglione et al., “Correlation
between the electrical properties and morphology of low-
pressure MOCVD titanium oxynitride thin films grown at
various temperatures,” Chemical Vapor Deposition, vol. 6, no.
3, pp. 109–114, 2000.

[21] J. L. Gole, J. D. Stout, C. Burda, Y. Lou, and X. Chen,
“Highly efficient formation of visible light tunable TiO2-xNx
photocatalysts and their transformation at the nanoscale,”
Journal of Physical Chemistry B, vol. 108, no. 4, pp. 1230–1240,
2004.

[22] C. Di Valentin, G. Pacchioni, A. Selloni, S. Livraghi, and
E. Giamello, “Characterization of paramagnetic species in
N-doped TiO2 powders by EPR spectroscopy and DFT
calculations,” Journal of Physical Chemistry B, vol. 109, no. 23,
pp. 11414–11419, 2005.

[23] A. Ghicov, J. M. Macak, H. Tsuchiya et al., “Ion implantation
and annealing for an efficient N-doping of TiO2 nanotubes,”
Nano Letters, vol. 6, no. 5, pp. 1080–1082, 2006.

[24] A. Ghicov, J. M. Macak, H. Tsuchiya et al., “TiO2 nanotube lay-
ers: dose effects during nitrogen doping by ion implantation,”
Chemical Physics Letters, vol. 419, no. 4–6, pp. 426–429, 2006.

[25] Q. Chen, W. Zhou, G. H. Du, and L. M. Peng, “Trititanate
nanotubes made via a single alkali treatment,” Advanced
Materials, vol. 14, no. 17, pp. 1208–1211, 2002.

[26] Y. Lan, X. Gao, H. Zhu et al., “Titanate nanotubes and
nanorods prepared from rutile powder,” Advanced Functional
Materials, vol. 15, no. 8, pp. 1310–1318, 2005.

[27] R. Yoshida, Y. Suzuki, and S. Yoshikawa, “Effects of synthetic
conditions and heat-treatment on the structure of partially
ion-exchanged titanate nanotubes,” Materials Chemistry and
Physics, vol. 91, no. 2-3, pp. 409–416, 2005.

[28] R. Ma, Y. Bando, and T. Sasaki, “Nanotubes of lepidocrocite
titanates,” Chemical Physics Letters, vol. 380, no. 5–6, pp. 577–
582, 2003.

[29] L. Q. Weng, S. H. Song, S. Hodgson, A. Baker, and J. Yu,
“Synthesis and characterisation of nanotubular titanates and
titania,” Journal of the European Ceramic Society, vol. 26, no. 8,
pp. 1405–1409, 2006.

[30] J. Yu, H. Yu, B. Cheng, X. Zhao, and Q. Zhang, “Preparation
and photocatalytic activity of mesoporous anatase TiO2

nanofibers by a hydrothermal method,” Journal of Photochem-
istry and Photobiology A, vol. 182, no. 2, pp. 121–127, 2006.

[31] F. Peng, L. Cai, H. Yu, H. Wang, and J. Yang, “Synthesis and
characterization of substitutional and interstitial nitrogen-
doped titanium dioxides with visible light photocatalytic
activity,” Journal of Solid State Chemistry, vol. 181, no. 1, pp.
130–136, 2008.

[32] K. S. W. Sing, D. H. Everett, R. A. W. Haul, L. Moscou, R. A.
Pierotti, J. Rouquerol et al., “Reporting physisorption data for
gas/solid systems with special reference to the determination
of surface area and porosity,” Pure and Applied Chemistry, vol.
57, no. 4, pp. 603–619, 1985.

[33] R. Nakamura, T. Tanaka, and Y. Nakato, “Mechanism for
visible light responses in anodic photocurrents at N-doped
TiO2 film electrodes,” Journal of Physical Chemistry B, vol. 108,
no. 30, pp. 10617–10620, 2004.

[34] M. Sathish, B. Viswanathan, R. P. Viswanath, and C. S.
Gopinath, “Synthesis, characterization, electronic structure,
and photocatalytic activity of nitrogen-doped TiO2 nanocat-
alyst,” Chemistry of Materials, vol. 17, no. 25, pp. 6349–6353,
2005.

[35] S. Sakthivel, M. Janczarek, and H. Kisch, “Visible light activ-
ity and photoelectrochemical properties of nitrogen-doped
TiO2,” Journal of Physical Chemistry B, vol. 108, no. 50, pp.
19384–19387, 2004.

[36] X. Chen and C. Burda, “Photoelectron spectroscopic inves-
tigation of nitrogen-doped titania nanoparticles,” Journal of
Physical Chemistry B, vol. 108, no. 40, pp. 15446–15449, 2004.

[37] N. C. Saha and H. G. Tompkins, “Titanium nitride oxidation
chemistry: an x-ray photoelectron spectroscopy study,” Jour-
nal of Applied Physics, vol. 72, no. 7, pp. 3072–3079, 1992.

[38] W. H. R. Shaw and J. J. Bordeaux, “The decomposition of urea
in aqueous media,” Journal of the American Chemical Society,
vol. 77, no. 18, pp. 4729–4733, 1955.

[39] Y. Cong, J. Zhang, F. Chen, and M. Anpo, “Synthesis and char-
acterization of nitrogen-doped TiO2 nanophotocatalyst with
high visible light activity,” Journal of Physical Chemistry C, vol.
111, no. 19, pp. 6976–6982, 2007.

[40] T. Ohno, K. Sarukawa, K. Tokieda, and M. Matsumura, “Mor-
phology of a TiO2 photocatalyst (Degussa, P-25) consisting of
anatase and rutile crystalline phases,” Journal of Catalysis, vol.
203, no. 1, pp. 82–86, 2001.

[41] S. Yin, J. Wu, M. Aki, and T. Sato, “Photocatalytic hydrogen
evolution with fibrous titania prepared by the solvothermal
reactions of protonic layered tetratitanate (H2Ti4O9),” Inter-
national Journal of Inorganic Materials, vol. 2, no. 4, pp. 325–
331, 2000.

[42] S. Yin, Y. Aita, M. Komatsu, and T. Sato, “Visible-light-induced
photocatalytic activity of TiO2−xNy prepared by solvothermal
process in urea-alcohol system,” Journal of the European Ce-
ramic Society, vol. 26, no. 13, pp. 2735–2742, 2006.



International Journal of Photoenergy 9

[43] G. Li, G. Song, J. Chen, M. Zhu, and P. K. Wong, “Pho-
tocatalytic degradation of methylene blue by magnetically
separable BiVO4 supported on Fe3O3 nanoparticles,” in Pro-
ceedings of the 2nd Conference on Environmental Science and
Information Application Technology, pp. 352–355, IEEE, July
2010.

[44] O. Diwald, T. L. Thompson, T. Zubkov, E. G. Goralski, S. D.
Walck, and J. T. Yates, “Photochemical activity of nitrogen-
doped rutile TiO2(110) in visible light,” Journal of Physical
Chemistry B, vol. 108, no. 19, pp. 6004–6008, 2004.



Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2012, Article ID 510158, 6 pages
doi:10.1155/2012/510158

Research Article

Photodegradation of Malachite Green by Nanostructured Bi2WO6

Visible Light-Induced Photocatalyst

Yijie Chen, Yaqin Zhang, Chen Liu, Aimin Lu, and Weihua Zhang

College of Science, Nanjing Agricultural University, Nanjing 210095, China

Correspondence should be addressed to Weihua Zhang, whzhangnj@163.com

Received 14 August 2011; Accepted 6 September 2011

Academic Editor: Shifu Chen

Copyright © 2012 Yijie Chen 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.

Bi2WO6 photocatalyst was first utilized to degrade malachite green. The effects of the concentration of malachite green, the
pH value, and the concentration of Bi2WO6 on the photocatalytic efficiency were investigated. This study presents a strategy
to eliminate highly toxic and persistent dyes such as malachite green.

1. Introduction

Malachite green is a kind of triphenylmethane dye which
has been widely used in the production of ceramics, leather,
textile industry, food coloring, cell coloring, and so on. Due
to its high efficiency in disinfection, it has also been used
in aquaculture industry to treat scratch on the fish bodies
and defend against bacterial infections. Since 1990s, however,
researchers found that malachite green and its reduced forms
are highly toxic, persistent, carcinogenic, and mutagenic [1].
It will bring irretrievable damage to the environment if
discharged into water body.

In recent years, much effort has been devoted to utilize
photocatalysis to eliminate organic dyes in contaminated
water [2–9]. TiO2-based nanomaterials are typical photocat-
alysts which have been extensively investigated, especially in
the photodegradation of dyes [10–12]. TiO2 possesses high
activity in degrading pollutants under UV light irradiation
and will not bring secondary pollution. However, TiO2 is
only active under UV light irradiation, which is unfavorable
for practical application [13–15]. Semiconductors of the
Aurivillius oxides with general formula of Bi2An−1BnO3n+3 (A
= Ca, Sr, Ba, Pb, Na, K and B = Ti, Nb, Ta, Mo, W, Fe) have
gained much attention due to their unique electronic struc-
ture and good stability [16]. Such oxides have become new
types of highly effective photocatalysts. Bi2WO6, as a typical
Aurivillius oxide (n = 1), is attractive due to its narrow band
gap, good stability, and excellent antioxidation ability. It has
been reported that Bi2WO6 could be used as a photocatalyst

to decompose water and degrade organic pollutants [17–20].
However, the investigated organic pollutants degraded by the
photocatalysis of Bi2WO6 are limited.

In this paper, Bi2WO6 is firstly used as a photocatalyst
to degrade a new kind of organic pollutant, malachite green.
The effects of the concentration of malachite green, the pH
value, and the concentration of photocatalyst on the degra-
dation efficiency were studied. Under optimal condition, the
degradation efficiency of malachite green is as high as∼100%
only after 15 min of irradiation with Bi2WO6 photocatalyst.
These results reveal that Bi2WO6 photocatalyst is a very
perspective photocatalyst in wastewater remediation.

2. Experimental Section

All the reagents were of analytical purity and were used
as received from Shanghai Chemical Company. In a typ-
ical process, aqueous solutions of Bi(NO3)3·5H2O and
Na2WO4·2H2O in 2 : 1 molar ratio were mixed together,
then the pH value of the final suspension was adjusted to
about 7. The mixture was stirred for several hours at room
temperature. Then the suspension was added into a 50 mL
Teflon-lined autoclave up to 80% of the total volume. The
suspension in the autoclave was heated at 160◦C for 24 h
under stirring. Subsequently, the autoclave was cooled to
room temperature naturally. The products were collected
by filtration and then were washed by deionized water and
absolute ethanol until no anions were left in the solution as
tested. The samples were then dried at 80◦C for several hours.
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The X-ray diffraction (XRD) patterns of the samples
were measured on a D/MAX 2250V diffractometer (Rigaku,
Japan) using monochromatized Cu Kα (λ = 0.15418 nm)
radiation under 40 kV and 100 mA and scanning over the
range of 10◦ ≤ 2θ ≤ 80◦. The morphologies and microstruc-
tures of as-prepared samples were analyzed by transmission
electron microscopy (TEM) (JEOL JEM-2100F, accelerating
voltage 200 kV). The UV-vis diffuse reflectance spectra of
the samples were recorded with a UV-vis spectrophotometer
(Hitachi U-3010) using BaSO4 as reference.

For photocatalysis test, typically aqueous Bi2WO6 sus-
pensions were prepared by adding certain amount of Bi2WO6

into a 50 mL solution of malachite green with different con-
centration. The pH values of the suspensions were adjusted
by adding KOH or HCl solution when necessary. Before
illumination, the suspensions were magnetically stirred in
dark to reach the adsorption/desorption equilibrium. A
500 W Xe lamp was used as the light source. The distance
between the lamp and the suspension was kept at 20 cm. The
experiments were processed at room temperature. At given
time intervals, the suspension was sampled and centrifuged
to remove the photocatalyst particles. For the photocatalytic
degradation of malachite green under anoxic condition, N2

bubbles were introduced into the reaction system for several
hours to drive O2 out, and then the reaction vessel was
irradiated by Xe lamp. Malachite green exhibits the highest
absorption at 616 nm, and the concentration of malachite
green was monitored by the change of the absorption (A) at
616 nm by a Shimadzu UV-1700 spectrophotometer in the
photocatalytic reaction process. The degradation efficiency
(η) was described by the equation: η = (c0− c)/c0 × 100% =
(A0 − A)/A0 × 100% (c0 and c were the concentrations of
malachite green at the beginning and after the photocatalytic
reaction for certain time, while A0 and A were the absorption
intensities at the beginning and after photocatalytic reaction
for certain time).

3. Results and Discussions

The phase and composition of the products, which were
prepared at neutral pH value and the temperature of 160◦C
for 24 hours, were investigated by using XRD measurement.
Figure 1 shows the XRD pattern of the Bi2WO6 sample.
Obviously, the Bi2WO6 sample exhibits high-intensity and
narrow-diffraction peaks in the XRD pattern, which is
due to the well crystallization. All the diffraction peaks
can be indexed to orthorhombic Bi2WO6 according to the
JCPDS card no. 39-0256. After refinement, the crystal lattice
parameter of Bi2WO6 was calculated to be as follows: a =
5.456 Å, b = 16.445 Å, and c = 5.444 Å.

As shown in Figure 2, the diffuse reflectance spectrum
of as-prepared Bi2WO6 indicates it absorbs visible light
with wavelength shorter than 470 nm. The morphology and
microstructure of the Bi2WO6 samples were revealed by
TEM images (Figures 3(a) and 3(b)). The panoramic view
shown in Figure 3(a) demonstrates that the as-prepared
product is composed of homogeneous nanoplates. Close
observation revealed by high-magnification TEM image
(Figure 3(b)) shows that most of these nanosized Bi2WO6 are
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Figure 1: The XRD pattern of Bi2WO6 sample prepared by hydro-
thermal method.
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Figure 2: Diffuse reflectance spectrum of as-prepared Bi2WO6 sam-
ple.

nanoplatelike. In addition, the shape and the size can also be
observed clearly, which is platelike with size of about 200 nm.

The absorption spectrum of malachite green was shown
in Figure 4(a). As demonstrated, the highest absorption
appeared at 616 nm which was used to monitor the con-
centration of malachite green. The effect of the initial
concentration of malachite green on the photocatalytic
degradation rate was first investigated. The concentration
of Bi2WO6 was kept at 1 g·L−1, and the time of irradia-
tion was 75 min. The malachite green solutions with the
initial concentrations of 5 mg·L−1, 10 mg·L−1, 15 mg·L−1,
and 20 mg·L−1 were prepared, respectively. As shown in
Figure 4(b), the degradation efficiency of malachite green
decreased when the initial concentration increased, and the
trend was accelerated when the concentration became higher.
This phenomenon could be explained as follows. Malachite
green molecule is photosensitive. More photons would
be absorbed when the concentration increased, leading to
relatively low light transmittance. Thus, the depth of light
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Figure 3: The TEM images of as-synthesized Bi2WO6 nanoplates: (a) low magnification, (b) high magnification.

penetration decreased, and the photocatalytic activity of
Bi2WO6 was inhibited. Less Bi2WO6 would be activated, and
the degradation efficiency of dye decreases accordingly [21].

The effect of pH value on the degradation efficiency
of malachite green in the range that the solution possesses
a stable color of blue was further investigated. The pH
value of the original solution of malachite green is 5.3.
Diluted hydrochloride acid solution or potassium hydroxide
solution was used to tune the pH value when necessary.
The initial concentration of malachite green solution and the
concentrations of the photocatalyst were kept at 10 mg·L−1

and 1 g·L−1, respectively. Various solutions of different pH
values of 2, 4, 5.3, and 8 were prepared. After 30 min
of photocatalytic irradiation, degradation efficiencies were
compared. As illustrated in Figure 5, the degradation effi-
ciency of malachite green solution decreased when the pH
value of the reaction solution increased. The degradation
efficiency of the malachite green solution was 98.9% when
pH value was 2, while the degradation efficiency was 30.63%
when pH value was 8. The observed dependence may be
ascribed to the pH value effect on the photocatalyst. The
oxidation of organic compounds involving the diffusion of
organic compound to the particle surface so as to form a
complex firstly, followed by the exchange of electrons with
the reactive surface of oxides has been reported [22]. Since
malachite green has an anionic configuration, the adsorption
is favored in acidic solution. The prevailing pH value of
the solution affects the mode and extent of adsorption of
malachite green on the Bi2WO6 surface and thus, indirectly,
affects the photodegradation efficiency of malachite green.
On the other hand, in the catalytic process, H+ can enhance
the surface acidity of Bi2WO6 and make the malachite-green
molecules more prone to interact with Bi2WO6. These effects
lead to the observed increase in the degradation efficiency
with decreased pH value.

The cost of photocatalyst was the primary factor con-
tributing to the chemical costs of photocatalytic treatment.
It is important to minimize the required amount of photo-
catalyst. Thus, the investigation of Bi2WO6 concentrations
on the degradation of malachite green dye was conducted,
which is shown in Figure 6. The initial concentration and the
pH value of malachite green solution are kept at 10 mg·L−1

and 2, respectively. The concentrations of Bi2WO6 are set
at 0.2 g·L−1, 0.6 g·L−1, 1.0 g·L−1, 1.4 g·L−1, and 1.8 g·L−1,
respectively. After 10 min of photocatalytic degradation,
the degradation efficiencies were compared. In Figure 6,
the photocatalytic degradation performance is relatively
undesirable. The degradation efficiency of malachite green
solution increased with the increase of the concentration
of Bi2WO6 until the concentration of Bi2WO6 reached to
1.0 g·L−1, while corresponding degradation efficiency was
87.04%. However, the degradation efficiency changed little
when the concentration of Bi2WO6 was more than 1.0 g·L−1.
This can be explained on the basis that optimum photocat-
alyst loading is dependent on initial solute concentration. If
the concentration of photocatalyst was increased, the total
active surface was increased correspondingly, and as a result,
the enhanced photocatalytic performance was obtained.
However, the increased concentration of photocatalyst would
have no effect on promoting the degradation efficiency after
a maximum photocatalyst concentration was imposed. This
may be ascribed to the increased aggregation of photocatalyst
at high concentration. Therefore, the optimal concentration
of Bi2WO6 in current case is 1.0 g·L−1.

According to above experiments, the optimal conditions
for photocatalytic degradation of malachite green are as
follows: the initial concentration of malachite green, pH
value, and the concentration of Bi2WO6 are 10 mg·L−1, 2,
and 1.0 g·L−1, respectively. Figure 7 shows the evolution of
the degradation of malachite green with irradiation time. It is
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Figure 4: (a) The absorption spectrum of malachite green. (b)
The effect of the initial concentration of malachite green on the
degradation efficiency.
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Figure 7: The photocatalytic degradation of malachite green time
under optimal conditions (the initial concentration of malachite
green, initial pH value, and the concentration of photocatalyst are
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under visible light and anoxic condition.

revealed that the degradation of malachite green solution was
fast during the initial 5 min of photocatalytic reaction. Then
it decreased gradually. According to earlier reports, [23–25]
the relation between the rate of photocatalytic degradation
and the concentration of photocatalyst can be expressed
by the Langmuir-Hinshelwood equation: r = −dc/dt =
kKc/(1 + Kc). When the concentration of substrate is low
(Kc � 1), the Langmuir-Hinshelwood equation can be
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expressed as r = −dc/dt = kKc. Thus, the rate of pho-
tocatalytic degradation is proportional to the concentration
of photocatalyst. For the degradation of malachite green
solution, the concentration of malachite green gradually
decreased during the photocatalytic degradation. As a result,
the photocatalytic degradation is relatively fast during the
initial 5 min. For the malachite green solution with the
initial concentration of 10 mg·L−1 and pH value of 2, the
color of the solution hardly changed in the dark without
any photocatalyst. For the same malachite green solution,
the degradation efficiency with Bi2WO6 photocatalyst in the
dark for 90 min is only 13.6%, which can be attributed to
the adsorption of malachite green on Bi2WO6 photocatalyst.
And the degradation efficiency without photocatalyst is
13.56% after 15 min under light irradiation, which is due
to the photolysis of malachite green. These comparison
experiments revealed that the decrease of malachite green is
mainly caused by the photocatalytic degradation.

For comparison, a typical commercial TiO2, P25, was
selected as the reference. Under simulated solar light, it
exhibited comparable activity as that of the Bi2WO6 (Figure
(7b)). However, as indicated by Figure (7c), under visible
light irradiation P25 exhibited poor photocatalytic activities
in the photodegradation of malachite green because, it
can only be activated by UV light. In order to check
if oxygen molecules affected the degradation process, the
photocatalytic degradation of malachite green was carried
out under N2-saturated conditions. The result shown in
Figure (7d) indicates that under the anoxic condition, the
photodegraded rate was largely suppressed.

4. Conclusion

In conclusion, a visible light-induced Bi2WO6 nanoplate
photocatalyst was hydrothermally synthesized at neutral
pH values and at a temperature of 160◦C for 24 h. The
obvious degradation of malachite green was only observed
with Bi2WO6 photocatalyst under light irradiation. The
photocatalytic performance of the Bi2WO6 sample was found
greatly influenced by the concentration of photocatalyst,
the concentration of malachite green, and the pH value
of the reaction system. The optimum concentration of
photocatalyst was 1.0 g·L−1 for the degradation of 10 mg·L−1

malachite green solution with the pH value of 2. In addition,
the relation between the rate of photocatalytic degradation
and the concentration of malachite green can be described
by the pseudo-first-order kinetics, rationalizing in terms of
the Langmuir-Hinshelwood model.
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Porous F-WO3/TiO2 (mTiO2) films are prepared on titanium sheet substrates using microarc oxidation (MAO) technique. The
X-ray diffraction patterns show that visible-light (Vis) enabling mTiO2 films with a very high content of anatase TiO2 and high
loading of WO3 are successfully synthesized at a low applied voltage of 300 V using electrolyte contenting NaF and Na2WO4 without
subsequent heat treatment. The cross-sectional transmission electron microscopy micrograph reveals that the mTiO2 films feature
porous networks connected by many micron pores. The diffused reflection spectrum displays broad absorbance across the UV-Vis
regions and a significant red shift in the band gap energy (∼2.23 eV) for the mTiO2 film. Owing to the high specific surface area
from the porous microstructure, the mTiO2 film shows a 61% and 50% rate increase in the photocatalytic dye degradation, as
compared with the N,C-codoped TiO2 films under UV and Vis irradiation, respectively.

1. Introduction

Titanium dioxide (TiO2), known for being environmentally
friendly and chemically stable, is one of the most suit-
able semiconductors for several environmental applications,
including air purification, water disinfection, hazardous
waste remediation, and, in recent years, the splitting of water
to produce hydrogen [1–3]. Upon irradiation of photons
with energies greater than or equal to the band gap energy
(3.2 eV for anatase TiO2) of the photocatalyst, the photogen-
erated electrons and holes can either recombine in the bulk
or migrate to the surface to initiate various redox reactions.
The photocatalytic (PC) reaction is usually accepted to be
a surface-oriented phenomenon, regardless of whether it
involves fine particles or films [1]. The surface area report-
edly dominates the PC activities of the porous anodized TiO2

oxides [4]. A high specific surface area favors PC efficiency.
Hence, films that have a rough surface with a high surface

area provide superior PC performance. In recent years, sub-
stantial effort has been made to improve the PC activities of
TiO2 films [4–10]. Porous TiO2 films with a high surface
area, such as porous anodized TiO2 oxides [4], nanotube
arrays [5, 6], ordered nanopore arrays [7], nanograined thin
films[8], mesoporous structures[9], and hierarchical micro-/
nanoporous structures [10], are of great interest for their
potential to improve PC activities. Interestingly, in addition
to being mechanically stable, the ordered nanopore TiO2

arrays exhibit superior PC and photoelectrochemical (PEC)
activities in the degradation of organic compounds against
nanotube counterpart arrays, because of their excellent
separation and the transport properties of photogenerated
electron-hole pairs. In addition to having a high specific sur-
face area, the ordered nanopore TiO2 arrays have a network-
framed structure that increases the carrier transport routes.

The use of TiO2 is limited by its wide band gap
(∼3.2 eV). Semiconductors with smaller band gaps, such as
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CdS (2.4 eV), Fe2O3 (2.3 eV), and Cu2O (2.2 eV), commonly
suffer from photocorrosion in electrolyte solution and rapid
recombination of the photogenerated carriers [1]. Coupling
a semiconductor with a high work function with another
semiconductor can greatly enhance the oxidation of holes
photogenerated in the semiconductor, by increasing the
efficiency of carrier separation. Heterostructured oxides,
such as TiO2/ITO, TiO2/WO3, CdS/TiO2, and TiO2/SnO2,
have been proposed for providing a potential driving force
for separating photogenerated charge carriers [2, 11–14].
Of the coupled semiconductors, ITO is the most popular
transparent conductive substrates used in photoanodes and
photocatalysis [2, 12], but it is one of the most expensive
materials and has a detrimental effect on its PEC activity
due to the increase in resistivity of the ITO substrate [15].
Among the various heterostructured oxides, TiO2/WO3 has
been shown to have applications in photocatalysis [9, 16,
17], biophotoelectrodes [18], and anticorrosion [19]. The
improved PC activity of the TiO2/WO3 particles has been
attributed to the increased surface acidity and improved
charge separation due to the proper coupling of WOx species
with TiO2 within the nanoparticles [9, 16, 17, 20]. The
adsorption affinity of reactant molecules on the surface of
the TiO2/WO3 photocatalyst is a more important factor
than the surface reaction of the photogenerated carriers in
determining PC activity. The increase in the adsorption of
MB solution is more likely to be associated with an increase
in the surface area of the TiO2/WO3 particles. However,
the enhancement of PC activity under visible-light (Vis)
irradiation is reportedly around one tenth of that measured
under ultraviolet (UV) irradiation [21].

Some researchers have shown that the introduction of
fluorine (F) atoms into a photocatalytic system effectively
increases the Vis PC activity of TiO2 [22–27]. Wu and Chen
presented a high Vis PC efficiency of F-doped TiO2 particu-
late thin films assisted by NaF solution. They concluded that
the presence of F− ions is critical not only to the formation
of particulate TiO2 films, but also to the formation of Ti3+

and oxygen vacancies upon F− ion doping, which results in
a superior PC efficiency [23]. Moreover, it has been reported
that the photocatalytic activity and the anatase crystallinity
of porous TiO2 films can be enhanced by adding appropriate
amount of F− ions into the electrolyte in microarc oxidation
(MAO) process [26, 27].

MAO, a plasma-assisted electrochemical process, has
been used to fabricate a TiO2 surface layer by applying
a positive voltage to a Ti sheet that is immersed in an
electrolyte [26]. In addition to its short process duration
and less-sophisticated equipments, the MAO process is
reportedly a potentially good approach for preparing porous
and network-structured TiO2 films that adhere robustly to
a Ti sheet substrate [26–30]. The main mechanism in MAO
involves dielectric breakdown, which causes spark discharge
and microarcing. Therefore, porous oxide films form on the
anode surface [29]. The porous network is regarded as an
open, wormlike structure on the surface of the film, with
randomly orientated channels. The approach has several
potential applications, mostly involving biocompatibility,
such as biomimetic apatite [31], orthopedic implants with

antimicrobial coatings [30, 32–34], and wear protection
[35]. Recently, some related studies have addressed the
degradation of dye [4, 26, 27, 36, 37] or dye-sensitized solar
cells (DSSC) [38]. For instance, He et al. recently synthesized
WO3/TiO2 composite films using pulse-MAO at an applied
voltage of 400–460 V and electrolyte consisting of Na2WO4,
NaOH, and NaF. Most recent, porous WO3/TiO2 films were
also fabricated by DC-MAO at an applied voltage of 450 V
using Na2WO4 and Na3PO4 solution as electrolyte [36].
The relatively high applied voltage of the above-mentioned
processes, however, resulted in a significant increase in the
content of TiO2 rutile phase, which is well known to be
photocatalytically inferior to the anatase phase in various
applications [4]. This is because that applying high voltages
results in not only increasing the content of rutile phase but
also decreasing the amount of WO3 loading or W dopant in
the porous TiO2 film.

One of the advantages of MAO process is the possibility
of incorporating anionic and/or cationic ions into the TiO2

layer on an inexpensive Ti substrate, by controlling the com-
position and concentration of the electrolyte [28–30]. How-
ever, the MAO TiO2 film is liable to contain some free Ti ele-
ments and has large pores and a high pore density. Postalkali
or heat treatments have been used to improve the morpho-
logical and intrinsic characters of MAO coatings [4, 31, 38].

In this study, porous F-TiO2/WO3 (mTiO2) films with
incorporated cationic and anionic ions were formed by an
MAO process at a relatively low applied voltage using an
electrolyte with a properly chosen composition. The PC
properties of the as-anodized films were tested by degrading
methylene blue (MB) solution under UV and Vis irradiation.

2. Experimental Procedure

2.1. Sample Preparation. Porous mTiO2 were formed on Ti
substrates (25× 75× 1 mm) using an in-house MAO system,
in which the Ti sample was applied as an anode and a stain-
less steel container was used as a cathode. The surfaces of the
Ti substrates were polished using silicon carbide paper and
ultrasonically cleaned three times for 15 min each time, in
100% acetone, 100% ethanol, and distilled water. In a series
of screening experiments, the electrolyte solutions were NaF
(2 g/L) with Na2WO4 (15 g/L), and the applied voltage was
300 V. For comparison, an undoped TiO2 film (uTiO2) and
an N,C-codoped TiO2 (nTiO2) films both deposited on ITO
glass substrates with about the same thickness of 1.8 μm were
prepared using DC magnetron sputtering system. Details of
the nTiO2 films, which were prepared at a low doping con-
centration of N and C (<2%) were presented elsewhere [39].

2.2. Sample Characterization. The crystal structures of the
samples were analyzed using a high-resolution X-ray diffr-
actometer (XRD, Rigaku ATX-E) and a Micro-PL/ Raman
spectroscope (Jobin-Yvon T64000). The surface topography
of each sample was determined using an atomic force
microscope (AFM, SPI 3800N, Seiko). Surface morphology
and chemical composition of the samples were examined
by using a scanning electron microscope (SEM, JEOL
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JSM-6700F) equipped with an energy dispersive X-ray
spectrometer (EDS). A transmission electron microscope
(TEM, Philips Tecnai 20) was employed for microstructure
characterization. TEM cross-sectional specimens of the
samples were prepared using a focused ion beam (FEI Quant
D 200) at a voltage of 30 kV.

The TiO2 powders from scraping the porous mTiO2 film
was taken to have a BET (Brunauer-Emmett-Teller) surface
area measurement. The diffused reflectance of the films was
measured by using a UV-vis-NIR spectrometer (Hitachi U-
4100) equipped with an integration sphere. Since the Ti
substrates are completely opaque and zero transmittance
to the incident light, the absorption and band gap energy
(Eg) of the samples were calculated using the formula
stated in [36, 37, 40]. Two light sources, UV lamps (λ ∼
365 nm) and blue-light-emitting diodes (BLED, 420 < λ <
530 nm), were used to provide irradiated light intensities
of 2.7 and 12.5 mW/cm2, respectively. The PC activity was
evaluated using aqueous MB solution as model pollution
[15]. Aqueous MB solutions without samples were also
illuminated in the same manner to generate a blank value,
and such a solution with samples was not irradiated, as an
adsorption test.

3. Results and Discussion

3.1. Microstructural Measurements. Figure 1 presents the
XRD patterns of as-anodized mTiO2 sample along with
the N,C-codoped TiO2 (nTiO2) and pure TiO2 (uTiO2) for
comparisons. The XRD patterns of mTiO2 reveal a fully
dominant anatase TiO2 phase. The peak marked by a triangle
is associated with Ti, and may derive from the Ti substrate
and from not well-anodized TiO2 oxide, which is the result
of random arcing by MAO [35]. Sample mTiO2 also exhibits
an intense diffraction peak at 2θ = 23.67◦ of crystalline
WO3 peaks of (020) plane, as also detailed in the inset in
Figure 1. A broad diffraction peak from 2θ = 33◦ to 34.5◦

is assigned to a crystalline WO3 phase [41]. Comparing
with uTiO2 in the inset of Figure 1, the diffraction (101)
plane is shifted slightly toward a lower 2θ value, suggesting
possible distortion of the crystal lattice of TiO2 by the
tungsten, fluorine, or/and other dopants. However, a small
shift towards higher diffraction angles, due to different ion
radii of Ti and W, has been observed in the XRD patterns
of the anatase TiO2 phase as W is doped on titania [37].
Sample mTiO2 has a slightly broader peak at 2θ = 25.18◦

than the uTiO2, indicating the smaller crystallite size of the
mTiO2. These findings imply that the substitution of Ti4+

ions for W4+ in the TiO2 lattice to form a nonstoichiometric
WxTi1−xO2 solid solution may have occurred in the mTiO2

film [9]. In the case considered herein, the loaded WO3 likely
favors the formation of the anatase TiO2 phase by the MAO
process, which can be further studied by acquiring Raman
spectra. Thus, the WO3 phase was loaded with a noticeable
content on the TiO2 matrix. The amounts of O, Ti, and W
were found to be 68.27, 25.59, and 6.14 at.%, respectively,
whereas the fluorine was too small beyond the detectable
limit of the EDS. Noted also that the relative high amount
of tungsten oxides of which could be promoted by addition
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Figure 1: XRD patterns of the mTiO2, nTiO2, and uTiO2 films.
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Figure 2: Raman spectra of the mTiO2, nTiO2, and uTiO2 films.

of fluorine in the electrolyte was reportedly attributable to
the high photocatalytic ability [27, 37].

Raman spectra in the range of 100–1150 cm−1, shown
in Figure 2, reveal further information on the structure of
the films. Sample mTiO2 yields four distinct Raman peaks
at 146, 394, 516, and 637 cm−1 with slight broadening, as
compared with the other two samples, which are directly
attributable to the anatase phase [42]. This result is ascribed
to the crystallinity of the anatase phase and is consistent with
the XRD patterns. A shift in the high wave number and broad
peak of the Raman spectrum at 146 cm−1 implies that the
substitution of W ions into the MAO-anodized TiO2 lattice
and less well-crystallized TiO2 particles probably occurred.
The Raman peak at 810 cm−1 which is associated with the
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Figure 3: High resolution XPS spectrum of: (a) Ti2p, (b) O1s, (c) W4f/Wd, and (d) F1s core levels of the mTiO2 film.

crystallized monoclinic or orthorhombic WO3 is extremely
weak, as shown in the inset of Figure 2, perhaps because
of interference with a broad background signal of anatase
TiO2 [21]. A relatively broad band at 970 cm−1 is assigned
to a terminal W=O stretching vibration in tungsten trioxide
hydrates. Additionally, a shift in the high wave number of
the WO3 Raman spectrum at ∼970 cm−1 reveals that WO3

nanocrystallites had formed along the TiO2 surface or grain
boundaries in a relatively high W concentration [9, 16, 43],
which was previously conformed by the EDS measurement.

3.2. XPS Analysis. High-resolution XPS measurements were
performed to elucidate the surface chemical composition and
the oxidation state for the porous mTiO2 film. Curve fitting
using Gaussian distribution function plotted in Figure 3(a),
the XPS spectrum of Ti2p core level of the mTiO2 film
shows two well-known peaks at binding energy of ∼459.0 eV
and at ∼464.1 eV, corresponding to Ti2p3/2 and Ti2p1/2,
respectively, of Ti4+ oxidation state of TiO2. A minor peak

at binding energy of ∼457.0 eV is also observed, which is
assigned to Ti3+ of Ti2O3 phase and is in accordance with the
XRD result presented in Figure 1. Alternatively, the O1s core
level binding energies for sample mTiO2 were deconvoluted
into three distinct components, indicating that there are
different kinds of O binding states in the mTiO2 film, as
shown in Figure 3(b). It is well stated that the peak at
binding energy of 530.7 eV can be assigned as the crystal
lattice oxygen of Ti–O and W–O binding, while the peaks
at binding energy of 531.6 and 532.8 eV represent the oxygen
in hydroxyl groups (O–H) and in adsorbed water molecules
on the film [9, 37]. It is worthy to note that the area under
hydroxyl groups (O–H) is estimated to be as large as 26.2%,
which is ascribed for enhancing photocatalytic activity [44].

As seen in Figure 3(c), though the peak positions of
W4f5/2 (A) and W4f7/2 (B) shift to a higher binding energy
compared to the reported values, their oxidation state of the
incorporated tungsten species is reportedly assigned as W+6

oxidation state of of pure WO3 [9]. The lower binding energy
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Figure 4: SEM plain images of (a) mTiO2, (b) nTiO2, and (c) uTiO2 films and (d) FIB projected image of the mTiO2 film, where the squared
crater at the center was the TEM sample cut from.

shift can also be seen in the W4d peaks of sample mTiO2, as
shown in the inset of Figure 3(c). These indicate that sample
mTiO2 was loaded with a considerably high amount of WO3

phase. The other two peaks (C and D) are intuitively assigned
to other tungsten oxide (i.e., WO2) or some nonstoichio-
metric tungsten oxides such as W12O39

n− and impurities
from the precursors used. Nevertheless, some other phases
possibly form, since stoichiometric ion exchange between
W4+ and Ti4+ may occur [17]. In fact, W4+ can substitute Ti4+

in the lattice of TiO2 due to the similarity in their ion radii;
nonstoichiometric solid solution of WxTi1−xO2 forms. Thus,
nonstoichiometric solid solution of WxTi1−xO2 can form and
leads to produce a tungsten impurity energy level [17]. Some
researchers have reported that the W4f peaks of WO3-loaded
TiO2 shift to a lower binding energy [43], but others have
found a backward shift, as compared to that of pure WO3

[37]. This may be due to different methods and precursors
involved in sample preparation. This is being under taken
further investigation in our lab. As seen in Figure 3(d), a
weak and broad F1s peak at binding energy of ∼684.9 eV is
observed for sample mTiO2, which is mostly originated from
F− ions physically adsorbed on the TiO2 surface [24]. Park
and Choi have conclude that the adsorbed F− ions induce
enhancement in the production of •OH radicals [44] when
the F-containing compounds were used as TiO2 precursors.

However, no peak around 687.6 eV is observed which is
attributed to the doped F atoms in TiO2 [24, 45].

On the basis of the XPS results stated above, it can be
briefly concluded that F− ions is physically adsorbed on the
TiO2 surface in a very low concentration and W ions are
likely loaded as a pure WO3 phase along with other tungsten
oxides and WxTi1−xO2 composite on the mTiO2 film.

3.3. Morphological and Topographical Observations. Porous
TiO2 films with improved connectivity are reportedly impor-
tant for adsorbing organic contaminant ions or initiating
various redox reactions [29]. Figure 4(a) presents the mor-
phological SEM image of sample mTiO2, showing a typical
porous MAO structure with some submicron pores and
colloidal particles on a large cavity. Moreover, Figure 4(d)
shows a FIB projected image of the mTiO2, where sponge-
like morphology is filled with various micron and submicron
pores. These submicron pores were probably formed by the
secondary breakdown of the large pores that were produced
by the primary breakdown of arcing [29]. The wall of
the larger pores includes smaller pores and several pores
inside the film of which increases its reactive site surface
area. On the other hand, as shown in Figures 4(b) and
4(c), samples nTiO2 and uTiO2 exhibit a typical columnar-
like morphologies deposited by a DC magnetron sputtering
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Table 1: Some properties and apparent rate constants of three samples.

Sample Band gap energy, eV Specific surface area, m2/g
Apparent rate constant, h−1

UV Vis

mTiO2 2.23 1.75 0.53 0.42

nTiO2 2.93 0.16∗ 0.33 0.28

uTiO2 3.25 0.14∗ 0.36 0.06
∗

estimated from the AFM measurement [37].

200 nm

Figure 5: Cross-sectional TEM micrograph of the mTiO2 film in
which the porous TiO2 was formed on a 300 nm-thick TiO2 layer
supported by Ti substrate.

technique [15, 39]. Thus, a low specific surface area is
expected, rendering a low active area in contact with aqueous
solution. The cross-sectional TEM micrograph of the mTiO2

film in Figure 5 reveals that a pore diameter ranging from
400 to 800 nm was formed on a WO3/TiO2 layer with a
thickness of about 300 nm. The porous network connected
by many micron pores is regarded as an open with randomly
orientated channels in the porous film.

The specific roughness factor of nTiO2 and uTiO2 films
(Figures 4(b) and 4(c)) were previously reported to be about
1.3 and 1.2, which were equal to surface areas of about
0.16 m2/g and 0.14 m2/g, respectively (Table 1) [15, 39]. The
mTiO2 shows a BET surface area of 1.75 m2/g, which is ten
times greater more than that of the nTiO2 and uTiO2. Thus,
extremely rough, network-structured, and well-crystallized
TiO2 films can be obtained by MAO process without any
subsequent heat treatment.

3.4. Optical Properties. Figure 6 shows the diffused reflection
spectra of sample mTiO2 film, displaying broad absorbance
across the UV-Vis regions. Obviously, sample mTiO2 has a
better optical absorption in the region of 400–700 nm owing
to the presence of tungsten oxides and solid solution of
WxTi1−xO2 than the N,C-TiO2 and pure TiO2 [17]. It is well
known that the absorption edge of the samples shift toward
the Vis region as WO3 is loaded on TiO2 matrix [9, 16–
19, 37]. The band gap energies are calculated according to
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Figure 6: Diffused reflection spectra of the mTiO2 and nTiO2 films.

the equation Eg = hc/λ, where Eg is the band gap energy
(eV), h is the Planck’s constant (4.136 × 10−15 eV s), c is the
velocity of light (2.99 × 108 m/s), and λ is the wavelength
(nm) of absorption onset [36, 40]. The band gap energies are
2.23 eV for mTiO2 and 2.93 eV for nTiO2 films, whereas that
is estimated to be 3.25 eV for the pure TiO2 [39]. Although
some researchers reported that only F-doping did not cause
any significant change in the optical absorption of TiO2

(2.90–2.95 eV [24, 26]), they observed a new absorption
band in the visible range of 400–550 nm in addition to
a strong fundamental absorption edge (∼387 nm) of TiO2

[24, 45]. Thus, the shift towards the longer wavelengths
markedly originates from the band gap narrowing of TiO2

by coupling with tungsten oxides [37, 43] and possibly a
complex of WxTi1−xO2 [17].

3.5. Photocatalytic Activities. PC activity can be increased
by increasing the apparent reaction rate constant and
the equilibrium adsorption constant of the catalysts [16].
Figure 7 plots the degraded concentration of the MB solution
against the reaction time of three different samples. No
significant MB degradation is observed in a blank substrate
under UV radiation. As expected, Figure 7 clearly reveals
that the adsorption of MB by sample mTiO2 was stronger
than that of samples nTiO2 and uTiO2, due to the cationic
nature of MB dye [17]. The MB adsorption capacity of
TiO2/WO3 composites usually increases with the loading
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Figure 7: MB adsorption and degradation of the mTiO2, nTiO2,
and uTiO2 films under UV irradiation. Blank and absorption tests
are presented for comparisons.
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Figure 8: MB degradation of the mTiO2, nTiO2, and uTiO2 films
under BLED irradiation.

of WO3 clusters [16, 20, 46], because the surface acidity
of a WO3 monolayer results in strong adsorption of the
TiO2/WO3 composites [20]. This result implies that the
enhanced MB adsorption capacity of sample mTiO2 is
probably associated with the specific surface area of the
sample that were prepared by the MAO process other than by
the formation of WO3 clusters in the TiO2/WO3 composites,
suggesting that the MB adsorption capacity is related not
only to the surface acidity of the WO3 clusters, but also to
the specific roughness factor [20, 21, 46].

As listed in Table 1, under UV irradiation, sample mTiO2

exhibits the highest activity of the three samples tested,
showing the highest apparent rate constant of 0.53 h−1–61%
greater than that, 0.33 h−1, of sample nTiO2. Sample mTiO2,
broad absorbance observed in the Vis regions, exhibits
significant PC activity under BLED irradiation, an apparent
rate constant of 0.42 h−1–50% greater than that, 0.28 h−1, of
sample nTiO2, as shown in Figure 8. Sample nTiO2 has an
apparent rate constant of 0.36 h−1 and 0.06 h−1 under UV
and Vis irradiation, respectively.

The PC activity of TiO2 depends on several factors,
including crystallinity [47], surface area [8], crystal orienta-
tion [48], surface hydroxyl density, and phase composition
[49, 50]. In general, the photogenerated charge carrier
transfer to the film surface would be limited by the interfacial
diffusion between crystalline WO3/TiO2 particles, which is
faster than volume diffusion. And the sponge-like porous
structure of the mTiO2 film can make charge carrier easier
to reach the surface than a typical planar nTiO2 sample.
The porous mTiO2 film exhibits the highest PC activity
among the oxides of interest; surprisingly, only 50%–61%
higher in photocatalytic activity obtained from the film with
ten times greater more in the surface area than others.
Qualitatively, the mTiO2 film consists of TiO2 and WO3

crystallites with a higher specific surface area and a lower
crystallinity than the nTiO2 and uTiO2 films. The PC activity
of mTiO2 is enhanced by its WO3 crystallites and high
specific surface area but is reduced by its low crystallinity
and some impurities, such as Ti and Na elements. Impurities
act as carrier recombination centers in an oxide and always
detrimentally affect PC activity. In contrast, high crystallinity
is associated with a small fraction of crystal defects that act
as recombination sites [7–9], allowing the generated charges
to diffuse to the crystallite surface without undergoing
recombination [4]. Thus, improvement of crystallinity is a
possible way to increase the film photocatalytic ability.

In addition, though WO3 has a conduction band that
allows for the transfer of photogenerated electrons from
TiO2, its valence band is not positioned properly toward
to the coupled TiO2; therefore, effective charge separa-
tion cannot be fully obtained in crystalline TiO2/WO3

heterostructures [41]. The formation of WO3 crystallites,
randomly distributed along TiO2 nanocrystals, rather than
the highly adsorbing WO3 monolayer or amorphous WOx,
reduces the adsorption capacity of WO3 [20, 41]. Finally, the
amount of tungsten loaded onto TiO2 was not optimized
herein, but this factor reportedly is important in determining
PC activity [9, 16, 21, 46].

4. Conclusions

In this study, a porous F-TiO2/WO3 film with crystal-
lized anatase TiO2 phase and network-framed structure
was successfully obtained by microarc oxidation without
subsequent heat treatment. The F-TiO2/WO3 film exhibits
high photocatalytic activity in MB degradation under UV
and BLED irradiation. The Vis PC efficiency is dominated
by the incorporation of tungsten oxides and possibly
a complex of WxTi1−xO2. The specific surface area of the film
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is one of the most important parameters in determining the
efficiency of the PC process, because a higher specific surface
area favors the adsorption of more MB molecules on its
active sites. Thus, the elucidated MAO process is one of the
most cost-effective methods for producing films in practical
photocatalytic applications.
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The development of visible light-sensitive photocatalytic materials is being investigated. In this study, the anatase and rutile-C60

composites were prepared by solution process. The characterization of the samples was conducted by using XRD, UV-vis, FT-IR,
Raman, and TEM. The photocatalytic activity of the samples was evaluated by the decolorization of the methylene blue. From the
results of the Raman, FT-IR, and XRD, the existence of the C60 was confirmed in the samples. The C60 was modified on the anatase
or rutile particle as a cluster. The C60 didn’t have the photocatalytic activity under UV and visible light. The anatase and rutile-C60

composites exhibited lower photocatalytic activity than the anatase and rutile under UV light. The anatase-C60 exhibited also lower
activity than the anatase under visible light. On the other hand, the rutile-C60 exhibited higher activity than the rutile under visible
light. It is considered that the photogenerated electrons can transfer from the C60 to the rutile under visible light irradiation.

1. Introduction

Since the photocatalytic activity of a TiO2 was discovered
in 1970s, it has been studied by many researchers because
nontoxic, chemical stable, inexpensive, and widely available
[1, 2]. When TiO2 is irradiated by ultraviolet (UV) light,
electron (e−) and hole (h+) pairs are generated and produce
radical species such as OH radicals and O2

− by reaction
with moisture in the atmosphere, which reduce and oxidize
adsorbates on the surface. These radicals can decompose
most organic compounds and bacteria [3–7]. Therefore, the
photocatalyst has been applied on various industrial fields
[8, 9]. However, since the band gap of TiO2 is 3.0–3.2 eV, the
TiO2 photocatalyst is activated only by UV light irradiation
(<400 nm) [10].

To exhibit the photocatalytic activity under visible light,
metal (Cr, V, Fe, Mn, Co, and Ni) doping into Ti site and
anion (N, S, and C) doping into O site have been studied
[11–20]. These doped TiO2 can be sensitive to visible light,
but the oxidative power of holes decreases. Because the holes
are generated in a localized narrow band originating from the
dopant metal ions or anions in the forbidden band of TiO2.

Recently, it has been reported that TiO2 powders with grafted
metal ions (Cu(II), Cr(III), Ce(III), and Fe(III)) were capable
of serving as photocatalysts sensitive to visible light [21–25].
This system is called the interfacial charge transfer (IFCT)
and has greatly an oxidative decomposition activity.

Among these materials, carbon-supported TiO2 also ex-
hibited the photocatalytic activity under visible light [26–
30]. Fullerene (C60) has the interesting properties which are
the delocalized conjugated structures and electron-accepting
ability. C60 can efficiently promote a rapid photoinduced
charge separation and slow charge recombination. Although
the role of C60, accepting the photogenerated electrons from
TiO2 particles, has been demonstrated, a few efforts are
made to utilize the unique properties of C60 to increase
the efficiency of photocatalysis [31, 32]. However, the
mechanism is not clear in detail.

In this study, TiO2-C60 composites were prepared and
characterized, and the photocatalytic activity under UV
and visible light was evaluated, comparing to the pure
TiO2. The mechanism of visible light-sensitive photocatalyst
was investigated by using the photodeposition of platinum
(Pt).
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Figure 1: UV-vis spectra of the samples. (a) The anatase, A1C, A5C, and A10C samples, (b) the rutile, R1C, R5C, and R10C samples.

2. Experimental

2.1. Preparation of TiO2-Fullerene Composites. Fullerene
(C60) solution was prepared by adding C60 (1, 5, 10 mg)
into toluene (30 mL) and mixing for 10 min. TiO2 powder
(anatase or rutile; 100 mg) was put in the solution, and it
was mixed at 80◦C for 24 hours. Then, the solution was
evaporated and dried at 90◦C, and the TiO2-C60 composite
samples were obtained. The anatase powder and toluene
were taken from Wako Pure Chemical Industries, Tokyo,
Japan. The C60 (carbon cluster; ST) was taken from Kanto
Chemicals Co. Inc., Tokyo, Japan. The rutile powder (MT-
150A) was taken from TAYCA Co., Tokyo, japan. The samples
with different C60-additive amount are denoted in this report
as “AXC or RXC.” A, R, X, and C indicate the anatase, rutile,
C60 additive amount, and C60, respectively. For example, A1C
means 1 mass % C60 added anatase sample.

2.2. Synthesis of Photodeposited Samples. The prepared TiO2-
fullerene composite samples were dispersed in 3 : 7 (v/v)
methanol/water solution (20 mL), and then the required
amount (5 mass%) H2PtCl6 solution was added in. The
mixture was irradiated by fluorescent light with cut filter
(>420 nm) for 3 hours at room temperature. After irradia-
tion, the sample was collected by centrifugation and washed
several times with distilled water. The obtained paste was
dried at 80◦C.

2.3. Characterization of the Samples. The crystalline phases
were identified by a high-power X-ray diffractometer (XRD,
RINT-TTR3B; Rigaku, Japan) using monochromated Cu
Kα radiation (50 kV–200 mA). The samples were analyzed
using a Raman spectroscopy (RAMANOR T64000; Jobin-
Yvon S.A.S., France) with an Ar laser (514.5 nm) operated at

50 mW. UV-visible absorption properties of the samples were
measured using a UV-visible scanning spectrophotometer
(UV-vis, Lambda 35; PerkinElmer Inc., USA). Transmission
electron microscopy (TEM) observation of the samples
was performed using a transmission electron microscope
(TEM, HF-2000, Hitachi, Japan) operating at 200 kV. For
TEM observation, one drop of the sample, dispersed in
water, was deposited on an amorphous carbon grid. IR
measurements were performed using a Fourier transform-
infrared spectroscopy (FT-IR, JIR-7000, JEOL, Japan).

2.4. Evaluation of Photocatalytic Activity. Photocatalytic ac-
tivity of the samples was evaluated by decomposition of
methylene blue (MB; C16H18ClN3S). The samples were
immersed in 0.02 mM MB aqueous solution for overnight
to saturate the adsorption. After washing by ultrapure
water, a cylinder (φ40 × 30 mm) was contacted on the
SiO2 glass (50 × 50 × 2t mm) by using silicone grease,
and 0.01 mM MB aqueous solution was poured into the
cylinder. And then, the samples (0.05 g) were put into the
solution. Irradiating overhead UV light (1.0 mW/cm2) or
fluorescent light (10,000 lx), the absorption spectra of MB
were measured by a UV-vis spectrophotometer.

3. Results and Discussion

3.1. Characterization of the TiO2-C60 Composite Samples.
Anatase and rutile were white powders because they cannot
absorb the wavelength in visible range. The obtained sample
with C60, however, had a color. With increasing C60-additive
amount, the color of the samples became gray. Figure 1
shows the UV-vis absorption spectra of the samples. The
adsorption of anatase and rutile started from <400 nm. On
the other hand, the sample with C60 adsorbed the photon of
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Figure 2: XRD patterns of the TiO2-C60 composite samples. (a) The A1C, A5C, and A10C samples, (b) the R1C, R5C, and R10C samples.
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Figure 3: IR spectra of the TiO2−C60 composite samples. (a) the A1C, A5C, and A10C samples, (b) the R1C, R5C, and R10C samples.

>400 nm, and the adsorption edge was about 700 nm. This is
indicated that the sample with C60 had absorption property
in visible range. The spectrum shape of the sample with C60

was similar to the C60, and the absorption increased with
increasing C60-additive amount. Therefore, it is considered
that the absorption in visible range is attributed to the C60.

Figure 2 shows the XRD patterns of the samples. The
crystalline phases detected in the anatase composite samples

were anatase, rutile, and C60 (Figure 2(a)). Rutile was a
little included in the anatase composite sample. This is
attributed to the starting materials (chemical), and it was
not formed during preparation process of the anatase-C60

composite samples. The C60 peaks of the A1C sample were
not seen clearly, but the peaks appeared in the A5C and
A10C samples. In the case of the rutile composite samples,
the crystalline phases were rutile and C60, and anatase was
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Figure 4: Raman spectra of the TiO2−C60 composite samples. (a) The A1C, A5C, and A10C samples, (b) the R1C, R5C, and R10C samples.
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Figure 5: High resolution TEM image of the R5C samples.

not included (Figure 2(b)). The C60 peaks of the R1C sample
were not seen clearly, but the peaks appeared in the R5C and
R10C samples. This is the similar tendency in the anatase
composite samples. In both cases, the values of the full width
at half maximum (FWHM) in the anatase (101) peak (2θ =
25.32◦) and rutile (110) peak (2θ = 27.44◦) were almost the
same, respectively. This is indicated that the crystallinity of
the anatase or rutile composite samples have almost the same
crystallinity, respectively.

Figure 3 shows the IR adsorption spectra of the samples
measured in air at room temperature. In the infrared bands
of C60, there are the four most intense lines at 1429, 1183,
577, and 528 cm−1 [33, 34]. The absorption bands at 1429
and 1183 cm−1 were observed in A5C, A10C, R5C, and
R10C samples, but those were not observed in A1C and

R1C samples (Figures 3(a) and 3(b)). The adsorption bands
at 577 and 528 cm−1 were not seen in all samples because
widely adsorption of TiO2 was at 400–900 cm−1. On the
other hand, the adsorption band at 1618 cm−1 was seen in
all samples. This is attributed to the bending vibration of the
H2O molecule adsorbed on Ti4+ site [35].

The Raman spectra of the samples are shown in Figure 4.
The peak at 1642 cm−1 appeared in all samples (Figures 4(a)
and 4(b)). Cataldo [36] reported that the Raman spectrum
of pure C60 is characterized by several lines, the most intense
which are the Ag(1) and Ag(2) modes lying, respectively, at
496 and at 1469 cm−1. The Ag(2) mode is also referred as
the pentagonal pinch mode. It is considered that the peak
observed at 1642 cm−1 is Ag(2) mode of C60. The existence
of the C60 in A1C and R1C samples could not be detected
by XRD and IR, but it could be confirmed by the Raman
spectra. In A10C and R10C samples, the broad band at
around 1600 cm−1 appeared. It is guessed that the band is
attributed to the carbon cluster.

Figure 5 shows the high resolution TEM image of the
R5C sample. Considering the space of the lattice fringe,
the particle was confirmed to rutile. Some small particles
were observed at the edge of the rutile particle. In the case
of the anatase-C60 composite samples, the small particles
were also observed at the edge of the anatase particles (not
shown here). These particles were not the rutile and anatase
particles. It is guessed that these small particles are the C60

particles adhered to the rutile particles. In the TiO2-C60

composite samples, we consider that the C60 particles are
directly present on the surface of the TiO2 particles.

3.2. Evaluation of the Photocatalytic Activity of the TiO2-
C60 Composite Samples. Figure 6 shows the photocatalytic
degradation of MB in the C60. If the C60 has photocatalytic
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Figure 6: Changes of the MB concentrations decomposed by the C60 as a function of (a) UV irradiation time (1.0 mW/cm2), (b) visible light
irradiation time (10,000 lx).
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Figure 7: Changes of the MB concentrations decomposed by the samples as a function of UV irradiation time (1.0 mW/cm2). (a) The
anatase, A1C, A5C, and A10C samples, (b) The rutile, R1C, R5C, and R10C samples.

activity, MB is decolorized. Figure 6(a) shows the test under
UV irradiation. When UV irradiation time increased, the
variation of the MB concentration was little. This result indi-
cates that the C60 has little photocatalytic activity under UV
light irradiation. The MB concentration slightly decreased
with increasing visible light irradiation time (Figure 6(b)).

However, the decrement of the MB concentration was a little.
It is considered that the C60 exhibited little the photocatalytic
activity under UV and visible light.

Figure 7 shows the photocatalytic degradation of MB
in the anatase, rutile, and anatase or rutile-C60 composite
samples under UV irradiation. When UV irradiation time
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Figure 9: TEM images of the A5C and R5C samples after the photodeposition of Pt particles.

increased, the MB concentration of the anatase, A1C, A5C,
and A10C samples decreased (Figure 7(a)). Among them,
the MB concentration of the anatase decreased drastically.
This result indicates that the photocatalytic activity of the
A1C, A5C, and A10C samples is lower than that of the
anatase. The activity of the A1C sample was higher than
that of the A5C and A10C samples, and the A5C sample
indicates a similar tendency to the A10C sample. With
increasing the C60 additive amount, the activity was lower
in the anatase-C60 composite samples. In the case of the
rutile and rutile-C60 composite samples, the decrement of
the MB concentration in the rutile became the largest

(Figure 7(b)). This is indicated that the photocatalytic activ-
ity of the rutile is higher than that of the rutile with the
C60 (R1C, R5C, and R10C samples). The activity of the
R10C sample was higher than that of the R1C and R5C
samples, and the R5C sample was higher than the R1C
sample. The tendency was different from the anatase-C60

composite samples. The anatase and rutile-C60 composite
samples exhibit lower photocatalytic activity under UV
irradiation than anatase and rutile. It is guessed that the
anatase and rutile surfaces are covered by the C60, and
the number of absorbed photons in the anatase and rutile
decreases.
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Figure 8 shows the photocatalytic degradation of MB
in the anatase, rutile, and anatase or rutile-C60 composite
samples under visible light irradiation. In Figures 8(a)
and 8(b), the MB concentration of the anatase and rutile
decreased with increasing visible light irradiation time.
This result indicates that the anatase and rutile have the
photocatalytic activity under visible light irradiation. This
is because fluorescent light was used as a light source,
so a little UV light was included in the light source. All
samples exhibited the photocatalytic activity under visible
light irradiation shown in Figure 8(a). But the activity of the
A1C, A5C, and A10C samples was lower than the anatase.
This is similar tendency to the case of UV irradiation
(Figure 7(a)). On the other hand, the R1C, R5C, and R10C
samples exhibited higher photocatalytic activity than the
rutile (Figure 8(b)). This result indicates that the rutile-C60

composite samples have greatly the photocatalytic activity
under visible light.

The band structures of the anatase, rutile, and C60 are
shown in Scheme 1. In the case of the C60, some researchers
reported different band structures [37, 38]. The conduction
band (CB) positions of the C60 were higher energy than those
of the anatase and rutile. Therefore, it is prospective that the
photogenerated electrons transfer from the CB of the C60

to the CB of the anatase and rutile, and the anatase and
rutile-C60 composite samples have a higher photocatalytic
activity than the anatase and rutile under visible light shown
in Scheme 2. However, the anatase-C60 composite samples
exhibited higher photocatalytic activity under visible light
than the anatase (Figure 8(a)).

Figure 9 shows the TEM images of the A5C and R5C
samples after conducting the photodeposition of Pt under
visible light irradiation. In the case of A5C sample, the
photodeposited Pt particles were not observed at the anatase
particles but the C60 cluster. This is indicated that the
photogenerated electrons cannot transfer from the C60 to
the anatase (Scheme 3(a)). On the other hand, in the case
of the R5C sample, the photodeposited Pt particles were
observed at the rutile. This result indicates that the photo-
generated electrons can transfer from the C60 to the rutile
(Scheme 3(b)). Therefore, it is considered that the rutile-C60

composite samples exhibit the photocatalytic activity under
visible light.

From the band structure shown in Scheme 1, it is possible
that the photogenerated electrons transfer from the C60 to
the anatase. In this study, however, it did not occur. It
is guessed that the connecting state between the C60 and
the anatase is one of the reasons why the photogenerated
electrons cannot transfer from the C60 to the anatase. Further
investigation is needed to clear the reasons.

Photocatalytic activity of the C60-rutile composite sam-
ple was superior to the C60-anatase sample under visible
light (Figure 7). On the other hand, the C60-rutile sample
exhibited lower activity than the C60-anatase sample under
UV light (Figure 8). In this study, the number of photons
absorbed to the samples was not uniformed in UV and visible
lights shown in UV-visible absorption spectra (Figure 1). It
is, therefore, difficult to compare the photocatalytic activities
of the C60-anatase and C60-rutile samples under UV-visible
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composite under visible light irradiation.

light. However, the photocatalytic degradation rate of MB
was greatly different between under UV and visible lights,
and the rate under UV light was higher than that under
visible light. It is guessed that the C60-anatase sample exhibits
higher activity than the C60-rutile under UV-visible light.

4. Conclusions

In present study, the anatase and rutile-C60 composites were
prepared, and the photocatalytic activity of the composites
was investigated by the MB decolorization test. The C60 parti-
cles were directly adhered to the surface of the TiO2 particles.
When UV light was irradiated, the photocatalytic activity of
the anatase and rutile-C60 composites became lower than the
anatase and rutile particles without the C60. In the case of the
visible light irradiation, the anatase-C60 composite exhibited
also lower activity than the anatase. However, the rutile-C60
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composite exhibited higher activity than the rutile. From
the photodeposition of Pt on the composites under visible
light, the photogenerated electron transfer from the C60 to
the rutile occurred although the electron transfer did not
occur in the anatase-C60 composite. Therefore, the rutile-C60

composite exhibits the photocatalytic activity under visible
light. The rutile-C60 can be utilized for the new type of visible
light sensitive photocatalyst.
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Ethanol oxidative dehydrogenation over Pt/TiO2 photocatalyst, in the presence and absence of blue phosphors, was performed. The
catalyst was prepared by photodeposition of Pt on sulphated TiO2. This material was tested in a gas-solid photocatalytic fluidized
bed reactor at high illumination efficiency. The effect of the addition of blue phosphors into the fluidized bed has been evaluated.
The synthesized catalysts were extensively characterized by different techniques. Pt/TiO2 with a loading of 0.5 wt% of Pt appeared
to be an active photocatalyst in the selective partial oxidation of ethanol to acetaldehyde improving its activity and selectivity
compared to pure TiO2. In the same way, a notable enhancement of ethanol conversion in the presence of the blue phosphors has
been obtained. The blue phosphors produced an increase in the level of ethanol conversion over the Pt/TiO2 catalyst, keeping at
the same time the high selectivity to acetaldehyde.

1. Introduction

The selective oxidation of alcohols is one of the most impor-
tant reactions in organic chemistry. The conversion of pri-
mary alcohols to aldehydes is very important for the synthesis
of fine chemicals such as fragrances or food additives [1–6].
There is a great industrial interest to convert low alcohols into
useful organic intermediates or products, that is, ethene, di-
ethyl ether, or acetaldehyde [7]. Ethanol serves as a feedstock
for acetaldehyde production by oxidative dehydrogenation
over pure or mixed oxide catalysts [8–10]. Acetaldehyde is an
important intermediary in organic syntheses, and this com-
pound is normally obtained by catalytic ethanol partial oxi–
dation [11, 12]. The catalytic oxidation of ethanol has gener-
ally been investigated in order to develop catalysts that maxi-
mize products, such as acetaldehyde or acetic acid, and mini-
mize production of deep oxidation reactions [11].

Different supported metals, such as Mo, Fe, Co, Ni, Cu,
Ag, V, and Au, has been studied in the current literature for

the reaction of partial oxidation of ethanol by thermal cataly-
sis [11–18]. It is important to note that the selective oxidation
of alcohols to either aldehydes or acid in the presence of a
noble metal catalyst is of simple work-up procedure, shows
a wide applicability to various alcohols, and is an attractive,
environment-friendly process [19, 20].

On the other hand, heterogeneous photocatalysis using
semiconductor oxides has demonstrated to be very effective
in the oxidation of different organic compounds. The hetero-
geneous photocatalysis based on TiO2 is an interesting alter-
native because this oxide is an effective, photostable, reusable,
inexpensive, nontoxic, and easily available catalyst [21]. In
the past, the majority of the research in the field of photoca-
talysis was focused on the use of TiO2 photocatalysts for the
purification of water or gas atmospheres from environmen-
tal contaminants [22, 23]. However, partial photocatalytic
oxidation in the gas phase has recently attracted great interest
due to the high potential of this technique in green chemistry
[24]. Metal deposition on TiO2 has been intensively studied
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as a means of reducing electron/hole recombination and en-
hancing efficiencies of TiO2 in the photocatalytic degrada-
tion of organic compounds [25]. Pt deposited on TiO2 has
been reported to improve [26–31], be detrimental [29, 32],
or have negligible effects [30] on photocatalysis depending
on many different factors.

Chen et al. [32] studied the photocatalytic partial oxida-
tion of ethanol over TiO2 and Pt/TiO2 and found that the
selectivity to acetaldehyde (which is more easily oxidized)
was enhanced with the platinization as opposed to the higher
formation of acetic acid with bare TiO2. These authors ex-
plained that loaded on TiO2, Pt can accelerate the oxygen
reduction process occurring at the cathodic area, thereby di-
minishing the electron accumulation on the surface of TiO2

particles. This would accelerate the oxidation rate of alcohols,
which, in fact, is controlled by the cathodic reduction of
oxygen [32, 33]. This process has been often observed not
only for alcohols, but also for other organic compounds.
Vorontsov and Dubovitskaya [34] reported also up to a two
times increase in the rate of ethanol photooxidation at vari-
ous Pt loadings.

In previous papers regarding the oxidative dehydrogena-
tion of organic compounds using fluidized bed photoreac-
tors [17, 35–37], it has been evinced that UV light does not
penetrate in the reactor core volume, since it is mostly ab-
sorbed by the catalyst circulating near the irradiated reactor
windows within few millimetres [17]. To improve photon
transfer in the reactor core volume, the reactor thickness has
to be reduced, and, moreover, it is possible to mix the pho-
tocatalyst with emitting phosphorescent particles as light
carriers, known generally as phosphors. Recently, some of us
have reported that the addition of phosphors into a fluidized
bed has, therefore, resulted in about doubling of the cat-
alytic surface totally irradiated [17], allowing a considerably
increase of the photocatalytic activity. In this paper, the selec-
tive partial oxidation of ethanol to acetaldehyde over Pt/TiO2

photocatalyst was studied. The photocatalytic reactions were
carried out in a gas-solid photocatalytic fluidized bed reactor.
The study of the effect of the addition of blue phosphors into
the fluidized bed was also attempted.

2. Experimental

2.1. Synthesis Procedure. TiO2 used as starting material was
prepared by the hydrolysis of titanium tetraisopropoxide
(Aldrich, 97%) in isopropanol solution (1.6 M) by the slow
addition of distilled water (volume ratio isopropanol/water
1 : 1). Afterward, the generated precipitate was filtered and
dried at 110◦C overnight. The powders thus obtained were
then sulphated by immersion in 1 M sulphuric acid solution
for 1 h and calcinated at 650◦C for 2 h. Sulphate treatment
was carried out for two reasons. On one hand, previous re-
sults have shown that sulphate pretreatment stabilizes ana-
tase phase up to high temperatures and protects surface area
against sintering [38]. On the other hand, at the calcination
temperature of 650◦C, the elimination of sulphate groups
promotes the creation of high number of oxygen vacancies,

which have been reported as preferential sites for Pt adsorp-
tion [39].

Photodeposition of platinum was performed over
the calcined TiO2 powder using hexachloroplatinic acid
(H2PtCl6, Aldrich 99.9%) as metal precursor. Under an inert
atmosphere (N2), a suspension of TiO2 in distilled water con-
taining isopropanol (Merck 99.8%) which acts as sacrificial
donor was prepared. Then, the appropriate amount of
H2PtCl6 to obtain a nominal platinum loading of 0.5%
weight total to TiO2 was added. Final pH of the suspensions
was 3. Photodeposition of platinum was then performed by
illuminating the suspension during 120 min with an Osram
Ultra-Vitalux lamp (300 W) with a sun-like radiation spec-
trum and a main emission line in the UVA range at 365 nm.
The intensity of the lamp was 140 W/m2. After photodepo-
sition, the powders were recovered by filtration and dried at
110◦C overnight.

Blue phosphors (model RL-UV-B-Y; Excitation Wave-
length: 365 nm; Emission Wavelength: 440 nm; particles di-
ameter: 5–10 μm) were provided by DB Chemic. A wide
characterization of this material was carried out, and these
results are collected in a recent article [17], evidencing that
the host crystal structure of the phosphors used in this work
is ZnS.

2.2. Characterization Techniques. Crystalline phase composi-
tion and degree of crystallinity of the samples were estimated
by X-ray diffraction (XRD). XRD patterns were obtained on
a Siemens D-501 diffractometer with Ni filter and graphite
monochromator using Cu Kα radiation. Crystallite sizes were
calculated from the line broadening of the main X-ray dif-
fraction peaks by using the Scherrer equation. Peaks were fit-
ted by using a Voigt function.

Laser Raman spectra of catalyst were obtained at room
temperature with a Dispersive MicroRaman (Invia, Ren-
ishaw), equipped with 785 nm diode-laser, in the range 100–
2500 cm−1 Raman shift.

Light absorption properties of the samples were studied
by UV-Vis spectroscopy. The UV-Vis DRS spectra were re-
corded by a Perkin Elmer spectrometer Lambda 35. Band-
gaps values were calculated from the corresponding Kubelka-
Munk functions, F(R∞), which are proportional to the ab-
sorption of radiation, by plotting (F(R∞) · hν)2 against hν.

BET surface area and porosity measurements were car-
ried out by N2 adsorption at 77 K using a Micromeritics
ASAP 2010 instrument.

Chemical composition and total platinum content of the
samples were determined by X-ray fluorescence spectrome-
try (XRF) in a Panalytical Axios sequential spectrophotom-
eter equipped with a rhodium tube as the source of radiation.
XRF measurements were performed onto pressed pellets
(sample included in 10 wt% of wax).

Thermogravimetric analysis (TG-DTG) of the samples
was carried out in air flow with a thermobalance (SDT Q600,
TA Instruments), in the range 20◦C–1000◦C at heating rate
of 10◦C/min.

Field emission SEM images were obtained in a Hitachi
S-4800 microscope. The samples were dispersed in ethanol
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Figure 1: XRD patterns for TiO2 and Pt/TiO2 photocatalysts.

using an ultrasonicator and dropped on a carbon grid. The
platinum particle sizes were evaluated by TEM, in a micro-
scope Philips CM 200.

X-ray photoelectron spectroscopy (XPS) studies were
carried out on a Leybold-Heraeus LHS-10 spectrometer,
working with constant pass energy of 50 eV. The spectrom-
eter main chamber, working at a pressure < 2 × 10−9 Torr,
is equipped with an EA-200 MCD hemispherical electron
analyser with a dual X-ray source working with Al Kα (hυ =
1486.6 eV) at 120 W and 30 mA. C 1 s signal (284.6 eV) was
used as internal energy reference in all the experiments. Sam-
ples were outgassed in the prechamber of the instrument at
150◦C up to a pressure < 2 × 10−8 Torr to remove chemis-
orbed water.

2.3. Photocatalytic Tests. Photocatalytic tests were carried out
with a feeding 30 L/h (STP), at ethanol concentration in
the range 0.1–2 vol.%, in helium flow with oxygen/ethanol
ratio of 2. Temperature and pressure reaction were 60◦C and
1 atm, respectively. Oxygen and helium were fed from cylin-
ders, helium being the carrier gas for ethanol vaporized from
a temperature controlled saturator. Different concentrations
of ethanol in the reaction feed were obtained by changing
temperature and He flow through the saturator. The gas flow
rates were measured and regulated by mass flow controllers
(Brooks Instrument).

The fluidized bed reactor used in this work was designed
for working with a gas flow rate in the range 20–70 L/h (STP)
with a Sauter average diameter in the particles size range
50–100 μm, assuring optimal fluidization [17, 35]. It was a
two-dimensional reactor with 40 mm × 6 mm cross-section,
230 mm height pyrex-glass walls, and a bronze filter (mean
pores size 5 μm) to provide a uniform distribution of fed gas.
In order to decrease the amount of transported particles, an
expanding section (50 mm× 50 mm cross-section at the top)
and a cyclone specifically designed [36] are located on the
top and at the outlet of the reactor, respectively. The reactor
was illuminated by two UVA-LEDs modules (80 × 50 mm)
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Figure 2: Raman spectra of TiO2 and Pt/TiO2 photocatalysts.

positioned in front of the reactor pyrex windows (light inten-
sity: 90 mW/cm2). Each module consisted of 40 UV-LEDs
emitting at 365 nm (provided by Nichia Corporation). With
these illumination conditions, the light pathlength in the
photoreactor was about 2 mm. The catalytic bed was com-
posed by 1.2 g of catalyst diluted with 20 g of glass spheres
(grain size: 70–110 μm) (Lampugnani Sandblasting HI-
TECH).

To optimize the composition of fluidizable solid mixture,
photocatalytic tests were also carried out in the presence of
blue phosphors. For these tests, the catalytic bed was com-
posed by 1.2 g of catalyst and 1.8 g of blue phosphors diluted
with 20 g of glass spheres. In this way, phosphors were flu-
idized with the catalyst, excited by external UVA-LEDs, and
emitted their stored energy in the proximity to the catalyst.

Hereon, the catalytic systems are denoted as Pt/TiO2 and
Pt/TiO2 + Blue P for the setups without and with phosphors,
respectively.

Concentrations of inlet reactants and outlet products
were measured by an online mass detector (MS) (Quantra
Fourier transform ion cyclotron resonance mass spectrom-
eter, Siemens) and a continuous CO-CO2 NDIR analyzer
(Uras 10, Hartmann and Braun).

Preliminary tests were carried out to check the amount
of solid particles elutriated from the reactor by fluidizing the
powders for several hours. Elutriation was negligible, con-
firmed also by the stability of catalytic activity during irrad-
iation time in the photocatalytic tests. In addition, experi-
mental tests to check the fluidization properties were realiz-
ed, both in the presence and absence of phosphors. These
tests showed that the expansion of fluidized bed was the same
in both cases, evidencing that the fluidization regime did not
change in the presence of phosphors.
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Table 1: Summary of characterization results.

Catalyst SBET (m2/g) Anatase crystallite size (nm) S (SO3%) nOH/g (mol/g) nOH/m2(mol/m2) Ethanol adsorption (mmol/g)

TiO2 58.3 20 0.52 6.6 E−4 8.8 E−6 0.5

Pt/TiO2 59.0 21 0.39 1.2 E−3 2.1 E−5 1.6
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Figure 3: UV-Vis DRS spectra for TiO2 and Pt/TiO2 photocatalysts
compared with phosphors emission.

3. Results and Discussion

3.1. Characterization of the Catalysts. The XRD patterns
(Figure 1) and Raman spectra (Figure 2) for sulphated TiO2

and Pt/TiO2 photocatalyst showed that anatase is the only
crystalline phase present in these samples. The stabilization
of anatase phase by sulphate pretreatment of the TiO2 can
be noticed here, as no traces of rutile were found even after
the high calcination temperature used (650◦C) [38, 40]. No
peaks corresponding to platinum was detected by XRD due
to the low loading and high dispersion of metal present in
the Pt/TiO2 catalyst. Anatase crystallite sizes of the samples
were estimated by the Scherrer equation, and the values are
presented in Table 1. As it can be observed, the addition of
platinum did not induce any significant change in the anatase
crystallite size of TiO2 (20-21 nm).

Figure 3 shows the UV-Vis DRS spectra for Pt/TiO2 cata-
lyst and the starting material (sulphated TiO2). No signif-
icant differences between the spectra analyzed are visible for
wavelengths below 400 nm in which the characteristic sharp
absorption threshold of TiO2 around 350 nm can be observ-
ed. For Pt/TiO2 catalyst, in the range between 400 and
600 nm, there is the presence of a very broad absorption band
probably due to an interaction between platinum surface
species and titanium dioxide. Figure 3 shows also the UV-Vis
DRS spectrum of blue phosphors; this sample has absorption
at wavelength of 320 nm and band gap energy of 3.1 eV.

Differences in the absorption properties of the two cat-
alysts are markedly evinced by plotting [F(R∞)∗ hν]2 ver-
sus hν (Figure 4) and correspond to a decrease in band gap
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Figure 4: Band gap calculus from UV-Vis DRS spectra for TiO2 and
Pt/TiO2 catalysts.
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Figure 5: Comparison between Pt/TiO2 absorption and phosphors
emission.

energies, from 3.4 eV for TiO2 to 2.8 eV for Pt/TiO2 sample.
This last value implies that the activation energy can be pro-
vided by the energy related to the wavelength emission of the
selected phosphors (Figure 5).

BET surface area values for the analyzed samples are giv-
en in Table 1. As it can be observed, a little increase in the
TiO2 SBET value was produced by the process of platinum
photodeposition.
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Table 2: XPS results.

Catalysts
Binding energy (eV)

Pt0(%) Ptδ+(%)
Ti 2p3/2 O 1s

TiO2 458.5 529.8 — —

Pt/TiO2 458.4 529.6 70.2 29.8

Pt

400 nm×120 k

Figure 6: Selected scanning electron image of Pt/TiO2 photocata-
lyst.

Total amount of platinum in the Pt/TiO2 photocatalyst
was calculated by XRF, being 0.41%. This value is close to the
nominal content (0.5%) indicating a high yield for the pho-
todeposition process. XRF analysis also showed the presence
of sulphur from the sulphate pretreatment even though the
amount of this element was low corresponding just to a
0.39%.

Hydroxyls surface densities were evaluated by TG-DTG
losses in the temperature range of 180◦C–300◦C. The analysis
revealed that the hydroxyls groups on the surface of the TiO2

increased with the deposition of Pt. The TG-DTG results
(Table 1) also showed that remaining sulphur content on
TiO2 decreased with the addition of platinum, probably due
to the synthesis procedure of the Pt/TiO2 catalyst.

The samples were studied by SEM and TEM to obtain
information about Pt particle size and dispersion. A selected
SEM micrograph for Pt/TiO2 catalyst is presented in
Figure 6. As it can be clearly observed, platinum particles
are quite heterogeneously distributed over the oxide surface
with a poor dispersion, and the metal deposits present differ-
ent sizes. TEM was used to estimate the Pt particle size dis-
tribution. One selected micrograph is shown in Figure 7
together with a representation of the metal particle size dis-
tribution estimated by counting and measuring particles in a
high number of micrographs taken on different areas of the
sample. As we can see, Pt particles present a heterogeneous
distribution, with the highest number of particles (ca. 35%)
being in the range of particle size of 5-6 nm.

XPS studies for TiO2 and Pt/TiO2 catalyst were also
carried out, and a summary of the obtained results is shown
in Table 2. For the platinized sample, it was especially useful
to analyze the Pt 4f core level (4f7/2 and 4f5/2) (Figure 8).

The region corresponding to Pt peaks may be deconvoluted
into two components: one corresponding to Pt0 at binding
energy of 74.5 eV and an other assigned to a partially oxidised
Pt(δ+) at binding energy of 71.1 eV [41]. In this way, it is
possible to make an estimation of the fraction of Pt in the
metallic state (Pt0) and in the oxidized state (Pt(2+)/Pt(4+)).
The deconvolution of the peaks as achieved by using the
program UNIFIT 2009 [42] and the results are presented in
Table 2 and in Figure 8. As it can be seen, the major part of
platinum (ca. 70%) is present on the sample as metallic plat-
inum (Pt0), while about the 30% of the metal was not totally
reduced, and it was still present as oxidized forms (Pt(δ+)).
The oxidation state of Pt particles on the TiO2 is one of the
most important parameters influencing the improvement of
the photocatalytic activity of TiO2 according to many previ-
ous reported results [43, 44], being Pt0 the state of the metal
that appears to provide the highest enhancement of activity.

Regarding the analysis of the O 1 s region, a peak located
at a binding energy of 529.8 ± 0.2 eV was registered in both
samples, corresponding to lattice oxygen in TiO2, with a
broad shoulder at higher binding energies ascribed to surface
hydroxyl groups. This later shoulder was more pronounced
for the Pt/TiO2 sample, indicating a higher degree of hydrox-
ylation, in agreement with TG-DTG results. On the other
hand, the XPS Ti 2p core level spectra were similar for TiO2

and Pt/TiO2 without significant changes in the binding ener-
gy of the peaks (458.5± 0.1 eV), corresponding to Ti4+ as the
main component.

From XPS data, O/Ti ratios were calculated for sulphated
TiO2 and Pt/TiO2 samples. For the pure sulphated TiO2,
O/Ti value is 1.70, lower than the stoichiometric value (O/Ti
= 2), indicating the presence of oxygen vacancies on the
surface of this oxide. It has been reported that sulphated TiO2

presents a lower O/Ti ratio that nonsulphated TiO2, which
indicates that the amount of oxygen vacancies is higher in
the former samples [38]. For Pt/TiO2 the O/Ti ratio is high-
er (O/Ti = 1.88), suggesting that the oxygen vacancies are
partially annihilated during the photodeposition process.

3.2. Photocatalytic Tests. The evaluation of the photocatalytic
activity was carried out by following the reaction of ethanol
oxidative dehydrogenation in gas phase. All the photocatalyt-
ic tests started feeding the reaction gaseous mixture to the
reactor in the dark, until the outlet ethanol concentration
reached the equilibrium value, taken as initial value. There-
fore, UVA-LEDs were switched on after the establishment of
the dark adsorption equilibrium of ethanol on the catalyst
surface. No reaction products were observed during or after
the ethanol dark adsorption at 60◦C, indicating that no se-
lective ethanol oxidation occurs by thermal catalysis in the
used operating conditions [17].
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Figure 7: Selected transmission electron micrograph and distribution of platinum particle sizes of Pt/TiO2 photocatalyst.
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Figure 8: XPS Pt 4f core level for Pt/TiO2 photocatalyst.

The photocatalytic activity of the pure (TiO2) and plat-
inized oxide (Pt/TiO2) in the presence and absence of blue
phosphors was evaluated for the reaction of ethanol dehydro-
genation at a concentration of 0.2 vol%. Ethanol photocat-
alytic conversion on Pt/TiO2 as a function of the ethanol inlet
concentration was also investigated. Results are presented in
Figure 9. As it can be seen, the photocatalytic activity of TiO2

is slightly improved by the photodeposition of Pt. Thus, the
ethanol conversion increased with the addition of platinum
reaching a maximum of about 69% at 0.2 vol% of initial etha-
nol concentration. At higher ethanol concentration values,
conversion progressively decreased going down to 7% for
2 vol% of ethanol. According to MS analysis, acetaldehyde
was the main product together with low amounts of CO2,

ethylene and crotonaldehyde as byproducts which were also
detected.

The effect of metal deposition on the photocatalytic ac-
tivity of TiO2 has been widely studied [25–30]. Noble metal
nanoparticles deposited on the TiO2 surface are known to
act as effective traps for photogenerated electrons due to the
formation of a Schottky barrier at the metal-semiconductor
contact. These electrons improve the rate of oxygen reduc-
tion and inhibit the electron-hole recombination even
though the improvement of activity in this work has not been
as accused as in other reported literature, being strongly de-
pending on the considered substrate [27–31].

As it is also shown in Figure 9, the addition of blue phos-
phors notably increased the activity of the Pt/TiO2 catalyst
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Figure 9: Ethanol conversion on Pt/TiO2 photocatalyst as a func-
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for all the ethanol concentrations studied. In the same man-
ner then for the tests without phosphors, total ethanol con-
version decreased with the increase of ethanol concentration;
however, as it has been said, for all ethanol concentrations
analyzed, an important improvement of the photocatalytic
activity of Pt/TiO2 catalyst with the addition of phosphors
into the fluidized bed can be observed. This is due to the
phosphors exploited as light carriers inside the photocataly-
tic core bed, giving a shorter optical pathlength to the radi-
ation. Moreover, the photoactivity was enhanced, because
the suitable phosphors introduced into the system were able
to transform 365 nm radiation coming from UV-LEDs into
440 nm emission and able to photoexcited the fraction of
photocatalyst in the core reactor volume, otherwise screened
by the photocatalyst itself as previously found for V2O5/TiO2

[17].
Blank tests were also carried out under irradiation with

the reactor loaded only with phosphors and glass spheres
without catalyst showing only negligible ethanol consump-
tion and acetaldehyde production. In this test, the ethanol
conversion was less than 2%; therefore, the presence of the
specific photocatalyst was necessary for the reaction [17].

In a same way, a blank test with an inlet ethanol concen-
tration of 0.2 vol%, using only sulphated pure TiO2, phos-
phors, and glass spheres, was carried out, and we have found
an ethanol conversion of 60%. The conversion is lower than
that obtained without phosphors, because the phosphors act
as screening for UV light decreasing the percentage of TiO2

effectively irradiated. This result underlines that Pt species
are crucial to activate the catalysts at emission wavelength of
phosphors.

With an inlet ethanol concentration of 0.2 vol%, the con-
version levels for sulphated pure TiO2, Pt/TiO2, and
Pt/TiO2 + Blue phosphors corresponded to values of 69%,
72%, and 84%, respectively. At higher initial inlet concen-
tration, the increase in ethanol conversion in the presence of
blue phosphors clearly evidenced the photon transfer limi-
tations in the absence of phosphors that are overcame with

100

80

60

40

20

0
0.2 0.1 0.2 0.5 1 2

TiO2 Pt/TiO2

Se
le

ct
iv

it
y

to
ac

et
al

de
hy

de
(%

)

TiO2 + blue P Pt/TiO2 + blue P

Ethanol inlet concentration (vol %)

Figure 10: Acetaldehyde selectivity as a function of ethanol inlet
concentration.

Pt/TiO2 photocatalyst and able to catch the light emission
carried by phosphors.

Selectivity trend for the different systems as a function
of ethanol concentration is shown in Figure 10. It can be no-
ticed that addition of Pt to the TiO2 remarkably increased the
selectivity to acetaldehyde at the studied ethanol concentra-
tion of 0.2 vol%. On the other hand, the selectivity to acetal-
dehyde obtained with the Pt/TiO2 photocatalyst is very sim-
ilar for the different ethanol concentrations evaluated, and
in any case, it is notably higher than the selectivity obtained
with the pristine TiO2.

These results suggest that the reaction mechanism for
ethanol conversion follows different pathways when using
pure or platinized TiO2, as it has been already reported by
Siemon et al. for different substrates over platinized and non-
platinized commercial TiO2 [31]. A hypothesis on the action
of Pt in the reaction mechanism could be related to the al-
ready suggested formation of acetaldehydes radicals on TiO2.
In fact, considering that in TiO2, ethanol is adsorbed as
ethoxy specie and the formation of OH radicals under UV ir-
radiation by reaction of hydroxyls with positive holes, the
abstraction of hydrogen by the adsorbed ethoxy species
results in adsorbed acetaldehyde radicals [29]. Acetaldehyde
radical could be transformed into adsorbed acetaldehyde by
electron withdrawing by Pt nanoparticles then favouring the
desorption of the product.

In the presence of blue phosphors, the main reaction
product was also acetaldehyde, and the selectivity to this
compound was also much higher than the one obtained with
the pure TiO2. The acetaldehyde selectivity of Pt/TiO2 cata-
lyst with or without the addition of blue phosphors is very
similar, increasing slightly with the ethanol concentration,
with values ranging 90%–95%.

4. Conclusions

The ethanol oxidative dehydrogenation in gas phase using
sulphated TiO2 and Pt/TiO2 as catalysts has been studied.
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An efficient photocatalyst, active and selective to acetalde-
hyde in the ethanol dehydrogenation, can be obtained by
modification of TiO2 by photodeposition of platinum nano-
particles. We can observe that the photocatalytic activity of
TiO2 and selectivity to acetaldehyde can be improved by pho-
todeposition of platinum. In the same way, the effect of the
addition of blue phosphors to photocatalytic bed was eval-
uated. Experimental data evidenced that the presence of
phosphors allowed an improving in the photocatalytic activ-
ity of Pt/TiO2, limited by the photon transfer, because a
notable increase of ethanol conversion was observed.
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The paper presents a review of studies about the visible-light-promoted photodegradation of the contaminants and energy
conversion with sensitized photocatalysts. Herein we studied mechanism, physical properties, and synergism effect of the sensitized
photocatalysts as well as the method for enhancing the photosensitized effect. According to the reported studies in the literature,
inorganic sensitizers, organic dyes, and coordination metal complexes were very effective sensitizers that were studied mostly,
of which organic dyes photosensitization is the most widely studied modified method. Photosensitization is an important way
to extend the excitation wavelength to the visible range, and therefore sensitized photocatalysts play an important role in the
development of visible light-responsive photocatalysts for future industrialized applications. This paper mainly describes the types,
modification, photocatalytic performance, application, and the developments of photosensitization for environmental application.

1. Introduction

Fujishima and Honda reported the first example for water
splitting into hydrogen and oxygen with TiO2 as catalyst
under UV illumination in 1972 [1], and subsequently pho-
tocatalysis has been a hot topic in many research fields, and
more efficient photocatalysts and photoelectrodes have been
reported in the past years. A number of semiconductors such
as TiO2, ZnO, Fe2O3, CdS, and ZnS have exhibited excellent
photocatalytic performance [2–6]. Among the common
semiconductor photocatalysts, TiO2 has been used for energy
conversion and photodegradation of many contaminants.
However, solar energy reaching the surface of the earth and
the available solar energy for exciting TiO2 (λ ≤ 387 nm) are
relatively small which only occupy less than 5% of the whole
sunlight. The low solar energy conversion efficiency and
the high charge recombination rate of the photogenerated
electrons and holes are often two major limiting factors
for its widely practical applications [2]. In order to utilize
the cheaper visible light from solar energy and enhance
the energy conversion efficiency during the photocatalytic
reactions, efforts have been focused on exploring novel
methods to modify TiO2, of which photosensitization is an

important way to excite TiO2 to the wavelength of visible
light.

Photosensitization can be achieved by a photosensitizer
which absorbs light energy, transforms the light energy into
chemical energy, and transfers it under favorable conditions
to otherwise photochemically unreactive substrates [7].
Under appropriate circumstances, photosensitizer can be
adsorpted at the semiconductor surface by an electrostatic,
hydrophobic, or chemical interaction that, upon excitation,
injects an electron into its conduction band [8]. Based on the
reported studies in the literatures, inorganic sensitizers [9],
organic dyes, and coordination metal complexes [10] are very
effective sensitizers that are studied mostly, of which organic
dyes photosensitization is the most widely studied modified
method.

It is well known that the organic dyes have prominent
photophysical properties [11]. What is more, the structures
of the organic dyes can be changed according to what they
are required by low cost, low toxicity, and easy handling
approaches [12–14]. In the past years, plentiful organic dyes
got particular attention and had been tested as photosensitiz-
ers, such as eosin Y [15–23], riboflavin [24–28], rose bengal
[24, 26], cyanine [11, 29], cresyl violet [30], hemicyanine
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[12], and merocyanine [31–33]. However, the stability of
pure organic dyes is a notable problem which should be
solved emergently [34, 35].

Semiconductors with narrow band gaps which can
adsorb visible light have also been exploited as sensitizers.
Compared with pure organic dyes, semiconductors show
greater stability, adjustable band gap which can tailor
optical absorption over a wider wavelength range, and
the possibility of exploiting multiple exciton generation to
obtain high efficiencies [36]. There are two prerequisites
for such heterogeneous semiconductor systems to function
efficiently: (i) the band gap of the sensitizer should be
near the appropriate value for optimum utilization of solar
radiant energy and (ii) its conduction band edge should be
higher than that of TiO2 to allow electrons transferring from
the sensitizers to TiO2 [9]. However, because of the limit in
the light absorption range, the energy conversion efficiency
with the semiconductor sensitizers is much lower than that
with the dyes sensitizers. Thus efforts have been made to
find new narrow band gap semiconductor with ideal optical
properties, enough stability, and low toxicity.

In addition to organic dyes and inorganic sensitizers, dyes
and coordination metal complexes are efficient photosensi-
tizers which have been receiving increasing research atten-
tions, of which ruthenium complexes have been widely used
to extend the photoresponse of TiO2 into the visible region
[37–39]. Surface photosensitization by organic dyes and
coordination metal complexes via photoinduced sensitizer-
to-TiO2 charge transfer shows attractive features, such as
regenerative sensitization and the ability for mediating the
degradation of nonvisible absorbing substrates [40]. But the
general difficulty in establishing stable surface anchorage of
the charge-transfer photosensitizers is an important problem
which requires further solution.

The photosensitization method has been applied to many
fields in recent years, including the visible-light-promoted
photodegradation of the contaminants [24–29], the dye-
sensitized solar cell (DSSC) [41, 42], the semiconductor-
sensitized solar cells (SSSC) [36], and visible-induced
hydrogen evolution from water [16–23]. The sensitized
photodegradation process was found to be an effective way
to accelerate the photodecay of contaminants compared with
the direct photolytic process (i.e., no sensitizer involved)
[27]. Compared with the conventional photovoltaic solar
cell, the DDSC possessing easy and low-cost fabrication
technology achieved high photon-electron conversion effi-
ciency because the dye on the semiconductor electrode
(mostly TiO2) absorbed more wide-range light than TiO2,
and the photons were converted to electrons [41]. Thus it is
meaningful to carry on further research in visible-induced
photosensitization method.

In this paper, we will describe the mechanism of
sensitized photocatalysts and various methods for enhanc-
ing the photosensitized effects detailedly. Furthermore, the
synergism effect among the participants during the pro-
cess of photosensitization is an important factor which
affects the energy conversion efficiency. The characteristics
and performance of the photosensitizer under visible light
irradiation are quantitatively contrasted. The regenerative

photosensitization system utilizing electron donors is also
discussed.

2. The Photosensitization Mechanism

Redox processes are possible mechanisms for photoinduced
energy transfer, which can be illustrated primitively by the
following formula:

(
S + hν −→ S∗

)
,

S∗ + M −→ S+ + e− (A),

S∗ + X −→ S+ + X− (B),

S∗ + Z −→ S− + Z+ (C).

(1)

A photochemically excited molecule may donate an
electron to the medium (M, reaction A) or another molecule
which acts as an acceptor (X, reaction B), or it may act as an
electron acceptor when a suitable electron donor is present
(Z, reaction C) [7].

The proposed mechanism of the primary electron path-
ways over dye-sensitized semiconductor photocatalyst is
illustrated in Scheme 1. In the photosensitization system, dye
S serves as both a sensitizer component and a molecular
bridge to connect electron donor D to a metal oxide
semiconductor [38, 43]. The visible light (>400 nm) with
the energy which is lower than the band gap of the
semiconductor photocatalyst but higher than the band gap
of the sensitizer molecules (S) which are adsorbed on the
photocatalyst excites the sensitizer, and subsequently the
electrons are injected to the conduction band (CB) of the
photocatalyst, leading to the efficient charge separation at the
interface between the photocatalyst and the sensitizer and
producing the oxidized form of the dye (S+). Subsequently
the electrons can reduce water to H2 on the reduction
site (Pt mostly) over the photocatalyst in the process of
water splitting. Similarly, if this process happens at or
near the catalyst surface, a set of reactions in presence of
water molecules and dissolved oxygen will result in the
formation of several active oxygen species such as superoxide
anion, singlet oxygen, and hydroperoxyl radical which will
participate in the degradation reactions during the process
of pollutants’ degradation [15, 44]. The original form of
the sensitizer is reformed by accepting an electron from
the electron donor such as ethylenediaminetetraacetic acid
(EDTA) in the solution, which irreversibly donates electrons
and then decomposes [31].

Scheme 1 also illustrates the possible recombination
pathways and fluorescence decay of excited sensitizer. Back
electron transfer between the photo injected electron and the
oxidized sensitizer plays an important role for controlling
the efficiency of net electron transfer [30]. At each branch
point in the chain, a high quantum yield can be obtained
only if the forward electron transfer rate (solid arrows) is
faster than the sum of all the reverse rates from the same
point in the system. For example, in Scheme 1, the forward
electron transfer from the semiconductor to the hydrogen
evolving catalyst must compete effectively with back transfer
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Scheme 1: Proposed mechanism of dye-sensitized photocatalysis under visible light irradiation, including forward electron transfer (solid
lines) and possible recombination pathways (dotted lines). Reproduced with a perfect scheme copy from [41]. Copyright 2009 American
Chemical Society.

to the oxidized dyes, and also with electron transfer to the
catalyst for water oxidation. In general, the reverse pathways
have much greater driving forces than the forward ones, and
this makes the reverse reactions faster [41]. However, due
to the existence of the interface between the dyes and the
photocatalyst, the separated electrons and holes have little
possibility to recombine again, regardless of the existence
of the charge-capturing species which are mentioned above.
This ensures higher charge separation efficiency and better
photooxidation capacity for the composite [45]. While the
CB acts as a mediator for transferring electrons from the
sensitizer to substrate electron acceptors on the photocatalyst
surface, the VB remains unaffected in a typical photosensiti-
zation [41, 46].

The transport of injected charge across sensitized-
semiconductor nanocrystallites under visible light irradia-
tion is illustrated vividly in Scheme 2. As shown in Scheme 1,
during the injected charge’s transit to the collecting surface
of the reduction site, there is a significant amount of
electrons which are lost as they recombine with excited
sensitizers at the grain boundaries. The driving force for the
electron transport within the nanocrystalline semiconductor
film is created from the varying degree of the electron
accumulation. As more electrons accumulate away from the
surface of the reduction site, the quasi-Fermi level is altered
in such a way that a potential gradient is created within the
thin film [30].

The study of the interfacial electron transfer between
molecular adsorbates and semiconductor nanoparticles is
presently under intense investigation [47]. It is desirable to
have a mechanistic understanding of the molecular factors
that influence the quantum yield for excited-state electron
transfer to the semiconductor which is a critical parameter
for the production of electrical power.

3. Methods for Enhancing the
Photosensitized Effects

Though many research papers about visible-light photosen-
sitization have been reported, there are still many exigent
problems which should be solved. Most of sensitizers suffer
from a stability problem such as dissolution and the photo-
catalytic degradation, an increase of carrier recombination
centers, or the requirement of an expensive facility and
relatively long reaction time. In addition, several drawbacks
such as deactivation and separation of fine catalyst powders
from the aqueous phase after utilization prevent the large-
scale applications of this promising method [2].

According to the reports from the literatures, the pho-
tosensitization effect not only depended on their chemical
structure and the employed sensitizer, but also depended
on the experimental conditions such as the concentra-
tions of the dissolved oxygen and contaminants [24]. It
was possible to improve the efficiency of photosensiti-
zation if the life time of the sensitizers in the solvent could be
increased by suitable methods such as changing solution pH
value, adding metal ions as complex agents, and derivatizing
the functional group of the sensitizer [25]. It had been well
recognized that the electron injection efficiencies of the sen-
sitizers upon nanocrystalline wide band-gap semiconductors
were determinant in photosensitization systems, which not
only depended on their respective intrinsic properties such
as energy levels [48] and excited state lifetimes, but also
depended on the manner in which they were connected [49],
such as physically or chemically adsorbed manner, the nature
of anchoring groups, and the distance of the dye skeleton
from the nanocrystalline surface [12, 50]. We will present
the methods to enhance the photosensitization effect from
several aspects below.
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3.1. Sensitizer

3.1.1. Novel Photosensitizers. Some researchers developed
some novel photosensitizers which exhibited high photocat-
alytic activity. Min et al. [2] found that the conjugated poly-
mers (CP’s) with extended p-conjugated electron systems
showed the relatively high photoelectric conversion efficiency
and charge transfer due to their high absorption coefficients
in the visible part of the spectrum, high mobility of charge
carriers, and good stability. The conjugated polymers could
be separated from the aqueous phase by using simple gravity
settling and be recycled easily. For example, thiophene
oligomer could photosensitize TiO2 to catalyze the degra-
dation of phenol under visible light irradiation [51], and
Eu3+-β-diketonate complexes with a remarkable quantum
yield of 43% were excited under visible light irradiation
at 440 nm [52], and so on. As the conjugated polymers,
TiO2/polyaniline composite nanoparticles also showed good
sedimentation ability and could decant from the suspension
in about 5 min, while the pure TiO2 nanoparticles did not
decant after 2 h [53].

Besides Ru complexes, Os complexes were also effec-
tive for sensitizing TiO2 because electron injection into
nanocrystalline TiO2 was thought to occur on a subpi-
cosecond time scale which restrained the back electron
transfer and thus enhanced the sensitization effect although
the excited-state lifetimes for Os complexes were typically
shorter than those for the analogous Ru complexes. Sauvé et
al. speculated that the more important reason for this was
that the ground-state potentials of the Os complexes could
be readily tuned to less positive potentials by using stronger
donor ligands [10].

Many sensitizers such as Ru complexes [54], Os por-
phyrins [10], and Pt complexes [55] had been fixed on the
surface of TiO2 through chemical anchoring groups (e.g.,
carboxylate, phosphonate, and catechol linkage). However,
such chemical anchoring bond could be made only in a
specific pH value range and was not inherently stable in
an aquatic environment. Kim et al. [56] investigated the
metalloporphyrins (especially tin(IV)-porphyrin (SnP)) for
their photochemical activity in various applications, because

the lifetime of photogenerated SnPc• was long enough to
survive the slow diffusion from the solution bulk to the TiO2

surface, which made the adsorption of SnP on TiO2 not to
be required and the H2 production was active over a wide
pH value range (pH 3–11), while the dye anchoring onto
the surface of TiO2 was an essential requirement for the
visible light sensitization with Ru complexes. Scheme 3 illus-
trates the electron transfer dynamics occurring on SnP and
Ru(dcbpy)3 sensitized TiO2 particle. Being less expensive,
less toxic, and consisting of more abundant elements unlike
the Ru-based sensitizers, SnP could be developed and utilized
as a practical sensitizer for solar chemical conversion.

Kathiravan et al. [8] observed that chlorophyll which
was extracted from cyanobacteria could act as an effi-
cient photosensitizer. Chlorophyll a served as the light-
trapping and energy-transferring chromophore in photosyn-
thetic organisms. Chlorophylls were effective photoreceptors
because they contained a network of alternating single and
double bonds, and the orbitals could delocalize electrons
for stabilizing the structure and allowing the absorption of
energy from sunlight. The ground state absorption study
revealed that there was an interaction of colloidal TiO2

with chlorophyll through carboxyl group. The process of
electron transfer from the excited state chlorophyll to the
conduction band of TiO2 had been confirmed by the decrease
in fluorescence lifetime. Thus as a dominant pigment on
earth, chlorophyll a could be used as a photosensitizer more
commonly.

3.1.2. Stability of Sensitizer. Most of the photosensitizers
suffered from a stability problem such as dissolution and
the photocatalytic degradation of the dyes [31], and the
deactivation and separation of fine catalyst powders from
the aqueous phase after utilization, and the large-scale
applications of this promising method were prevented [2].
The easy separation and reusable ability of PAn/TiO2 implied
that it was potentially employable in the search for photosen-
sitizer with easy separation and reusable ability which were
prerequisites for practical applications under mild condition
such as natural light and oxygen from air. Based on above
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analysis, TiO2 which was sensitized with polyaniline was a
promising photocatalyst which should be employed [2].

3.1.3. Modification of Photosensitizers. Up to now, differ-
ent strategies have been successfully applied in designing
sensitizers, coordination metal complexes especially, which
absorb over the whole visible spectrum, including lifting
the HOMO (highest occupied molecular orbital) level by
incorporating strong σ-donor ligands or lowering the LUMO
(lowest unoccupied molecular orbital) level of the anchoring
ligands. Other crucial factors are high electron injection
efficiency from the metal to ligand charge transfer- (MLCT-)
based excited state to the conduction band of the semicon-
ductor and a slow back electron transfer or charge recom-
bination process. Both these concerns could be addressed
synthetically with appropriate design of an anchoring func-
tionality that could covalently bind the nanoparticulate
TiO2 surfaces very efficiently [39]. The photophysical and
photoelectrochemical studies revealed that three kinds of
efficiencies, that is, the fluorescence quenching efficiencies
of the dyes by colloidal TiO2, the monochromatic incident
photon-to-current conversion efficiencies (IPCEs) for the
dye-sensitized TiO2 electrodes, and the overall photoelectric
conversion efficiencies (g) for the dye-sensitized solar cells
(DSSCs) based on dye sensitizers, all depended strongly
on the anchoring group types [12]. The anchoring group
effects are also related with the kind of solvent and the
presence of competing adsorbates, such as electron donors
and electrolytes.

Carboxyl [57], phosphate [37], sulfonate [12], acetyl [7],
and silyl [40] functionalities had been demonstrated to be
able to form linkage with TiO2 surface as shown in Scheme 4.
Stability of these linkages varies in aqueous medium, and
some of these linkages are only stable within certain pH
value range and certain solvents. Chen et al. showed that
the combination of carboxyl and hydroxyl as anchoring
groups led to highly efficient IPCEs over a wide spectrum
region with the maximum IPCE of 73.6% [12]. A possible
explanation was that the combination of the carboxyl and the

hydroxyl led to a complexation reaction of the corresponding
dye molecule with Ti4+ ion, which induced the observation
of the red shift and the isosbestic point. Moreover, the silyl
anchoring group seemed to be an ideal surface modification
moiety for TiO2 owing to the high affinity of the silyl
functionality for the hydroxyl groups on the surface of the
semiconductor and the chemical inertness of the resultant
silyl, Si–O bonds [40].

Because of such stability of covalent linkage considera-
tion, researchers explored the possibility of the coordination
metal complex’s derivatives containing the anchoring groups
as the photosensitizer for TiO2; thus the photosensitizer
was stable against dissociation even at extreme pH value in
aqueous medium or in a wide range of organic solvents. They
attempt to utilize dehydration of carboxyl group of xanthene
dyes with amino group of silane-coupling reagent fixed on
TiO2 surface leading to a strong chemical fixation of dye on
TiO2 particles and conquering the unstableness of the dye-
sensitized photocatalyst in water [22]. There were studies
which indicated that the linkage of ground dye and divorce of
oxidized dye from TiO2 could enhance the electron injection
and hinder the backward transfer and subsequently improve
the photosensitized efficiency [58]. Thus we can prepare
more efficient sensitizers that can couple the functions of
a sensitizer, which is bound to the surface of TiO2 and an
antenna, which can realize the intramolecular energy transfer
from highly absorbing chromophoric groups by tuning
the molecular components, and thus the photosensitized
efficiency can be enhanced dramatically.

Consequently we know how significantly the anchoring
manner of a sensitizer molecule influences its sensitization
behavior on a nanocrystalline semiconductor, and the opti-
mization on adsorbing groups may result in more efficient
sensitizers for photosensitization applications.

Besides the modification of the anchoring group, another
successful strategy for obtaining a broad absorption which
extends throughout the visible region is to utilize a com-
bination of sensitizers which complement each other in
their spectral features [11]. A series of preformed BODIPY
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dimers had been investigated by Ventura et al., showing
that the molar absorption coefficient of the dimer was
about twice with respect to the monomer and making
these dimers valuable components of complex molecular
structures for light energy conversion [59]. There were also
studies which showed that the combination of two different
sensitizers was found to exhibit remarkable photosensitized
performance, the absorption sites of which on the TiO2

surface were different, meaning that there was not overlap
of the electronic orbitals of two different sensitizers and it
was difficult to be electron transfer between two sensitizers
stochastically [11, 60]. Cosensitization was found to suppress
the aggregation and affect the sensitization performance pro-
foundly. In addition, multilayer films with different numbers
of sensitizer/metal-doped-TiO2 bilayers [61] obtained higher
efficiency, which could lower the charge recombination rate
in the photosensitized system.

3.1.4. Concentration of Photosensitizers. We think that the
effect of photosensitization is significantly influenced by the
sensitizer concentration which plays a significant role in the
number of electrons transferring from the excited sensitizer
to the conduction band of the semiconductor photocatalyst.
The photosensitization effect was enhanced with increasing
sensitizer concentration within a certain range. However,
with further increasing sensitizer concentration, the photo-
sensitization effect was adversely decreased, possibly due to
a saturation limit of the sensitizer adsorption sites on the
photocatalyst surface [28]. In addition, the excess sensitizers
which were dissolved in the reaction solution could be
excited but could not inject the electrons to the conduction
band of the photocatalyst for inducing the photocatalytic
reaction [20]. Thus we must find the optimal sensitizer
concentration for facilitating the photocatalytic reaction.

3.2. Loaded Metals. As we know, the linkage between the
sensitizer molecules by metal ions is able to establish energy
levels inside the band gap which lead to significant visible
light absorption for photocatalyst and overcome the quench-
ing and the insulating effect for the photocatalyst to achieve
very high light harvesting efficiency and photocatalytic
activity simultaneously. The existing research suggested that
the combination between dye sensitizers and metal was much
stronger than the combination between dye sensitizers and
semiconductor photocatalysts [21]. This can be achieved by
using coupled semiconductor layers which own appropriate
electron energy levels where the edge of the conduction

band of the first semiconductor is lower than that of the
second one. There were many researches about the function
of loaded metals, such as Fe3+ [18], Cr3+ [61, 62], and Pt [18,
19] in especial, indicating that highly enhanced visible light-
induced photocatalytic reaction could be obtained when
the sensitized photocatalysts were additionally modified by
surface metal deposits.

Pt showed the best activity among the metals which
should be ascribed to the fact that electron trapping in Pt
was fast enough to compete with the back electron transfer
[38, 55]. The existing research showed that the combination
of different size of metal particles could promote the
photosensitized reactions markedly. Chen et al. found that
the TiO2/large size-CdS/small size-CdS electrode showed
enhancement and broadening of the absorption spectrum in
visible light region, in comparison with the electrodes which
were sensitized with single size CdS nanoparticles [36].
Chromium(VI)-doped glasses as well as mesoporous silicas
are known for their tetrahedral coordination of chromium.
Such coordination allows for a special transition under
visible light irradiation: Cr6+=O2− →Cr5+–O1−. In partic-
ular, the Cr5+ can possibly donate an electron into the
surrounding TiO2, and O1− can scavenge an electron from
the surrounding TiO2. In this case, the charge separation
will occur, which will result in a hole and an electron in
TiO2. If this process happens at or near the catalyst surface,
the charges can interact with the surface hydroxyl groups or
adsorbed oxygen to produce active oxygen radicals. Scheme 5
describes this process. Davydov et al. [62] investigated the
proposed mechanism of photooxidation on TiO2/Cr-(Ti)-
MCM-41 and obtained prominent photosensitized effect.

3.3. Electron Donor. The regeneration of the sensitizers in the
presence of suitable electron donors is a prerequisite for the
development of the practical photosensitization application.
In order to regenerate the electron-deficient sensitizer in
photocatalytic system, some electron donors, or sacrificial
agents, have to be used by adding them to a reaction
solution to sustain the photoreaction cycle. The existing
experiments have shown that the dechlorination rate of
visible light-induced degradation of carbon tetrachloride on
dye-sensitized TiO2 decreased due to the depletion of the
RuII-species sensitizers when the reaction proceeded without
addition of the electron donor. On the other hand, when
the electron donor 2-propanol was present, the dechlorina-
tion rate remained constant for 6 h of irradiation without
showing any signs of deceleration [45]. Notoriously, various
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alcohols and acids can be used as sacrificial electron donors
to regenerate the sensitizer. There were some commonly
employed electron donors, such as acetonitrile [25, 33],
methanol [12, 24], isopropanol [13, 45], cyclohexanone
[15], diethanolamine [20], and ethylenediaminetetraacetic
acid (EDTA) [32, 63]. We also found that IO3−/I− (or
I3−/I−) shuttle redox mediator could act as electron donors
similarly [33]. Scheme 6 describes potential energy diagram
of H2 production from water over dye-sensitized Pt/TiO2

photocatalysts with I− as an electron donor, in which system
the dye is merocyanine. Moreover, the polarity of the solvent
has a significant influence on the photosensitized efficiency.
Thus it is necessary to take into account the influence of
the solvent on the energy potentials of them in constructing
an efficient sensitized photocatalysis system in aqueous
solutions.

3.4. Dissolved Oxygen. There is actually an argument about
the effect of dissolved oxygen. Shang et al. [45] observed
that the initial dechlorination rates of CCl4 decreased in the
order of N2 > air > O2-saturated system by dye-sensitized
TiO2 under visible light irradiation. The presence of O2

in the suspension lowered photosensitization efficiency by
two ways: direct quenching of the excited sensitizer and
scavenging CB electrons. However, Song et al. [51] confirmed
that oxygen played an important role during the degradation
chain reaction because it was responsible for the generation
of •O2

−/HO• radicals. We think that whether dissolved
oxygen is needed in the system of photosensitization depends
on the pollutants which will be degraded and different
degradation mechanisms.

3.5. pH Value of Solutions. The adsorbing power of the
sensitizers is strongly influenced by the surface charge. The
positively charged TiO2 surface at acidic conditions strongly
attracts negatively charged sensitizer molecules, while the
negatively charged TiO2 surface at basic conditions attracts

positively charged sensitizer molecules [44, 46]. However,
what we want is that the adsorbing power of the sensitizers
is unaffected by the pH value of the solution, and it is the
direction of the researches.

4. Apparent Quantum Efficiency of
Photosensitization

Although it is very difficult to compare the results of the
present reported studies because the photocatalytic apparent
quantum yields appear to vary according to the reaction
conditions and the measurement methods. With a view to
knowing the current state of sensitization study in the field
of photocatalysis, here we tried to list several research results
of apparent quantum yields for hydrogen evolution (Table 1)
and degradation rates of organic pollutants (Table 2) accord-
ing to the results which were reported in our references.

5. Prospect

Up to now, the most efficient sensitizers of the solar cell
are ruthenium polypyridyl complexes. Although the present
study demonstrated the potential use of the sensitized semi-
conductor photocatalysts for visible light-induced degra-
dation of pollutants and energy conversion, the problems
such as high cost, long-term unavailability, and undesirable
environmental impact of these noble metal complexes make
this method unsuitable for large-scale industry production.
There remains the need for alternative photosensitizers
which have larger extinction coefficient and extend the
absorption range into the red visible region [11, 14].

Besides the methods for enhancing the effect of photo-
sensitization which was mentioned above, some researchers
explored certain new ways by which noteworthy results
were achieved. For instance, the photodegradation of plastic
(PS) could be realized by preparation of PS-(TiO2/CuPc)
composite thin films under the sunlight irradiation with little
formation of toxic byproducts [45]. An integrated chemical
system was designed for hydrogen evolution which utilized
photosensitized oxide semiconductors [66]. The system was
spatially organized by a linear channel zeolite into a vectorial
array of electron donor/sensitizer/semiconductor/electron
acceptor/catalyst. The ion-exchange properties and size-
exclusion effects of the zeolite cause the donor, the sensitizer,
and the acceptor to occupy their appropriate places in
the electron transport chain. Li et al. prepared an effi-
cient visible-light active photocatalyst of multilayer-Eosin Y-
sensitized TiO2 through linkage of Fe3+ between not only
TiO2 and Eosin Y but also different Eosin Y molecules to
form three-dimensional polymeric dye structure [18]. The
multilayer-dye-sensitized photocatalyst was found to own
high light-harvesting efficiency and photocatalytic activ-
ity for hydrogen evolution under visible light irradiation.
Scheme 7 illustrates the multilayer adsorption of Eosin Y
via linkage of Fe3+ on TiO2 for photocatalytic hydrogen
evolution.

Considering the possible practical applications of pho-
tosensitization systems, we have to make sure that the
photosensitizer or the mediator which was utilized to destroy
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Table 1: The photocatalytic hydrogen evolution by sensitized photocatalysts under visible light irradiation.

No. Catalyst Reaction conditions Irradiation type
Hydrogen
evolution
(μmol/h)

Apparent
quantum
efficiency

References

(1)
Eosin Y sensitized
1.0 wt% CuO/TiO2

Catalyst: 20 mg; 70 mL 15% diethanol amine
(DEA) H2O; DEA as sacrifice electron donors

A 200 W halogen
lamp with a cut-off
filter (λ > 420 nm)

10.56 5.1% [16]

(2)
Eosin Y sensitized
0.5 wt%
Pt/N-TiO2-300◦C

Catalyst: 0.100 g; 80 mL 0.79 mol/L
triethanolamine (TEA) solution as sacrifice
electron donors; pH 7.0; initially N2-saturated

A 400 W high
pressure Hg lamp

with a cut-off filter
(λ > 420 nm)

Average
about 80

Unclear [17]

(3)
Eosin
Y–Fe3+(1 : 1)–1.0 wt%
Pt/TiO2

Catalyst: 0.100 g; 80 mL 0.79 mol/L TEA
solution as sacrifice electron donors; pH 7.0;
initially N2-saturated

A metal halide lamp
(400 W) with a

cut-off filter
(λ > 420 nm)

275 19.1% [18]

(4)

Eosin Y sensitized
1.0 wt%
Pt/Ti-MCM-41
zeolite

Catalyst: 40 mg; 80 mL 15% TEA H2O; TEA as
sacrifice electron donors; pH 7.0; initially Ar
atmosphere

A 300 W tungsten
halogen lamp with a

cut-off filter
(λ > 420 nm)

∼10 12.01% [19]

(5)
Eosin Y sensitized
0.5 wt% Pt/SrTiO3

Catalyst: 0.2 g; 150 mL 15% DEA H2O; DEA as
sacrifice electron donors; pH 11.6; initially Ar
atmosphere

A 300 W Xe arc lamp
with a cut-off filter

(λ > 400 nm)
∼3 Unclear [20]

(6)
Eosin Y sensitized
1.0 wt% Rh/TiO2

Catalyst: 20 mg; 70 mL, 15% DEA H2O; DEA
as sacrifice electron donors; initially Ar
atmosphere

A 200 W halogen
lamp with a cut-off
filter (λ > 420 nm)

14.63 7.10% [21]

(7)
Eosin Y sensitized
0.1 wt% Pt/TiO2

Catalyst: 0.3 g; 250 mL, 15% DEA H2O; DEA as
sacrifice electron donors; initially Ar
atmosphere

A 300 W Xe lamp
with a cut-off filter

(λ > 460 nm)

Average
about 65

10% [22]

(8)

Eosin Y sensitized
1.0 wt%
Pt/multiwalled
carbon nanotube
(MWCNT)

Catalyst: 20 mg; 80 mL, 15% TEA H2O; TEA as
sacrifice electron donors; initially Ar
atmosphere

A 300 W tungsten
halogen lamp with a

cut-off filter
(λ > 420 nm)

54.20 12.14% [23]

(9)
Merocyanine
sensitized 1.0 wt%
Pt/TiO2

Catalyst: 50 mg; 100 mL 95% AN-H2O;
acetonitrile and I anions as sacrifice electron
donors

A 300 W Xe lamp
with a cut-off filter

(λ > 440 nm)

Average
about 17

∼2% [33]

(10)

Merocyanine and
coumarin dyes
sensitized 1.0 wt%
Pt/TiO2

Catalyst: 50 mg; 100 mL 95% AN-H2O;
acetonitrile and I anions as sacrifice electron
donors

A 300 W Xe lamp
with a cut-off filter

(λ > 440 nm)
Unclear

1.8% for
M–

Pt/TiO2

and 2.5%
for C–

Pt/TiO2

[31, 32]

(11)
Ru complex sensitized
0.1 wt%
Pt/NS-K4Nb6O17

Catalyst: 5.0 mg; aqueous solution (2.0 mL)
containing 10 mM EDTA as an electron donor;
initially Ar atmosphere

A xenon lamp
(300 W) with a cut-off

filter (λ > 420 nm)
3.6 10.5% [63]

(12)
3.1 wt% WS2

sensitized 1 wt%
Pt/TiO2

Catalyst: 0.2 g, 200 mL aqueous solution; Na2S
as the hole scavenger

A 350 W Xe lamp
with a cut-off filter

(λ > 430 nm)
2.13 Unclear [9]

(13)

Carboxylate versus
phosphonate in Ru-
complex-sensitized
3.0 wt% Pt/TiO2

Catalyst: 15 mg; EDTA as sacrifice electron
donors

A 450 W Xe lamp
with a cut-off filter

(λ > 420 nm)

Maxima
about 132

22.4% [57]

(14)

Sensitization of TiO2

film with
zinc-substituted
cytochrome

EDTA as a sacrificial electron donor
100 W tungsten

halogen lamp with
filters (λ > 475 nm)

About 1020
for the first
20 min of

illumination

10± 5% [64]

(15)

Ru-, Rh-, and
Ir-doped SrTiO3

loaded with Pt
cocatalysts (0.1 wt%)

Catalyst: 300 mg; 380 mL of 10 vol% aqueous
MeOH

A 300 W Xe lamp
with cut-off filters

(λ > 440 nm)

Maxima
about 117

5.2% at
420 nm

[65]
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Table 2: The photodegradation effects of target contaminants by sensitized photocatalysts under visible light irradiation.

No. Catalyst Reaction conditions The light source
Target

contaminants
Degradation rate References

(1)
Ru-complex-

sensitized
TiO2

Catalyst: [TiO2] = 0.5 g/L,
Ru-complex = 3 μM; pH = 3;
2-propanol as sacrifice
electron donors; [CCl4] =
1 mM, N2-saturated

A 450 W Xe-arc lamp
with an UV cut-off
filter (λ > 420 nm)

CCl4

Dechlorination
quantum yield,
ΦCl− = 10−3

[46]

(2)
Ru-complex-

sensitized 0.2 wt%
Pt/TiO2

Catalyst: [TiO2] = 0.5 g/L,
Ru-complex = 10 μM; pH = 3;
0.1 M isopropyl alcohol as
sacrifice electron donors;
[CCl4] = 1 mM, initially
N2-saturated

A 450 W Xe-arc lamp
with an UV cut-off
filter (λ > 420 nm)

CCl4

Initial
dechlorination

rates is
4.7 μM/min

[38]

(3)
Ru-complex-

sensitized
TiO2

Catalyst: 0.3 g; 150 mL of CCl4

saturated aqueous solution
(pH 7), containing 5.0 mM of
KI as sacrifice electron donors

A 100 W tungsten
lamp (λ > 450 nm)

CCl4

Rate constant is
0.446 μm

min−1 g-catalyst−1

[37]

(4)
Ru-complex-

sensitized
TiO2

Catalyst: 0.3 g; 150 mL of CCl4

saturated aqueous solution
(pH 6.5–7.0), containing
5.0 mM of KI as sacrifice
electron donors, initially
N2-saturated

A 100 W tungsten
lamp (λ > 450 nm)

CCl4

Rate constant is
0.585 μM min−1 g-

catalyst−1

[40]

(5)
Polyaniline-sensitized

TiO2

Catalyst: 100 mg; 50 mL H2O
without sacrifice electron
donors, [MB] = 10 mg/L

Natural light
irradiation for 90 min

between 11.00 a.m.
and 1.00 p.m.

Methylene
blue (MB)

Decolorization
efficiency is 80%

[2]

(6) CuPc sensitized-TiO2

Catalyst: 0.7 wt% CuPc/TiO2;
the ratio of TiO2/CuPc to PS is
2.0 wt % in the composite film

Three 8 W fluorescent
lamps (310 nm < λ <

750 nm)
Plastic (PS)

6.9% weight loss
for composite

film after 250 h
[45]

(7)
Ru-complex-

sensitized
TiO2

Catalyst: [TiO2] = 1 g/L, c
(sensitizer) = 1× 10−5 mol/L;
[terbutryne] = 2× 10−5 mol/L;
pH = 3

A 500 W
high-pressure xenon
lamp with a cut-off
filter (λ > 420 nm)

Herbicide
terbutryne

100% after 4 h [44]

(8)
1 wt% poly(fluorene-

co-thiophene)
(PFT)-sensitized TiO2

Catalyst: 50 mg; 50 mL
aqueous phenol solution with
an initial concentration of
10 mg/L

A 250 W GaI3 lamp
with a cut-off filter

(400 nm < λ <
700 nm)

Phenol 74.3% after 10 h [51]

the pollutant does not pollute the environment by itself. Thus
there is a growing interest for developing environmentally
benign materials and/or biodegradable materials as the
photosensitizers. Thus, the utilization of natural polymers
seems to be especially attractive. Novel photoactive water-
soluble modified polymers which were based on starch
[67] and polysaccharides [13] were prepared. These poly-
meric systems were quite promising photosensitizers for
demonstrating the reaction of organic compounds in an
aqueous solution, while the photosensitizers will not result in
environmental pollution.

6. Conclusions

In this paper, we have enumerated various photosensitized
ways which have been reportedly utilized successfully for the
degradation of organic pollutants and energy conversion by

using the visible range of the solar spectrum. Though exten-
sive works on this field have been carried out, only significant
developments and researches which were completed have
been referred to in this paper.

According to the studies which were reported in the
literatures, inorganic sensitizers, organic dyes, and coordina-
tion metal complexes were very effective sensitizers that were
studied mostly. The method of photosensitization has been
applied to many fields in recent years, including the visible-
light-promoted photodegradation of the contaminants, the
dye-sensitized solar cell and semiconductor-sensitized solar
cells, visible-induced hydrogen evolution from water. The
proposed mechanism of the primary electron pathways over
dye-sensitized semiconductor photocatalyst is illustrated in
our paper. There are many methods to enhance the pho-
tosensitized effects, and we must develop novel sensitizers
with high absorption coefficients in the visible part of the
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Scheme 6: Potential energy diagram of H2 production from water over dye-sensitized Pt/TiO2 photocatalysts with I− as an electron
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spectrum, high mobility of charge carriers, and good stability
for the industrialized application in the future.

Acknowledgments

This work was supported by the National Natural Sci-
ence Foundation of China (no. 20877040). This work was
supported by a Grant from the Technological Supporting
Foundation of Jiangsu Province (no. BE2009144). This work

was supported by a Grant from China-Israel Joint Research
Program in Water Technology and Renewable Energy (no. 5).
This work was supported by a Grant from New Technology
and New Methodology of Pollution Prevention Program
From Environmental Protection Department of Jiangsu
Province of China during 2010 and 2012 (no. 201001).
This work was supported by a Grant from The Fourth
Technological Development Scheming (Industry) Program
of Suzhou City of China from 2010 (SYG201006). This work
was supported by a grant from the Fundamental Research
Funds for the Central Universities.

References

[1] A. Fujishima and K. Honda, “Electrochemical photolysis of
water at a semiconductor electrode,” Nature, vol. 238, no.
5358, pp. 37–38, 1972.

[2] S. Min, F. Wang, and Y. Han, “An investigation on synthesis
and photocatalytic activity of polyaniline sensitized nanocrys-
talline TiO2 composites,” Journal of Materials Science, vol. 42,
no. 24, pp. 9966–9972, 2007.

[3] S. Sakthivel, B. Neppolian, M. V. Shankar, B. Arabindoo, M.
Palanichamy, and V. Murugesan, “Solar photocatalytic degra-
dation of azo dye: comparison of photocatalytic efficiency of
ZnO and TiO2,” Solar Energy Materials and Solar Cells, vol. 77,
no. 1, pp. 65–82, 2003.

[4] M. A. Valenzuela, P. Bosch, J. Jiménez-Becerrill, O. Quiroz,
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The heterostructured TiO2/N-Bi2WO6 composites were prepared by a facile sol-gel-hydrothermal method. The phase structures,
morphologies, and optical properties of the samples were characterized by using X-ray powder diffraction (XRD), scanning
electron microscopy (SEM), high-resolution transmission electron microscopy (HRTEM), energy dispersive spectroscopy (EDS),
and UV-vis diffuse reflectance spectroscopy. The photocatalytic activities for rhodamine B of the as-prepared products were
measured under visible and ultraviolet light irradiation at room temperature. The TiO2/N-Bi2WO6 composites exhibited much
higher photocatalytic performances than TiO2 as well as Bi2WO6. The enhancement in the visible light photocatalytic performance
of the TiO2/N-Bi2WO6 composites could be attributed to the effective electron-hole separations at the interfaces of the two
semiconductors, which facilitate the transfer of the photoinduced carriers.

1. Introduction

In the past decades, TiO2, as an effective photocatalyst
with a band gap of 3.2 eV, has been widely investigated in
environmental remediation and solar utilization, owing to
its effectiveness, cheapness, and chemical stability. However,
its low visible light response and high photoinduced charge
combination limited the utilization of solar energy. To
date, most of research on photocatalysis was focused on
the development of novel photocatalysts with high visible
light responsivity. Very recently, Bi2WO6 with high visible
light responsivity was widely investigated to degrade organic
dye waste water [1–3] and decompose volatile gaseous
pollutant [4]. Bi2WO6 is regarded as a promising visible light
photocatalyst for dealing with the environmental problems
in water and air due to its narrow band gap. Unfortunately,
the low photocatalytic performance of Bi2WO6 was caused
by its poor adsorption property and weak migration of
photoinduced charge carriers.

To improve the photoactivity of Bi2WO6, hierarchical
nest-like structure [5] and hierarchical flowers [6] with a

hollow structure were constructed by solution self-assembly
of nanoplates, providing high surface area and porous struc-
ture for adsorption of organic molecules. As is well known,
high photoinduced charge recombination is a harmful factor
to photocatalytic activity of Bi2WO6. The “Schottky” barrier
between the metal and the semiconducting photocatalyst was
considered to be an efficient path to improve the interfacial
charge transfer process and accelerate the charge carrier
separation. Bi2WO6/Cu0 [7] with Fenton-like synergistic
effect and Bi2WO6/Ag0 [8] heterojunctions were designed to
prevent the electron-hole recombination and improve the
photocatalytic performance. In addition, carbon-modified
Bi2WO6 [9, 10] was also considered to enhance the pho-
toactivity due to high specific surface area and high con-
ductivity of carbon, accelerating the charge transfer from
photocatalyst to the liquid-solid interface contacted with
organic pollutants by making use of carbon’s unique electron
transport properties. Heterostructured Bi2WO6-TiO2 com-
posite [11, 12] was discovered to possess the synergetic effect
between TiO2 and Bi2WO6 which leads to an effective charge
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carrier separation, exhibiting the outstanding photocatalytic
performance under sunlike irradiation.

In our experiments, nitrogen-doped Bi2WO6 was synthe-
sized by a hydrothermal method in the first step. And then
nanosized TiO2 particles were coated on the surface of N-
doped Bi2WO6 nanoplates by a facile sol-gel-hydrothermal
process. The influences of nitrogen doping on the struc-
ture, optical properties, and morphologies of Bi2WO6 were
investigated. And the mechanism of enhanced photocatalytic
activities of TiO2/N-Bi2WO6 was explained by nitrogen
doping and the synergetic effect between TiO2 and N-doped
Bi2WO6.

2. Experimental

2.1. Synthesis of N-Doped Bi2WO6. All the reagents were of
analytical purity and were used as received from Shanghai
Chemical Company. Similar to the reported experiments
[13], in a typical procedure, aqueous solutions of 10 mmol
Bi(NO3)3·5H2O and 5 mmol Na2WO4·2H2O were mixed
together, then the mixture was magnetic stirred for two
hours at room temperature. Afterward, aqueous solution
containing desired amounts of urea (CO(NH2)2) was added
for N-doped Bi2WO6 with the atomic ratio of N to Bi in 0.5 in
the precursor. Then, the suspension was added into a 50 mL
Teflon-lined autoclave up to 80% of the total volume. The
suspension in the autoclave was heated at 160◦C for 24 h.
Subsequently, the autoclave was cooled to room temperature.
The products were collected by filtration and then were
washed by deionized water. The samples were then dried at
80◦C for several hours and were denoted as N-BWO.

2.2. Preparation of the Heterostructured TiO2/N-Bi2WO6

Composites. The heterostructured TiO2/N-Bi2WO6 compos-
ite was synthesized via a sol-gel-hydrothermal process.
Briefly, a mixed solution of 20 mmol of Ti(OC4H9)4,
183 mmol of ethanol (C2H5OH), and 1 g of the as-prepared
N-doped Bi2WO6 was magnetic stirred for 30 minutes,
forming a homogeneous mixed suspension. Subsequently,
a mixed solution of 183 mmol of ethanol (C2H5OH),
75 mmol of H2O, and 2.8 mmol HNO3 was dropped into
the above suspension and magnetic stirred for another
30 minutes to get a highly dispersed gelatin. As-obtained
gelatin was aged for a whole night and was transferred
into the autoclave of 50 mL with 15 mL H2O at 160◦C
for 24 h, denoted as TiO2/N-BWO. The resultant samples
were calcined at 400◦C for 1 h, 2 h (5◦C/min) to remove
solvents and other organic species, which were denoted as
TiO2/N-BWO-400/1 h, TiO2/N-BWO-400/2 h, respectively.
For comparison, the pristine Bi2WO6was synthesized by a
hydrothermal process at 160◦C for 24 h, denoted as BWO.
And the pure TiO2 was fabricated via a sol-gel-hydrothermal
method at 160◦C for 24 h, denoted as H-TiO2.

2.3. Catalyst Characterization. The crystalline phases of
the as-prepared catalysts were confirmed by powder X-ray
diffraction (XRD). The XRD patterns were obtained for
the heterostructured TiO2/N-Bi2WO6 samples by using a
Rigaku Multiflex diffractometer at 40 kV and 200 mA with

monochromated high-intensity CuKα radiation. The surface
morphology of the as-synthesized samples was observed
by a field emission scanning electron microscope (FE-
SEM). High-resolution transmission electron microscopy
(HRTEM) was performed on JEOL-2010F operated at
200 kV. To prepare the transmission electron microscopy
(TEM) sample, a small amount of samples was ultrasonically
dispersed in ethanol. A drop of such suspension was placed
on a 200-mesh Cu grid with holey carbon film and dried
completely in air. The UV-vis diffuse reflectance spectra
(DRS) were acquired on a Shimadzu UV-2450 spectropho-
tometer with ISR-240A integrating sphere assembly in the
range of 200–800 nm. BaSO4 was used as a reflectance
standard.

2.4. Evaluation of Photocatalytic Activity. The photocatalytic
performance of the heterostructured TiO2/N-Bi2WO6 sam-
ples was evaluated by decomposing rhodamine B (RhB)
under visible and ultraviolet light irradiation at room
temperature. A 300 W Xe lamp (CEL-HXB UV300, Beijing
China Education Au-light Co., Ltd.) equipped with an
ultraviolet cutoff filter to provide visible light (λ > 420 nm)
was used as the visible light source, and which equipped with
an ultraviolet reflected filter to provide ultraviolet light (λ <
400 nm) was regarded as the ultraviolet light source. And the
distance between the liquid surface of the suspension and
the light source was set about 7 cm. The photodegradation
experiments were carried out with the sample powder
(50 mg) suspended in RhB aqueous solution (100 mL, 4 ×
10−5 mol L−1) with constant magnetic stirring. Prior to
the irradiation, the suspensions were magnetically stirred
in the dark for 2 h to establish the adsorption/desorption
equilibrium. At the given time intervals, about 4 mL of the
suspension was taken for further analysis after centrifu-
gation. RhB photodegradation was analyzed by recording
the absorbance at the characteristic band at 553 nm as a
function of irradiation time on a UV-vis spectrophotometer
(Shimadzu UV 2450).

3. Results and Discussion

3.1. XRD Patterns of TiO2/N-Bi2WO6 Composites. The
phase structures of as-prepared samples were investigated
using powder X-ray diffraction. The XRD patterns for the
heterostructured anatase TiO2/N-Bi2WO6 composites are
shown in Figure 1(a). For comparison, the XRD patterns
of the pure Bi2WO6, N-doped Bi2WO6, and the pure TiO2

are also given. It is observed that the as-prepared pure
Bi2WO6 powder was in good agreement with the standard
orthorhombic phase of Bi2WO6 (JCPDS no. 39–0256), while
diffraction peaks of H-TiO2, corresponding to the standard
tetragonal phase of anatase (JCPDS no. 21–1272), were
clearly observed. No new crystal orientations or changes in
preferential orientations of N-doped Bi2WO6 are observed
comparing to pure Bi2WO6, despite of the presence of doping
with nitrogen. However, the diffracted intensity of (131)
crystallographic plane displays an obvious decrease owing
to the doping of nitrogen. And the widening diffraction
peak of (131) crystallographic plane of N-doped Bi2WO6
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Figure 1: XRD patterns of TiO2/N-BWO, TiO2/N-BWO-400/1 h, TiO2/N-BWO-400/2 h, BWO, N-BWO, and H-TiO2.

is induced by the doping of nitrogen in Figure 1(b). In
addition, the peak position of N-doped Bi2WO6 shifts
slightly toward a lower 2θ value. In the XRD patterns for the
heterostructured TiO2/N-Bi2WO6 composites, the anatase
phase TiO2 peak of (101) crystallographic plane gradually
appeared and the diffracted intensity of N-doped Bi2WO6

drastically decreased in Figure 1(a). After the heat treatment,
the phase compositions of the as-prepared composites do not
change any, indicating that N-Bi2WO6 plays a suppressive
role in the phase transformation from anatase to rutile
phase of TiO2. Highly dispersed TiO2 coated on the surface
of N-Bi2WO6 resulted in the weak peaks corresponding to
N-Bi2WO6 and anatase TiO2 which were observed in the
heterostructured TiO2/N-Bi2WO6 composites. The average
crystal grain sizes of the as-prepared products are calculated
from (131) crystallographic plane in Figure 1(b) according
to the Scherrer formula and are summarized in Table 1. It is
found that, for the pure Bi2WO6, the average crystal grain
size is about 20.67 nm, while the average crystal grain size
in N-doped Bi2WO6 and TiO2/N-Bi2WO6 decreased due
to the doping with nitrogen and the suppressive effect of
TiO2 on the growth of N-Bi2WO6. The average crystal grain
size of TiO2 increased owing to hydrothermal reaction and
postcalcination. Since the ionic radius of N3−(0.171 nm) is
larger than that of O2− (0.140 nm) and the high electron
density of N3− ions, the most of N3− ions were doped in the
crystal lattice of Bi2WO6 [14]. Thus, the crystal lattice cell
parameter of Bi2WO6 along b-axis direction has a slightly
increase whereas that along c-axis direction has a slightly
decrease owing to the doping with nitrogen (in Table 2).

3.2. SEM. The morphologies of the as-prepared products
were characterized by SEM. As shown in Figure 2, the
pure Bi2WO6 product is composed of the large and highly

Table 1: Crystal sizes of the as-synthesized samples.

Sample D(BWO)(131)/nm D(TiO2)(101)/nm

H-TiO2 — 6.92

BWO 20.67 —

N-BWO 12.82 —

TiO2/N-BWO 12.00 14.24

TiO2/N-BWO-400/1 h 15.86 12.58

TiO2/N-BWO-400/2 h 10.09 21.60

Table 2: Crystal lattice cell parameters of Bi2WO6 in the as-
synthesized samples.

Sample a/nm b/nm c/nm

BWO 5.45 16.43 5.44

N-BWO 5.45 16.44 5.44

TiO2/N-BWO 5.44 16.48 5.43

TiO2/N-BWO-400/1 h 5.45 16.51 5.41

TiO2/N-BWO-400/2 h 5.45 16.44 5.41

dispersed nanoplates. The platelike morphology is main-
tained after doping with nitrogen though the sheet sizes
become much lower. Moreover, the small nanoplates become
more and more aggregated. For comparison, the as-prepared
TiO2 is composed of the small anatase spherical aggregates
via a hydrothermal process. The significant morphology
modification is induced by the incorporation of TiO2 into the
N-doped Bi2WO6 structure. No distinct platelike structure
in the TiO2/N-Bi2WO6 is observed owing to the coating of
the spherical TiO2 particles on the surface of nanoplates.
After calcination, the TiO2 nanoparticles occur the crystal
growth and the heterostructured TiO2/N-Bi2WO6 displays
an aggregate trend.
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Figure 3: TEM photographs for the as-prepared N-BWO (a, b) and TiO2/N-BWO (c, d).

3.3. TEM. To confirm the microstructure of the het-
erostructured TiO2/N-Bi2WO6, the TEM photographs of
the as-synthesized N-BWO and TiO2/N-BWO are shown
in Figure 3. These results show that the nitrogen-doped
Bi2WO6 sample is composed of highly dispersed and homo-
geneous nanoplates, indicating that doping with nitrogen
does not result in the change of the morphologies of
Bi2WO6 (in Figure 3(a)). Figure 3(b) reveals that the weak

crystallinity of N-BWO is obtained as a result of doping
with nitrogen. The microstructure of the TiO2/N-BWO
composite was further studied by TEM and HRTEM.
Figure 3(c) shows the typical TEM image of the TiO2/N-
BWO heterostructure, in which many small spherical TiO2

nanoparticles of approximately 5–10 nm with an anatase
phase are coated on the surface of the platelike N-doped
Bi2WO6 particles. The nanoplates of N-doped Bi2WO6 were
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Figure 4: Energy dispersive spectra for the as-prepared N-BWO and TiO2/N-BWO.

hardly observed in Figure 3(c), indicating that the well-
coated anatase TiO2 layer was obtained on the surface of
N-doped Bi2WO6 nanoplates. The representative HRTEM
image of the magnified view of the top right corner area is
given in Figure 3(d). As can be seen, three sets of different
lattice fringes were clearly observed. The lattice fringes of
0.211 nm and 0.270 nm correspond to the (241) and (002)
crystallographic planes of nitrogen-doped γ-Bi2WO6, while
the lattice fringe of 0.243 nm matches well with the (103)
crystallographic plane of anatase TiO2. The well-defined
fringes and the high crystallinity of the heterostructured
TiO2/N-Bi2WO6 composites facilitate the separation of
the photoinduced carriers, improving the corresponding
photocatalytic activities [15]. The distinct interface was
observed between segregated units of TiO2 and N-doped
Bi2WO6 nanoparticles, revealing that the heterostructure
indeed formed from these two materials.

To further confirm the formation of the TiO2/N-BWO
heterostructure, the energy dispersive spectra were measured
to analyze the species and contents of the as-prepared N-
BWO and TiO2/N-BWO samples. Figure 4 shows that there
are some peaks of Bi, W, and O elements in the spectrum
of N-BWO, while the peak of N element is not observed
owing to the slightly doping with nitrogen. For comparison,
the peak of Ti element is discovered except the peaks of Bi,
W, and O elements. The content of each element is listed
in Table 3. The atomic ratio of Bi : W : O is 2.67 : 1 : 2.31
which is different from that of pure Bi2WO6, indicating
that the stoichiometric ratio of Bi2WO6 is changed by the
doping with nitrogen. Moreover, small amount of residual
carbon is also observed in the N-doped Bi2WO6 sample.
Different from the situation of N-BWO, the atomic ratio
of Bi : W : Ti : O of the heterostructured TiO2/N-BWO is
3.61 : 1: 102.87 : 97.74 due to the incorporation of anatase
TiO2. The discrepancy of the atomic ratio was induced by
the thick TiO2 coating layer which influenced the detection
signal of the energy dispersive spectroscopy. This result was

Table 3: Characterization data of EDS for N-BWO and TiO2/N-
BWO samples.

N-BWO

Element Weight ratio (%) Atomic ratio (%)

C K 0.43 2.47

O K 0.95 4.11

Al K 0.29 0.74

Cu K 79.23 86.15

W M 4.74 1.78

Bi M 14.36 4.75

Total 100.00

TiO2/N-BWO

Element Weight ratio (%) Atomic ratio (%)

O K 10.61 30.30

Si K 0.63 1.02

Ca K 0.37 0.42

Ti K 33.44 31.89

Cu K 48.59 34.94

W M 1.23 0.31

Bi M 5.14 1.12

Total 100.00

in accordance with the TEM observation of the existence
of TiO2 coating layer on the surface of N-doped Bi2WO6

nanoplates.

3.4. Optical Properties. To evaluate the photoresponsivity,
the UV-vis diffuse reflectance spectra of the as-prepared
samples are investigated. As can be seen in Figure 5(a), H-
TiO2 exhibits remarkably strong absorption in the ultraviolet
light region blow the wavelength of 400 nm. In contrast, the
absorption edge of the pure BWO sample has an obvious
red shift to approximate 460 nm in the visible light region



6 International Journal of Photoenergy

200 300 400 500 600 700

A
bs

or
ba

n
ce

Wavelength (nm)

BWO TiO2/N-BWO

TiO2/N-BWO

-400/1h
TiO2/N-BWO-400/2 h
N-BWO

H-TiO2

(a)

2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4

BWO

TiO2/N-

N-

BWO

N-BWO

H-TiO2

(eV)

400/2 h

TiO2N-BWO/ -400/1 h

TiO2N-BWO/ -(α
h
A
)1/

2

hA

(b)

Figure 5: (a) UV-vis diffuse reflectance spectra for the as-synthesized samples. (b) The relationship between (ahv)1/2 and photon energy.

and its ultraviolet absorption is weak. In comparison with
the pure Bi2WO6, the N-BWO sample has a slightly red
shift of the absorption edge. However, it is interesting that
the absorption for the ultraviolet light greatly increased
as a result of doping with nitrogen, revealing that the N-
BWO sample possesses the excellent ultraviolet and visible
light photoresponsivities. The absorption plots show all
TiO2/N-BWO samples exhibit a slightly blue shift of the
absorption edge and have strong light response in the
ultraviolet region with the addition of TiO2 composition.
In addition, with prolonging the calcination time, the
absorption intensities in the visible light region increase
significantly, which indicates that there is a synergetic effect
on the light absorption between TiO2 and N-doped Bi2WO6.
Based on the equation αhυ = A(hυ−Eg)n/2 [16–18], the
relationship between (ahv)1/2 and photon energy is shown in
Figure 5(b). And the band gaps of the as-prepared samples
were estimated to be 2.92, 2.67, 2.60, 2.75, 2.73, and
2.71 eV in Table 4, corresponding to H-TiO2, BWO, N-BWO,
TiO2/N-BWO, TiO2/N-BWO-400/1 h, and TiO2/N-BWO-
400/2 h, respectively. From this result, it is deduced that
the band gap of N-doped Bi2WO6 becomes much narrower
owing to the influence of doping with nitrogen, whereas that
of TiO2/N-BWO composites become much wider due to the
introduction of TiO2.

3.5. Photocatalytic Activities. Figure 6 shows the photocat-
alytic activities of the as-prepared samples in the degradation
of RhB under both ultraviolet and visible light irradiation.
As can be seen in Figure 6(a), when the system was
illuminated with visible light, the pure Bi2WO6 samples
exhibited the lowest photocatalytic activity and the lowest
degradation ratio of RhB. It was interesting that as-prepared
H-TiO2 exhibited a higher photocatalytic activity for the
degradation of RhB, which was different from the tradi-
tional viewpoint that TiO2 was an effective ultraviolet-light-

Table 4: Estimation of the band gap energy of the as-prepared
samples.

Sample Band gap energy (eV)

H-TiO2 2.92

BWO 2.67

N-BWO 2.60

TiO2/N-BWO 2.75

TiO2/N-BWO-400/1 h 2.73

TiO2/N-BWO-400/2 h 2.71

driven photocatalyst [19, 20]. However, the nitrogen-doped
Bi2WO6 displayed a slightly higher photocatalytic activity
than both H-TiO2, and pure BWO. This result proved that
the enhanced visible light photocatalytic performance was
caused by the doping with nitrogen. In the case of the
heterostructured TiO2/N-BWO composite without calcina-
tion, the highest photocatalytic activity for the degradation
of RhB was obtained, which was probably caused by the
effective separation of photoinduced charge carriers owing
to the synergetic effect between TiO2 and N-doped Bi2WO6

[21, 22]. The visible-light-induced photocatalytic activity of
the heterostructured TiO2/N-BWO composite was higher
than that of the commercial P25. This indicated that the
formation of the new heterostructure was beneficial to
accelerating the separation of the photoinduced charges,
improving the visible-light-induced photocatalytic activity.
A negative influence on photocatalytic activity was induced
by prolonging the calcination time. It was a probable cause
that the crystal growth of TiO2 and N-BWO resulted in
the decrease of photocatalytic reactive sites. As all we know,
decreased grain radius would be beneficial to reducing the
recombination opportunities of the photoinduced electron-
hole pairs.
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Figure 6: Photocatalytic activity for decomposition of rhodamine B (4× 10−5 mol L−1) under (a) visible light (>420 nm) and (b) ultraviolet
light (<400 nm) irradiation at room temperature in air over the as-prepared catalysts. Cad: the concentration of RhB after dark adsorption,
Ct : the concentration of RhB during the photocatalytic reaction.

The photocatalytic activity was also evaluated under
ultraviolet light irradiation. As shown in Figure 6(b), N-
doped Bi2WO6 exhibited the optimal photocatalytic activity
for the degradation of RhB among the as-prepared samples.
The residual concentration of RhB in the solution was
close to zero after photocatalytic reaction for 40 minutes.
It proved that the doping with nitrogen into the crystal
lattice of Bi2WO6 was beneficial to improving the ultraviolet-
light-induced photocatalytic performance. However, it was
lower than that of the commercial P25 owing to its weak
ultraviolet light photoresponsivity and its large crystal size.
And H-TiO2 was found to exhibit much lower photocatalytic
activity than N-doped Bi2WO6. However, the photocatalytic
activity of H-TiO2 under ultraviolet light irradiation was
slightly higher than that of TiO2/N-BWO. In the case of
ultraviolet light illumination, the photocatalytic activity of
the heterostructured TiO2/N-Bi2WO6 samples was much
lower than that of N-BWO. Furthermore, the photocatalytic
activity of TiO2/N-Bi2WO6 heterostructure become lower
and lower with prolonging the calcination time under ultra-
violet light illumination. This was contrary with the results of
UV-vis diffuse reflectance spectra in Figure 5. These results
showed that the ultraviolet-light-driven photocatalytic activ-
ities of N-BWO, H-TiO2, and TiO2/N-BWO decrease with
the enhanced ultraviolet light photoresponsivity as shown
in Figure 5. Herein, the probable cause of the decreased
photocatalytic activities was relative to the increased recom-
bination opportunities of the photoinduced charges. From
SEM images in Figure 2, the obvious aggregation and the
crystal growth of TiO2 particles on the surfaces of N-doped

Bi2WO6 particles were observed, which was adverse to the
effective photoinduced charge separation. The photocatalytic
activity was influenced greatly by the dispersivity and the
crystal size of catalyst’s particles. A better dispersivity and a
smaller crystal size of the catalyst’s particles were beneficial
to the separation of the photoinduced electrons and holes. In
the case of ultraviolet light irradiation, the TiO2 component
in the heterostructured TiO2/N-BWO composite played the
main function during the photodegradation of RhB as shown
in Figure 9. The increased crystal size of TiO2 would result in
the increased recombination opportunities of the photogen-
erated charges consequentially. A thicker TiO2 layer coated
on the surfaces of N-doped Bi2WO6 particles was adverse to
the utilization of the photoactivity of the N-doped Bi2WO6

component. Moreover, the photodegradation for RhB using
N-doped Bi2WO6 as catalyst was incomplete, producing
a large number of intermediates. The above-mentioned
causes were responsible for lower photocatalytic activity
of the heterostructured TiO2/N-BWO composite without
calcination under ultraviolet light irradiation, comparing
with H-TiO2 and N-doped Bi2WO6. Nevertheless, the pure
BWO exhibited the lowest photocatalytic activity due to its
weak ultraviolet light photoresponsivity. By comparison, all
of the as-prepared samples exhibited higher photocatalytic
activities under ultraviolet light irradiation than that under
visible light irradiation.

To distinguish the photodegradation rate for RhB over
the as-prepared catalysts, the kinetic-fitted curves plots
of photodegradation of RhB under different light source
with various wavelength ranges are displayed in Figure 7
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Figure 7: Kinetic fitted curves plots of photocatalytic degradation of RhB (4 × 10−5 mol L−1) under ultraviolet light (<400 nm) (a) and
visible light (>420 nm) (b) irradiation at room temperature in air over the as-prepared catalysts.

Table 5: The values of the photodegradation rate constant k for RhB and linearly dependent coefficient R2.

Sample
Ultraviolet light Visible light

k (mol L−1 min−1) R2 k (mol L−1 min−1) R2

H-TiO2 6.58 × 10−2 0.927 1.41 × 10−2 0.982

BWO 6.20 × 10−3 0.929 5.97 × 10−3 0.931

N-BWO 7.53 × 10−2 0.929 2.29 × 10−2 0.964

TiO2/N-BWO 6.69 × 10−2 0.928 3.66 × 10−2 0.946

TiO2/N-BWO-400/1 h 5.71 × 10−2 0.899 2.02 × 10−2 0.959

TiO2/N-BWO-400/2 h 3.78 × 10−2 0.905 1.48 × 10−2 0.991

P25 1.55 × 10−1 0.945 2.61 × 10−2 0.982

and the corresponding values of the photodegradation rate
constant k for RhB and linearly dependent coefficient R2 are
listed in Table 5. The–Ln(Ct/C0) linearly increased, which
meant the photodegradation of RhB under both ultraviolet
and visible light irradiation over as-prepared samples could
be described as first-order reaction [16]. The photocatalytic
activity of the as-prepared samples can be also evaluated
by the values of k, that is, the higher the value of k, the
better the photocatalytic activity [23]. Moreover, the larger
the coefficients R2, the better the linear dependence relation.
From the fitted results in Table 5, under ultraviolet light
illumination, the order of the values of k was 1.55 × 10−1 >
7.53 × 10−2 > 6.69 × 10−2 > 6.58 × 10−2 > 5.71 ×
10−2 > 3.78 × 10−2 > 6.20 × 10−3, corresponding to the
slopes of kinetic fitted curves of P25, N-BWO, TiO2/N-BWO,
H-TiO2, TiO2/N-BWO-400/1 h, TiO2/N-BWO-400/2 h and
pure BWO, respectively. The ultraviolet-light-driven pho-
todegradation rate for RhB using the heterostructured
TiO2/N-BWO composite without calcination is much lower
than that of the commercial P25. As we know, P25 was an
excellent ultraviolet-light-responsive photocatalyst. Hence,
the photocatalytic activity of P25 under ultraviolet light

irradiation should be much higher than that under visible
light irradiation. This viewpoint was proved by the com-
parison of Figures 6(a) and 6(b). By contrast, under visible
light irradiation, the order of the values of k was 3.66 ×
10−2 > 2.61 × 10−2 > 2.29 × 10−2 > 2.02 × 10−2 >
1.48 × 10−2 > 1.41 × 10−2 > 5.97 × 10−3, corresponding
to the slopes of kinetic-fitted curves of TiO2/N-BWO, P25,
N-BWO, TiO2/N-BWO-400/1 h, TiO2/N-BWO-400/2 h, H-
TiO2, and pure BWO, respectively. By comparison, the pho-
todegradation rate for RhB under ultraviolet light irradiation
was higher than that under visible light irradiation. N-
doped Bi2WO6 exhibited the highest photodegradation rate
under ultraviolet light irradiation, whereas TiO2/N-BWO
exhibited the highest photodegradation rate under visible
light irradiation. Furthermore, the photodegradation rate
of the heterostructured TiO2/N-BWO composite without
calcination under visible light irradiation was much higher
than that of the commercial P25. This result indicated
that the formation of the heterostructure facilitated the
effective separation of the photoinduced charge carriers on
the interface between TiO2 and N-doped Bi2WO6, improving
visible-light-driven photocatalytic performance.
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Figure 8: Temporal evolution of the spectral changes during the photodegradation of RhB over N-BWO, TiO2/N-BWO, and H-TiO2 under
ultraviolet light irradiation.

3.6. Photocatalytic Mechanism. The temporal evolutions of
the spectral changes during the photodegradation of RhB
over N-BWO, TiO2/N-BWO, and H-TiO2 under ultraviolet
light irradiation are shown in Figure 8. As all we know, RhB
possesses a maximal absorption band at 553 nm. If degraded
over N-doped Bi2WO6 under ultraviolet light irradiation for
32 minutes (in Figure 8(a)), the spectral maximum of RhB
shifted from 553 to 531 nm, indicating that the mechanistic
pathways of RhB degradation over N-doped Bi2WO6 was
multisteps process accompanying with the deethylation
process of the cleavage of the chromophore structure [16]. In
the case of TiO2/N-BWO (in Figure 8(b)), the deethylation
function was weaken owing to the incorporation of TiO2

with an anatase phase under ultraviolet light irradiation.
Thus, the photodegradation of RhB occurred mainly by
decomposing the pollutants to small molecules of CO2

and H2O. As for H-TiO2 in Figure 8(c), the deethylation
phenomenon was hardly seen during the degradation of
RhB under ultraviolet light irradiation. By comparison, the
photodegradation rate of RhB was accelerated by the doping
with nitrogen into the crystal lattice of Bi2WO6, because the
number of photoinduced electrons and holes to participate
in the photocatalytic reaction was increased remarkably,
resulting in the enhanced photocatalytic activity. Under
ultraviolet light irradiation, the heterostructure of TiO2/N-
BWO does not significantly influence the photodegradation
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Figure 9: Temporal evolution of the spectral changes during the photodegradation of RhB over TiO2/N-BWO under ultraviolet light
irradiation (a) and visible light irradiation (b).

rate of RhB comparing to both N-BWO and H-TiO2 due to
the strong oxidation performance of H-TiO2 with an intense
ultraviolet photoresponsivity.

Based on the above discussions, the as-prepared H-TiO2

and N-BWO were not only used as ultraviolet-light-driven
photocatalysts but also regarded as visible-light-driven pho-
tocatalysts. Therefore, the heterostructure formed between
H-TiO2 and N-doped Bi2WO6 was expected to possess the
excellent photocatalytic performances as a bifunctional pho-
tocatalyst. Thus the heterostructured TiO2/N-BWO com-
posite exhibited the excellent photocatalytic activities under
both ultraviolet light and visible light irradiation as shown in
Figure 9. Furthermore, the mechanisms of photodegradation
of RhB over TiO2/N-BWO were completely distinct under
different conditions of light irradiation. In our experi-
ments, the composition of TiO2 in the heterostructure
played an important role in the photodegradation of RhB
under ultraviolet light irradiation (Figure 9(a)), while the
composition of N-doped Bi2WO6 in the heterostructure
played an important role in the photodegradation of RhB
under visible light irradiation (Figure 9(b)). In addition, the
photodegradation pathways of RhB were also disparate in the
two cases. As for ultraviolet-light-driven photodegradation,
the molecules of RhB over TiO2/N-BWO were degraded
into small inorganic molecules of CO2 and H2O directly.
Different from the case of ultraviolet photodegradation,
the decomposition of RhB over TiO2/N-BWO was carried
out step by step via a deethylation process under visible
light illumination, resulting in the obvious blue shift of the
maximal absorption band of RhB. The interface formed
between H-TiO2 and N-doped Bi2WO6 can facilitate the
transportation of photoinduced charge carriers and suppress
the recombination of photogenerated electrons and holes
pairs, inducing the enhanced photocatalytic activity under
visible light illumination.

The enhanced visible-light-driven photocatalytic perfor-
mance is related to the corresponding energy band structure.
The doping with nitrogen resulted in the formation of a
dopant energy level at the bottom of conduction band of
Bi2WO6. The narrowing band gap of N-BWO was beneficial
to increasing the transfer rate of electrons to the photocata-
lyst surface, promoting photocatalytic reaction. According to
the estimated Eg values of the TiO2 and N-doped Bi2WO6 in
Figure 5(b) and the conduction band (CB) and valence band
(VB) levels of Bi2WO6 are lower than that of TiO2 [11, 12],
the energy band structure of TiO2/N-BWO composite was
schematically shown in Figure 10. The strong interaction
between H-TiO2 and N-BWO resulted in a synergetic effect
on the photocatalytic activity of the heterostructure. The
photoinduced electron-hole pairs were produced by the
excitation of TiO2/N-BWO under ultraviolet and visible
light irradiation. The photoinduced electrons transferred
from the conduction band of H-TiO2 to that of N-doped
Bi2WO6 due to the joint of the internal electric fields
between two materials. However, the photoinduced holes
transferred from the valence band of N-doped Bi2WO6 to
that of H-TiO2. Thus, the effective photoinduced charge
separation provided more and more active free radicals
to participate in the photocatalytic degradation of RhB.
The novel design of the bifunctional TiO2/N-BWO het-
erostructure provided a new approach to develop the visible-
light-driven photocatalysts. But N-doped Bi2WO6 was more
likely to be excitated by visible light, being regarded as the
main functional component under visible light irradiation.
However, TiO2 was more likely to be excitated by ultraviolet
light, being regarded as the main functional component
under ultraviolet light irradiation. Therefore, TiO2/N-BWO
composite exhibits diverse photodegradation mechanisms
for RhB under different light irradiation conditions.
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electron-hole separation.

4. Conclusion

Heterojuncted TiO2/N-Bi2WO6 composites were synthesized
by a facile sol-gel-hydrothermal process. The as-prepared
TiO2/N-Bi2WO6 composites display a wide range of light
absorption due to the introduction of TiO2, and the
corresponding photocatalytic activities against rhodamine B
are slightly improved in comparison with pristine Bi2WO6

and TiO2. It is also found that the existence of TiO2 in the
heterojuncted TiO2/N-Bi2WO6 composites plays an impor-
tant role in the photocatalytic property. The enhancement in
the visible light photocatalytic performance of TiO2/Bi2WO6

composites can be attributed to the effective electron-hole
separations at the interfaces between TiO2 and N-Bi2WO6,
which facilitate the transfer of the photoinduced carriers.
The experiments prove that the heterojuncted TiO2/Bi2WO6

composites are promising photocatalysts under visible and
ultraviolet light irradiation.
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The Cu2O-TiO2 nanocomposites were successfully synthesized by the homogeneous hydrolysation, followed by the solvothermal
crystallization and ethylene glycol-thermal reduction process, respectively. The obtained products were characterized by means
of X-ray diffraction(XRD), Uv-vis diffuse reflectance spectroscopy, laser particle size analysis, and scanning electron microscopy
(SEM), respectively. The photocatalytic performance of Cu2O-TiO2 nanocomposites was evaluated by the degradation of methyl
orange (MO) as a model compound. The experimental results showed that the prepared Cu2O-TiO2 nanocomposite exhibited
higher photocatalytic activity for the decomposition of MO than the pure Cu2O and the commercial Degussa P25 TiO2 under
visible light irradiation.

1. Introduction

The semiconductor photocatalysis has been used to miner-
alize the organics via a series of intermediates into inorganic
substances such as H2O and CO2 in the presence of light.
To date, many semiconductors have been found to be
good photocatalysts to decompose various organics. Among
various semiconducting materials, much attention has been
given to TiO2 [1–4] because of its high photocatalytic
activity, resistance to photocorrosion, chemical and biolog-
ical inertness, commercial availability, and inexpensiveness.
However, the photoinduced charge carrier in single bare
semiconductor particles like TiO2 has a very short lifetime
owing to the high-recombination rate of the photogenerated
electron/hole pairs, which reduces photocatalytic efficiency.
On the other hand, Titania has a large band gap (about 3.2 eV
for anatase phase) and only a small fraction of solar light
can be absorbed. These hinder the wide-scale engineering
applications of pure titanium dioxide. Therefore, in order to
improve the photocatalytic activity of TiO2, it is important
to prevent the photoelectron/hole recombination until a
designated chemical reaction takes place on the surface
of semiconductor particles as well as to extend the light
absorbing property of TiO2. Some previous researches
have found that the coupling of two semiconductors can

improve the photoexcited charge separation and enhance the
photocatalytic activity [5–11]. On the other hand, Cu2O is a
p-type semiconductor with direct band gap of 2.0 eV and has
a noticeable light absorption capability in the visible-light
region [12–14]. Accordingly, it is expected to prepare Cu2O-
TiO2 nanocomposite with the highly efficient photoexcited
charge separation, the enhanced photocatalytic efficiency
and the remarkable visible-light photoresponse by coupling
TiO2 with Cu2O, which has been reported in the few previous
studies [15–18].

In this study, using the ethylene glycol as the solvent and
the reducing agent, and titanium tetrabutoxide and Cu (II)
acetate as precursors, the Cu2O-TiO2 nanocomposite was
successfully synthesized by the homogeneous hydrolysation,
followed by the solvothermal crystallization treatment and
the ethylene glycol-thermal reduction reaction, respectively.
The process would develop a new method for preparing
Cu2O-TiO2 nanocomposite with the visible-light photocat-
alytic activity under mild conditions.

2. Experimental

2.1. Materials and Apparatus. The reagents (titanium tetrab-
utoxide, copper (II) acetate monohydrate, glacial acetic acid,
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ethylene glycol, and methyl orange) are all analytic reagent
grade. A Bruker D8 Advance X-ray diffractometer with Cu
Kα radiation (λ = 0.15418 nm), the accelerating voltage of
40 kV, emission current of 40 mA, and the scanning speed of
8◦/min was used to determine the crystal phase composition
and the crystallite size of the coupled oxides prepared. And
a scanning electron microscope (LEO1530VP) was used to
observe the shape and size of the prepared products. The
UV-Vis diffuse reflectance spectroscopy was obtained using
a UV-visible spectrophotometer (TU-1901, Beijing Purkinje
General Instrumental Co., China), and the particle size
analysis was performed on a Zetasizer Nano ZS90.

2.2. Synthesis Procedure. All of the chemical reagents used
in the experiments were analytical grade without further
purification and treatment. The synthesis procedures of
Cu2O-TiO2 were as follows: 0.01 mol of titanium tetrabu-
toxide and 0.04 mol of glacial acetic acid were dissolved in
50 mL of ethylene glycol. The solution is taken in Teflon-
lined stainless-steel autoclave, heated to 120◦C at a rate
of 5◦C/min, and kept under the temperature for 2 hr.
Uniform hydrolysis of Ti(OBu)4 was accomplished via in
situ homogeneous generation of water, which is formed by
the esterification reaction of ethylene glycol with acetic acid.
As Result, the amorphous hydrous titanium oxide precursor
TiO2·nH2O was obtained, and then the autoclave was heated
up to 200◦C and held at this temperature for 10 hr, and the
amorphous precursor was transformed into the nanosized
TiO2 with stable crystal structure. After the autoclave was
allowed cooling to room temperature, the solution of copper
(II) acetate in ethylene glycol was added into the autoclave
in certain mole ratio of Ti/Cu under stirring condition.
The reaction mixture was heated in the temperature range
of 150–190◦C for 6 hr in order to load Cu2O onto the
surface of TiO2 by ethylene glycol-thermal reduction process.
Subsequently, the product Cu2O-TiO2 was separated from
the solid-liquid mixture by low pressure distillation at 150◦C
and grinned in agate mortar to obtain the powder samples.

2.3. Photocatalytic Activity Measurement. The photocatalytic
activity tests of the obtained Cu2O-TiO2, the pure Cu2O,
and the commercial Degussa P25 TiO2 were performed at
ca. 30◦C in a 250 mL glass reactor, respectively. A 36-W
fluorescent lamp used as a visible light source was placed
above the reaction mixture approximately 10 cm away from
solution surface. The initial concentrations of MO and
photocatalyst powders were 0.02 and 3 g·L−1, respectively.
Prior to irradiation, the suspension was stirred in a dark
to establish adsorption-desorption equilibrium. Once the
concentration of MO had stabilized, the reaction mixture
was irradiated, signaling the start of photocatalysis. At given
time intervals, sample was collected, centrifuged, and filtered
through a 0.2 μm millipore filter. Then the filtrate was
analyzed on a 722 visible spectrophotometer at 464 nm.
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Figure 1: XRD patterns of the Cu2O-TiO2 samples.

3. Results and Discussion

3.1. Influence of Thermal Reduction Temperature on Phase
Composition and Crystal Size. To determine the crystal phase
composition and crystal size of the prepared photocatalyst,
X-ray diffraction(XRD) measurements were carried out at
room temperature over the diffraction angle (2θ) 20◦–80◦.
Figure 1 showed the XRD patterns of Cu2O-TiO2 powders
prepared by ethylene glycol-thermal reduction at 150, 160,
170, 180, and 190◦C for 6 hr, respectively. From Figure 1,
we can observe that there is a continuous sharpening and
intensifying of the diffraction peaks for Cu2O in Cu2O-TiO2

with increasing thermal reduction temperature, indicating
that the crystal size of Cu2O increased as the thermal
reduction temperature went up. The crystal size of Cu2O in
different reduction temperature can be calculated according
to the Scherrer equation. The results showed that the mean
sizes of Cu2O in Cu2O-TiO2 were 12.7, 23.9, 35.1, 50.1, and
79.7 nm at 150, 160, 170, 180, and 190◦C, respectively. On
the other hand, we can see the diffraction peaks of Cu in the
Cu2O-TiO2 samples as the thermal reduction temperature
rising to 180◦C and above indicated that part Cu2O was
reduced further to metallic copper.

3.2. Morphology and Size Distribution of Couple Oxides. In
order to study the morphology of the prepared Cu2O-TiO2,
scanning electron microscopy (SEM) was used. Figure 2
showed the TEM image of the Cu2O-TiO2 sample prepared
at the thermal reduction temperatures of 160◦C. SEM
micrograph indicated that the obtained Cu2O-TiO2 sample
was homogeneously distributed nanocomposite particles,
and the particle size of them was in the range of 40−60 nm.

In the present study, the particle size and size distribution
of the Cu2O-TiO2 sample prepared at the thermal reduction
temperatures of 160◦C also was measured on a Zetasizer
Nano ZS90 (Malvern Instrument, Worcestershire, UK). As
shown in Figure 3, the Cu2O-TiO2 particles size was found
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Figure 2: SEM pattern of Cu2O-TiO2.
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Figure 3: Particle size distribution of Cu2O-TiO2.

in the range of 35–105 nm, and the average particle size was
about 64 nm. The particle size measured by the zetasizer was
larger than that observed in XRD and SEM. Because Malvern
Instruments’ Zetasizer used light scattering techniques to
measure hydrodynamic size of nanoparticles, a increase in
particle size can be the result of particle agglomeration.

3.3. UV-Vis Diffuse Reflectance Spectra. The absorption
spectra of Cu2O, P25 TiO2, and Cu2O-TiO2 prepared at
the thermal reduction temperatures of 160◦C were given in
Figure 4. Figure 4 showed that all the samples had a strong
absorption at the wavelength range from 230 to 380 nm.
In addition, it can be also observed from Figure 4 that the
absorption spectroscopy of the Cu2O-TiO2 sample was red-
shifted compared to that of TiO2, and the Cu2O-TiO2 sample
had obvious absorption in the visible region (>400 nm). The
absorption wavelength of the Cu2O-TiO2 nanocomposites
was extended to a visible region due to absorption of visible
light by Cu2O.

3.4. Photocatalytic Activities of Samples. The photocatalytic
activities of the Cu2O-TiO2 samples through the pho-
todegradation of MO under the visible light irradiation
for 3 hours were evaluated and were also compared with
that of the commercial Degussa P25 TiO2 powder and
the pure Cu2O powder. The experimental results were
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Figure 4: UV-Vis diffuse reflection spectra.
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Figure 5: Photocatalytic activities of different photocatalysts under
visible-light irradiation (the Cu2O-TiO2 sample was prepared at a
thermal reduction temperature of 160◦C).

illustrated in Figure 5. Obviously, the synthesized Cu2O-
TiO2 showed higher photocatalytic activity than the pure
TiO2 and Cu2O under UV-vis light irradiation. The high
photocatalytic activity of Cu2O-TiO2 can be attributed to the
more efficient separation of photoinduced hole-electron (h-
e) pairs in the Cu2O-TiO2 composite, that is, to say that the
photogenerated holes migrate towards the interface while the
electrons migrate towards the bulk due to Cu2O-TiO2 p-n
heterojunction. Meanwhile, the excited electrons on Cu2O
can also transfer to TiO2 because the conduction band of
TiO2 lies more positive than that of the Cu2O. Therefore, the
Cu2O-TiO2 composite exhibited much higher photocatalytic
activity than the pure TiO2 and Cu2O.
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4. Conclusions

The nanoscale Cu2O-TiO2 couple oxide photocatalyst was
successfully prepared and was characterized by X-ray diffrac-
tion, laser particle size analysis, and scanning electron
microscopy, respectively. The characterization results indi-
cated that the couple oxide samples consisted of the nano-
sized Cu2O and TiO2 phases when the thermal reduction
temperature was not more than 180◦C. The results also
showed that the crystal size of Cu2O was obviously affected
by the thermal reduction temperatures, that is, the Cu2O
particle size increased with increasing thermal reduction
temperature. Besides, there was a phase change from Cu2O to
Cu in the obtained samples when the thermal reduction tem-
peratures were over 180◦C. In addition, the photocatalytic
activity experiment results showed that the couple oxide
Cu2O-TiO2 exhibited much higher photocatalytic activity
than the pure TiO2 and Cu2O.
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The origin of visible light absorption and photocatalytic activity of nonmetal doped anatase TiO2 were investigated in details in this
work based on density functional theory calculations. Our results indicate that the electronegativity is of great significance in the
band structures, which determines the relative positions of impurity states induced by the doping species, and further influences
the optical absorption and photocatalytic activities of doped TiO2. The effect of charge balance on the electronic structure was
also discussed, and it was found that the charge-balance structures may be more efficient for visible light photocatalytic activities.
In addition, the edge positions of conduction band and valence band, which determine the ability of a semiconductor to transfer
photoexcited electrons to species adsorbed on its surface, were predicted as well. The results may provide a reference to further
experimental studies.

1. Introduction

Titanium dioxide (TiO2) is one of the most promising
materials due to its low-cost, nontoxic, long-term stability
and high oxidative power, which can be used in a wide
range of technical fields, such as photocatalytic degradation
of pollutants and photoelectrochemical conversion of solar
energy [1, 2]. However, because of its large band gap (3.0–
3.2 eV), TiO2 is only responsive to ultraviolet irradiation
(λ < 378 nm), which only accounts for ca.4% of sunlight. In
order to extend the photo response of TiO2 into the visible
region and enhance its photocatalytic activity, a great deal
of effort has been made to lower its threshold energy for
photoexcitation as well as improve the electronic properties
of TiO2. One of the effective strategies is doping TiO2

with nonmetallic elements, such as N [2–10], C [11–14], S
[15–19], and B [20–23], all of which showed considerable
photocatalytic activity under visible light.

While most researchers focus on the phenomena of
redshift induced by special species doping, a thorough and

systematical analysis of the modification mechanism of TiO2,
especially the essential reasons of causing various electronic
structures doped with different nonmetallic elements, do not
catch due attention of scientists. To explore a common rule
of the band structure modification for nonmetal doping,
we systematically compared the doping effects of four
nonmetal species (B, C, N, and F) on anatase TiO2. For easy
comparison, we only considered the electronic properties
of structures with substitutional nonmetal X (X = B, C, N,
and F) to O in this paper, though the formation energies
were also calculated to reveal the relative stabilities of the
doped structures. To check the influence of charge balance,
we have calculated the electronic structures of codoped
TiO2 with N : H, C : 2H, and B : 3H, respectively (note that
the oxygen vacancies, which are not considered here, may
also form to compensate the unbalanced charge, which can
induce deep defect levels in the band gap [24] and usually
lead to increment of the recombination). In addition, the
role of the electronegativity of doping species in the optical
absorption and photocatalytic activity of anatase TiO2 was
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d1

d2

Figure 1: The supercell geometry and the doped position of the anatase TiO2 model. The big gray ball represents Ti atom; the small light
ball represents O atom; the dark ball denotes the dopant.

elucidated in this paper, and we have found that the impurity
states move further away from the valence band maximum
(VBM) with the increment of the electronegativity difference
between the substitutional elements and oxygen. Also, the
edge positions of conduction band (CB) and valence band
(VB) for doped anatase TiO2 were predicted, which should
serve as a reference to future experimental studies.

2. Computational Details

Our theoretical study was carried out in the framework of
density functional theory (DFT) within generalized gradient
approximation (GGA) [27]. The Vienna ab initio Simulation
Package [28, 29] (VASP) was implemented in the calcula-
tions, in which the plane-wave basis set, Vanderbilt ultrasoft
pseudopotentials and the exchange-correlation functional of
Perdew et al. (PBE) were used [30]. The underestimation of
band gap by DFT calculations does not affect the analysis,
since we only care about the relative changes of the gap,
and the PBE functional has been demonstrated to be reliable
by previous studies [31]. We simulated the nonmetal-doped
TiO2 model using a 48-atom supercell, in which one O atom
is substituted by one impurity atom, and this corresponds to
an impurity concentration of about 2%, namely, TiO2-xDx

with x = 0.063, (where D is the corresponding dopant). The
supercell geometry and the doped position of the anatase
TiO2 system are shown in Figure 1. The cutoff energy for the
basis set was chosen to be 500 eV, and the surface Brillouin
zones were sampled at 2 × 2 × 2 Γ-centered k-points [32].
The density of state (DOS) for the bulk TiO2 was performed
at the equilibrium volume using the tetrahedron method
with Blöchl corrections for accuracy [33]. Considering that
the impurity concentration is very low, the volume of su-
percell is kept fixed while the atomic positions are fully re-
laxed until that all forces are smaller than 10−4 eV/Å.

3. Results and Discussion

3.1. Electronegativity Effect on the Electronic Structures. As
we know, electronegativity is the intrinsic property which
measures the escaping tendency of electrons from atomic
species. Based on DFT theory, Parr and coworkers [34]
have given the precise definition to the electronegativity of

Table 1: EA, IP, and calculated electronegativity for several species.
Unit is eV.

EAa IPb Electronegativity

Ti 0.207 6.820 3.51

B 0.280 8.298 4.29

S 2.077 10.360 6.22

C 1.267 11.260 6.26

H 0.766 13.598 7.18

N −0.072 14.534 7.23

O 1.461 13.618 7.54

Cl 3.614 12.967 8.29

F 3.398 17.422 10.41
a
Reference [25].

bReference [26].

a neutral atom, which is the negative value of the chemical
potential in the ground state:

χ = −μ = −
(
∂E

∂N

)
v
, (1)

where E and N are the ground-state electronic energy and
the number of electrons, respectively. Formula (1) can then
be rewritten using differential equation:

χ=−
(
∂E

∂N

)
v
= E(N + 1)−E(N)+E(N)−E(N − 1)

2
≈ I + A

2
,

(2)

where I and A represent the ionization potential (IP) and
electron affinity (EA) of the atom. We can see that Formula
(2) has the same expression with the Mulliken’s definition of
the electronegativity [35]. The electronegativities of several
species calculated by Formula (2) are listed in Table 1.

When the nonmetallic elements are brought to the bulk
TiO2, charges will redistribute until the electrochemical po-
tentials of the compound reach equilibrium. To unravel the
inherent relationship of the electronic properties induced
by different doping species, which possessed unique elec-
tronegativity, the total density of state (TDOS) and projected
density of state (PDOS) for the doped TiO2 are calculated
and displayed in Figure 2. For comparison, the TDOS and
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Figure 2: Total densities of states (A) and projected densities of states (B) for (a) pure anatase TiO2, (b) F-doped TiO2, (c) Cl-doped TiO2,
(d) N-doped TiO2, (e) C-doped TiO2, and (f) B-doped TiO2. The vertical dash line defines the highest occupied level.

PDOS of pure anatase are also calculated and shown in
Figures 2(a) and 2(a′). We can see that the edge of the valence
band is mainly contributed by the O 2p atomic orbitals with
a large bandwidth of about 5.0 eV, whereas the conduction
band is almost entirely composed of empty Ti 3d orbitals.

For the F-doped TiO2, (see Figures 2(b) and 2(b′)), the
replacement of one O atom with one F atom exerts little effect
on the band-gap narrowing. The impurity states introduced
by F 2p atomic orbitals locate mainly in the lower energy
range (from −5.5 eV to −4.5 eV) of the valence band, which
implies that only the substitutional F to O cannot lead to
any significant shift in the fundamental absorption edge
of TiO2, consistent with the former experimental results
[36, 37]. It is noticed that the electronegativity mainly
determines the properties of the outermost atomic orbitals,
which simultaneously influence the impurity states induced
by F doping. Hence, the larger electronegativity of fluorine
(Table 1) should be responsible for the lower energy range of
the impurity states in the valence band.

Similar doping effects also appear in Cl-doped sample.
Because the electronegativity of chlorine is just a little larger
than that of oxygen, they have the similar power of attracting
electrons. Accordingly, the impurity states induced by Cl 3p

states should mix with the O 2p states in the valence band.
The calculated DOS provides evidence for the distribution
character of these states. From Figures 2(c) and 2(c′), we can
see clearly that the band gap reduces little as compared with
the pure anatase TiO2, and the Cl 3p states lie in the whole
valence band, (from −5.5 eV to −0.1 eV), showing strong
delocalization characteristic of Cl− ion.

For substitutional N to O anatase model (see Figures
2(d) and 2(d′)), due to the closer electronegativity of N to
that of O, the oxidative power of N is similar to that of O
element. Accordingly, the N 2p states locate just above or
in the VBM. Since some of the impurity states overlap and
mix with the VBM, new edge of valence band can be formed
instead of pure O 2p atomic orbitals, which shifts towards the
higher energy and results in the band gap narrowing of about
0.43 eV. Consequently, the decrease of the photo-excitation
energy leads to the redshift of absorption and extends the
photo response into visible region. These results are in good
agreement with previous experimental studies [6, 16, 17] and
our former theoretical calculations [8, 18].

Figure 2(e) presents that the substitutional C to O
atom in anatase TiO2 introduces one empty and two
occupied localized states in the middle of the gap, which
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are contributed by the C 2p states. Experimentally, evidence
of states within the band gap arising from these levels for
C-doped titania has been found by XPS [38, 39].

In addition, the band gap between the highest O 2p states
and the lowest Ti 3d states has little change as compared with
the undoped TiO2. Therefore, the observed redshift of optical
absorption would be mainly attributed to the existence of
impurity states in the mid gap of TiO2. It is interesting that
the electronegativity of carbon is close to that of nitrogen (see
Table 1). However, these gap states are located at 0.68, 1.01,
and 1.6 eV away from the VBM. We tentatively postulate that
it is mainly due to the higher chemical valence of carbon than
oxygen, which results in the shift of C 2p states towards the
CB.

For the case of B-doped TiO2, the substitution of B for O
induces some new impurity gap states, which are dominated
by the B 2p atomic orbitals. In addition, since the elec-
tronegativity of boron is much smaller than that of oxygen
but approaches to that of titanium, the redox potentials of
boron will be close to that of titanium as compared with
oxygen, which leads to the impurity gap states lying below
or overlapping with the conduction band, (see Figures 2(f)
and 2(f′)). It is well established that the existence of impurity
states in the mid gap can lower the energy barrier in the light
absorption process. Therefore, these B 2p states should be
responsible for the improvement of visible light absorption
of TiO2.

Additionally, to compare the relative stabilities of anatase
TiO2 samples doping with different elements, we calculated
the formation energies as follows:

Ef = Edoped −
(
Epure − μO + μD

)
, (3)

where Edoped and Epure are the total energy of doped and pure
anatase supercell, respectively. The symbols μO and μD rep-
resent the chemical potential of oxygen and doped elements,
respectively. Here we only focus on the so-called oxygen-rich
synthesis condition, where the chemical potential for oxygen
is related to the chemical potential for gaseous O2 at 1 bar. We
report our results in Table 2 with the optimized Ti-D bond
lengths also listed. It can be noted that the formation energy
decreases with the increase of electronegativity of dopant. In
particular, for the F-doped case, the formation energy has a
negative valve, which implies that it is thermodynamically
preferred. In addition, it is worthwhile to mention that
the substitutional (for O) doping could be much easier
under oxygen-poor condition due to the lower oxygen partial
pressure, while the relative stabilities between the structures
doped with different ions remain the same as those under
oxygen-rich condition.

3.2. Effect of Charge Balance on the Electronic Structures. To
understand the effect of charge balance on the electronic
structures, we balance the charge of N, C, and B with one H,
two H, and three H atoms, respectively, which is reasonable
because the doped TiO2 materials were usually processed
with amine solution [3–5], H2 [6], or BH3 atmosphere
[20, 21]. In the calculations, one O atom is replaced by N : H
species, C : 2H species, and B : 3H species, respectively (see

Table 2: Calculated bond lengths, lattice variation, and defect
formation energies.

d1 (Å) d2 (Å) ΔV/V
Defect formation energies

(eV)

Pure 1.990 1.926

B-doped 2.650 2.118 6.6% 7.08

C-doped 2.217 2.010 5.1% 5.94

N-doped 2.043 1.957 4.8% 5.04

Cl-doped 2.519 2.224 6.6% 3.43

F-doped 2.227 2.043 4.9% −0.85

Figure 3). The corresponding DOS of N : H-doped, C : 2H-
doped, and B : 3H-doped TiO2 are calculated and shown in
Figure 4. Obviously, for the C-doped TiO2, when the charge
balance structure is obtained, three isolated gap states are
replaced by one occupied state, which is located near the
VBM, (see Figures 4(c) and 4(c′)). From Figure 4, we can
see clearly that with the decrease of the electronegativity
difference between oxygen and substitutional elements, (N,
C, and B), the impurity states become closer to the VBM.
In addition, when the charges are balanced, the electron
donors (H) may contribute to the lowering of the energy
levels related to the acceptors (N, C, and B), resulting in the
impurity states downward to the VBM, which agrees well
with the previous studies [40]. Accordingly, the N : H species
may enhance the mixing of impurity states induced by N
2p states and O 2p atomic orbitals in the VBM, and finally
new valence bands can be formed, which could contribute
to the formation of the band-band transition, in favor of
the visible-light-driven catalytic activities. When it comes to
the B : 3H-codoped case, though the impurity energy level
moves a little toward the VBM, the isolated states are still
localized in the midgap because of the large difference of the
electronegativity between substitutional boron and oxygen.
Therefore, based on these understandings, we can draw a
conclusion that if the electronegativity of oxygen is close to
that of the doping species, together with the simultaneous
formation of charge-balance structure, the doped TiO2 may
possess high photocatalytic activity under visible light.

Additionally, we also studied the N : F codoping effect
on the anatase TiO2, which are expected to be efficient
to the visible light photocatalytic activity according to the
analysis above. The supercell is simulated by replacing two
O atoms with one N atom and one F atom, respectively (see
Figure 3(d)), and the corresponding structure and DOS are
shown in Figure 4(a). It is apparent that the impurity states
induced by N and F doping locate in different range of the
valence band, which can be ascribed to their unique elec-
tronegativities as we discussed above. Obviously, the absorp-
tion edge of new band in the visible light originated from
the doped N atoms rather than doped F atoms, consistent
with the former studies [36, 37]. Furthermore, the impurity
states are fully filled with the electrons at the ground state,
which can be attributed to the fact that the doped F− ion
compensates the charge of N3− ion. Therefore, similar to
the case of N : H codoping, the N : F complex results in
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2.068 Å 1.097 Å
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2.029 Å
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Figure 3: The optimal structures for (a) N : H-doped TiO2, (b) C : 2H-doped TiO2, (c) B : 3H-doped, and (d) N : F codoped TiO2.

the formation of the charge-balance structure and could
enhance the mixing of impurity states with the VBM, which
favors the band-band transition and the photocatalytic
activities under visible light.

3.3. Prediction of Redox Potentials from Atomic Electronegativ-
ity. As we know, the ability of a semiconductor to transfer
photoexcited electrons to species adsorbed on its surface is
governed by the band energy position of the semiconductor
and the redox potentials of the adsorbate, which is related
to the electronegativity [1]. Therefore, to thoroughly under-
stand the effects of the electronegativity on the doped TiO2,
we have calculated the positions of CB and the VB edge using
the concept of the semiconductor electronegativity, which is
defined as the geometric mean of the electronegativities of
the constituent atoms:

χ(S) = N
√
χn

1
χs

2
· · · χpn−1χqn , (4)

where χn, n, andN are the electronegativity of the constituent
atom, the number of species, and the total number of atoms
in the compound, respectively [41].

The CB edge position of a semiconductor at the point of
zero charge (E0

CB) can be expressed empirically by

E0
CB = χ(S)− Ee − 1

2
Eg , (5)

where Eg and Ee are the band gap energy of the semiconduc-
tor and the energy of free electrons on the hydrogen scale
(∼4.5 eV) [42]. Although this method cannot give precise
absolute values due to the neglect of structural factors, it
may give a rough estimate of the relative positions of normal
hydrogen electrode (NHE), which could provide a reference
to future experimental studies.

Due to the well-known drawback of DFT theory, our
DFT calculations under GGA level give band gaps of about
2.2 eV, smaller than the experimental values (3.23 eV) [43].
In order to correct the underestimation of band gaps, we em-
ployed scissor operator, that is, a systematic upward shifting
of the unoccupied states by a constant amount. In addition,
we postulate that the amount of the band gaps underestima-
tion would not be affected by doping effect because long-
range screening properties of doped TiO2 are expected to
be similar to those in pure TiO2. Therefore, in this paper
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we use a rigid constant shift of the band gaps for both pure
and doped TiO2, namely, 1.03 eV. Consequently, the adjusted
band gaps are 3.23 eV for pure TiO2, which is in line with the
experimental values.

According to the strategies mentioned above, the rough
CB edge potential of pure anatase TiO2 is −0.27 eV with
respect to NHE. Subsequently the VB edge position is deter-
mined as 2.96 eV based on its band gap energy. The corrected
band gap energy (Eg) and the corresponding CB and VB edge
positions versus NHE are shown in Figure 4.

It can be found that the electronegativity of doping spe-
cies produces certain influence on the oxidative potential
of doped TiO2. Generally, when the impurity states locate
in the lower range of the valence band or mixing with the
VBM, (see Figures 5(b)–5(g)), the doped TiO2 possess more
oxidative power with the increasing of the electronegativity
of the doping species or complex. When it comes to the B : H-
codoped, C- and B-doped cases, these materials also obey
such rule, (see Figures 5(h)–Figure 5(k)). However, since
there are some isolated states in the midgap, the situations
may become more complicated, which need further studies.
Moreover, it can be known from the results that though

F-doping could not contribute to the optical absorption
spectra, it possesses strong oxidative potential, which could
enhance the redox ability of TiO2. In addition, it has been
studied that the doped F atoms could reduce the electron-
hole recombination rate and further enhances the photocat-
alytic activity [36, 44]. Therefore, the N : F-codoped TiO2

may possess high-photocatalytic activity under visible light
irradiation, which makes it an excellent candidate for further
applications.

Finally, since surface conditions are of key importance in
heterogeneous photocatalysis, a further discussion on how
the findings can be applied to doped surfaces is necessary.
On the pure TiO2 surfaces, additional surface states will be
introduced in the electronic structures due to the surface
reconstruction or dangling bonds formed on it, whereas for
the deep inner layers below surfaces the electronic structure
retains its bulk character. So that the above findings can be
rationally applied to the doping of inner layers of surfaces,
while when they are applied to the doping of the several
outermost layers of surfaces, additional calculations and
analysis are needed to give a verification.
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4. Conclusions

Our results show that when the electronegativity of the
doping species is larger than that of oxygen, such as F and
Cl, the impurity states induced mainly by outermost atomic
orbitals locate in the lower energy range of the valence
band, which cannot contribute to the redshift of absorption.
Whereas when the electronegativity of the doping species is
smaller than that of oxygen, the impurity states will lie above
the VBM. Especially, if the difference is small, such as N, the
impurity states can mix and overlap with the O 2p states,
leading to the photo response of TiO2 under visible light
irradiation. In addition, once the charge balance structures
are obtained, the electron donors can lower the impurity
states levels and enhance the mixing of N 2p atomic orbitals
with O 2p states. Also, we have found that the N:F complex
may be more efficient to the visible light photocatalytic
activities. Hence, on the basis of these understandings, we
have proposed a new way to interpret the mechanism of
the redshift and predict the photocatalytic activities doping
with different species. Furthermore, based on the definition
of the semiconductor electronegativity, the CB and VB edge
positions have been predicted, which demonstrated that the
doped TiO2 possess favorable redox potentials under visible
light, making them promising materials for further applica-
tions. Based on the above analysis, we conclude that a careful
selection of codopants to yield a charge-balance codoped
system is an effective way to improve the visible-light-
responsive photocatalytic activity of nonmetal doped TiO2.
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A Cr- or Ag-doped TiO2 film was prepared by sol-gel and dip-coating process and used as the photocatalyst for CO2 reforming
under the visible light. The ratio of amount of Cr or Ag added to amount of Ti in TiO2 sol solution (R) varied from 0 to 100 wt%
or 0 to 50 wt%, respectively. The total layer number of Cr- or Ag-doped TiO2 film (N) coated was changed. The CO2 reforming
performance with the Cr- or Ag-doped TiO2 film was tested under a Xe lamp with or without ultraviolet (UV) light. As a result,
when N equals to 1, the concentration of CO which was a product from CO2 reforming was maximized in Cr doping case for R =
70 wt% and in Ag doping case for R = 1 wt%, respectively. The best result of concentration of CO = 8306 ppmV, concentration of
CH4 = 1367 ppmV, concentration of C2H6 = 1712 ppmV is obtained when Ntop = 7 with Cr doping in this study.

1. Introduction

Due to mass consumption of fossil fuels, global warming
and fossil fuels depletion have become a serious global
environmental problem in the world. After the industrial
revolution, the averaged concentration of CO2 in the world
has been increased from 280 ppmV to 387 ppmV by 2009.
Therefore, it is necessary to develop a new energy production
technology with less or no CO2 emission.

It is reported that CO2 can be reformed into fuels, for
example, CO, CH4, CH3OH and H2, and so forth, by using
TiO2 as the photocatalyst under ultraviolet (UV) light illumi-
nation [1–10]. If this technique could be applied practically,
a carbon circulation system would then be established: CO2

from the combustion of fuel is reformed, using solar energy,
to fuels again, and true zero emission can be achieved. Many
R&D works on this technology have been carried out, using
TiO2 particles loaded with Cu, Pd, Pt to react with CO2

dissolved in solution [1, 5, 7, 11–17]. Recently, nano-scaled
TiO2 [18–20], porous TiO2 [21], TiO2 film combined with

metal [22, 23], and dye-sensitized TiO2 [24] are developed
for this process. However, the fuel concentration in the
products achieved in all the attempts so far is still low,
ranging from 10 ppmV to 1000 ppmV, to be practically
useful [1, 4, 5, 7, 8, 11, 12, 15, 16, 18, 20]. Therefore, the
big breakthrough in increasing the concentration level is
necessary to advance the CO2 reforming technology.

In the applications such as water splitting and purifi-
cation of pollutant, the photoresopnse extension of TiO2

to the visible spectrum has been investigated well [25–29].
TiO2 by itself can only work under UV light due to its wide
bandgap of 3.0–3.2 eV, which means that only about 4% of
the incoming solar energy on the surface can be utilized
[30]. On the other hand, the visible light accounts for 43%
of whole solar energy [31]. Therefore, if the photoresponse
of TiO2 could be extended to the visible spectrum, the
CO2 reforming performance of TiO2 technology would be
improved significantly.

Doping with foreign ions is one of the most promising
strategies for sensitizing TiO2 to visible light and also for
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forming charge traps to keep electron-hole pairs separate
[32]. The most popular dopants for modification of the
optical and photoelectrochemical properties of TiO2 are
transition metals such as Cr, Fe, Ni, V, Mn, and Cu [28].
Choi et al. [33] carried out a systematic investigation of
the photocatalytic activity of TiO2 doped with 21 different
metal ions. It was found that doping with metal ions
would introduce additional energy levels in the band gap
of TiO2 thus extending the photoresponse of TiO2 into the
visible spectrum. In addition, an optimum concentration
of dopant metal ions exists under specific conditions. If
the concentration of dopant excesses the optimum one, the
photocatalytic activity declines because of charge recombi-
nation [28]. Many previous reports on metal-doped TiO2

used for photocatalytic degradation reaction of chemicals
under visible light showed the activity enhancement only
for a specific amount of doping ions, otherwise detrimental
effects occur [34].

Many different techniques have previously been reported
for metal doping of TiO2 such as wet impregnation [35],
hydrothermal deposition [36], RF magnetron sputtering
deposition [24, 26, 37, 38], flame reactor method [39],
solidstate reactions [40], ion implantation [41], and pulsed
laser deposition [42]. Recently, the sol-gel method is adopted
for metal doping of TiO2 well [27–29, 34, 43–46] since this
method can incorporate dopants into TiO2 lattice, resulting
in preparation of the materials with other optical and also
catalytic properties [47]. In addition, the integration of
dopants into the sol during the gelation process facilitates
direct interaction with TiO2 by sol-gel method [46].

Although many studies to extend the photoresponse of
TiO2 to the visible spectrum were reported as described
above, there are only a few reports on its application for
promoting the CO2 reforming purposes [24]. In our previ-
ous studies [48–51], the effect of TiO2 thin film preparation
conditions in sol-gel and dip-coating process on the CO2

reforming performance under UV light was investigated.
In this study, TiO2 sol-gel and dip-coating process with

doping is also adopted in order to extend its photoresponse
to the visible spectrum to promote the CO2 reforming
performance. It was reported that the transition metals such
as V, Cr, Mn, Fe, and Ni were effective for the photoresponse
extension of TiO2 to the visible spectrum [37]. According
to the previous reports [28, 34, 39–41, 52, 53], it can be
thought that Cr3+ or Cr6+ ion existing in TiO2 film after
doping can absorb the light of wavelength from 400 nm to
550 nm [28, 34, 39, 41, 52–55]. Therefore, Cr was selected at
first as the dopant to check the feasibility of promoting CO2

reforming performance of TiO2 in this study. According to
the study which investigated the photocatalytic H2 evolution
from water-alcohol mixtures, noble and base materials,
including Pt, Au, Pd, Ni, Cu, and Ag, have been reported
to be very efficient for increasing the production of H2 by
TiO2 photocatalytic reaction [56]. According to the reaction
scheme [1, 5, 6, 11, 16, 50, 51] of CO2 reforming by
TiO2 photocatalyst as shown in Figure 1, if a lot of H+ is
produced, the reduction process is promoted, resulting in
increase of the concentration of produced fuel. In addition,
the photoresponse extension of TiO2 to the visible spectrum

was obtained by Ni, Cu, and Ag doping in the previous
study on the photocatalytic H2 evolution from water-alcohol
mixtures [56]. TiO2 doped with Ag+ ions absorbs the light of
wavelength from 460 nm to 477 nm [56, 57]. Therefore, Ag
was also selected at first as the dopant to check the feasibility
of promoting CO2 reforming performance of TiO2 in this
study.

In the present paper, the preparation method for doping
Cr or Ag into TiO2 film was developed. The characterization
analyzed by scanning electron microscope (SEM), electron
probe micro analyzer (EPMA), and X-ray photoelectron
spectroscopy (XPS) was conducted. The influence of the ratio
of amount of added Cr or Ag to amount of Ti in TiO2 sol
solution (R) and of the total coating number of Cr- or Ag-
doped TiO2 film (N) on CO2 reforming characteristics under
the condition of illuminating Xe lamp with or without UV
light was also investigated in this study.

2. Experiment

2.1. Preparation of Cr- or Ag-Doped TiO2 Film. Sol-gel and
dip-coating process was used for preparing Cr- or Ag-doped
TiO2 film in this study. TiO2 sol solution was made by
mixing [(CH3)2CHO]4Ti (purity of 95 wt%, Nacalai Tesque
Co.) of 0.1 mol, anhydrous C2H5OH (purity of 99.5 wt%,
Nacalai Tesque Co.) of 0.8 mol, distilled water of 0.1 mol, and
HCl (purity of 35 wt%, Nacalai Tesque Co.) of 0.008 mol.
Cr powders (08819-15, Nacalai Tesque Co., particle size
below 74 μm) or Ag powders (30934-92, Nacalai Tesque Co.,
particle size below 44 μm) were added into TiO2 sol solution.
Copper disc whose diameter and thickness were 50 mm and
1 mm, respectively, was dipped into Cr/TiO2 or Ag/TiO2 sol
solution and pulled up at the fixed speed (RS) of 0.22 mm/s.
Then, it was dried out and fired under the controlled firing
temperature (FT) and firing duration time (FD), resulting in
the fact that Cr- or Ag-doped TiO2 film was fastened on the
surface of copper disc. FT and FD was set at 623 K and 180 s,
respectively. In this study, N varied from 1 to 7 for Cr doping
and from 1 to 5 for Ag doping.

2.2. Characterization of Cr- or Ag-Doped TiO2 Film. The
surface structure and crystallization characteristics of Cr-
or Ag-doped TiO2 film were evaluated by SEM (JXA8900R,
JEOL Ltd.) and EPMA (JXA8900R, JEOL Ltd.). The EPMA
analysis helps us not only to understand the coating state of
Cr- or Ag-doped TiO2 on copper disc but also to measure
the amount of doped Cr or Ag within TiO2 film on copper
disc. Element distribution through thickness direction of Cr-
doped TiO2 film was analysed by XPS (PHI Quantera SXM,
ULVAC-PHI, INC.) using radiation source of Al radiation
with the pass energy of 224.00 eV, the radiation current of
1.0 W, and the acceleration voltage of 15 kV.

2.3. Apparatus and Procedure of CO2 Reforming Experiment.
Figure 2 shows that the experimental system setup of CO2

reformer consists of a stainless pipe (100 mm (H.)×50 mm
(I.D.)), a copper disc (50 mm (D.)× 1 mm (t.)) coated with
Cr- or Ag-doped TiO2 film which is located on the teflon
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Figure 1: Reaction scheme of CO2 reforming into fuel by TiO2

photocatalyst (•OH: hydroxy radical, •CH2: carbon radical).
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Figure 2: Schematic drawing of CO2 reforming experimental
system: ((1) Xe lamp; (2) coloured glass filter; (3) quartz glass disc;
(4) stainless pipe; (5) gas sampling tap; (6) copper disc; (7) teflon
cylinder; (8) valve; (9) CO2 gas cylinder).

cylinder (50 mm (H.)×50 mm (D.)), a quartz glass disc
(84 mm (D.)×10 mm (t.)), a coloured glass filter which cuts
off the light of wavelength below 380 nm, SCF-50S-38L,
SIGMA KOKI CO., LTD.), Xe lamp (L2175, Hamamatsu
Photonics K. K.), and CO2 gas cylinder. The reformer volume
for CO2 charge is 1.25×10−4 m3. Xe lamp is located over the
stainless pipe. The light of Xe lamp illuminates the copper
disc coated with Cr- or Ag-doped TiO2 film, which is inserted
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Figure 3: Light transmittance data of the coloured glass filter.

into the stainless pipe, through the coloured glass filter and
the quartz glass disc fixed to the top of the stainless pipe.
The wavelength of light from Xe lamp is ranged from 185 nm
to 2000 nm. The Xe lamp can be fitted with a coloured
glass filter to remove UV components of the light. With the
filter, the wavelength of light from Xe lamp is ranged from
381 nm to 2000 nm. Figure 3 shows the light transmittance
data of the coloured glass filter to prove the removal of
the light whose wavelength is below 380 nm. The average
light intensity of Xe lamp on the copper disc without and
with setting the coloured glass filter is 57.53 mW/cm2 and
43.67 mW/cm2, respectively.

In the CO2 reforming experiment, CO2 gas with the
purity of 99.995 vol% was flowed through the CO2 reformer
as a purged gas for 15 minutes first. After that, the valves
located at the inlet and the outlet of CO2 reformer were
closed. After confirming the gas pressure and gas tempera-
ture in the CO2 reformer at 0.1 MPa and 298 K, respectively,
the distilled water of 100 μL was injected into the CO2

reformer, and Xe lamp illumination was turned on at the
same time. The water injected vaporized completely in the
reformer. Despite of the heat of UV lamp, the temperature
in CO2 reformer was kept at about 343 K during the CO2

reforming experiment. The amount of injected water and
that of CO2 in CO2 reformer was 5.56 mmol and 5.76 mmol,
respectively. The gas in CO2 reformer was sampled every
24 hours during the CO2 reforming experiment. The gas
samples were analyzed by FID gas chromatograph (GC353B,
GL Science) and methanizer (MT221, GL Science). Mini-
mum resolution of FID gas chromatograph and methanizer
is 1 ppmV.

3. Results and Discussion

3.1. Analysis of Cr- or Ag-Doped TiO2 Film by SEM and
EPMA. Figures 4 and 5 show SEM image and EPMA image
of Cr-doped TiO2 film prepared under the condition of R =
1 wt%, respectively. Figures 6 and 7 show SEM and EPMA
image of Ag-doped TiO2 film prepared under the condition
of R = 1 wt%, respectively. These SEM images were taken at
1500 times magnification under the condition of acceleration
voltage of 15 kV and current of 3.0×10−8 A. The red lined



4 International Journal of Photoenergy

10 μm
×1500

Figure 4: SEM images of Cr-doped TiO2 film prepared under the
condition of R = 1 wt%.

quadrangle area in Figures 4 and 6 was used for EPMA
analysis shown in Figures 5 and 7, respectively. In Figures 5
and 7, the concentration of Ti, Cu, Cr, and Ag in observation
area is indicated by the difference of colour. Light colours,
for example, white, pink, and red indicate that the amount
of element is large, while dark colours like black, blue, and
green indicate that the amount of element is small.

The green circle in Figure 4 indicates the existence of
Cr particle as shown in Figure 5. Moreover, the red circles
illustrated in Figure 4 indicate that the amount of Cu is also
large as pointed out by the white circles in Figure 5. On the
other hand, the red circle in Figure 6 indicates the existence
of Ag particle as shown in Figure 7. Furthermore, the yellow
circles illustrated in Figure 6 indicate that the amount of Cu
is small and Ti is large as pointed out by white circles in
Figure 7. These results represent the following.

(i) Before firing process, Cr/TiO2 or Ag/TiO2 sol solu-
tion is adhered on the copper disc uniformly.

(ii) During firing process, the temperature profile of
Cr/TiO2 or Ag/TiO2 sol solution adhered on the
copper disc is not even due to the difference of
thermal conductivity of Ti and Cr or Ag. Their
thermal conductivity of Ti, Cr, and Ag at 600 K
is 19.4 W/(m·K), 80.5 W/(m·K), and 405 W/(m·K),
respectively [58]. Therefore, the thermal expansion
around Cr or Ag particle and the thermal shrinkage
around the other areas of TiO2 sol occur.

(iii) Because of the thermal stress caused by the uneven
distribution of temperature, the cluck around Cr or
Ag and the shrinkage of TiO2 film around the cluck
occur after firing process. Therefore, a large amount
of Cu, which is an element of basis copper disc,
around Cr or Ag and a large amount of Ti around
Cr or Ag are observed in Figures 5 and 7.

To evaluate the amount of doped Cr or Ag within TiO2

film quantitatively, the observation area, which is the center
of copper disc, of diameter of 300 μm is analysed by EPMA.

The ratio of Cr or Ag to Ti in this observation area is counted
by averaging the data obtained in this area.

Table 1 indicates the relationship between each element
ratio and R which is varied from 1 wt% to 100 wt% when
the N is set at 1 for Cr-doped TiO2 film. From this table, the
ratio of Cr is increased with increasing R up to 70 wt% since
the amount of Cr powders added into TiO2 sol solution is
increased. However, the ratio of Cr starts to decrease if the R
is over 70 wt%. The reason might be that when the amount of
Cr powders in TiO2 sol solution was too much, the shrinkage
of TiO2 film occurred. Therefore, the fixing strength of TiO2

film to copper disc was weakened, resulting in the ratio of
Cr being decreased for R over 70 wt%. The ratio of Cr to Ti
shown in Table 1, which is measured value, is different from
the calculated R from the Cr powders added into TiO2 sol
solution because of the agglomeration of Cr powders in TiO2

sol solution. Although Cr powders in TiO2 sol solution were
mixed by magnetic stirrer well and the powders were stored
under no moisture condition before the experiment, it was
still difficult to prevent it from the agglomeration for such a
fine particle completely.

Table 2 indicates the relationship between each element
ratio and R which is varied from 1 wt% to 50 wt% when the
N is set at 1 for Ag-doped TiO2 film. From this table, the
ratio of Ag is increased with increasing R up to 50 wt% since
the amount of Ag powders added into TiO2 sol solution is
increased. However, the increase ratio of Ag is not so large
compared to the exact amount of Ag powders added into
TiO2 sol solution. The density of Ag which is 10787 kg/m3

is much larger than the density of Ti which is 4507 kg/m3.
Although TiO2 sol solution was mixed by magnetic stirrer
well during dip-coating process, most of Ag particles were
liable to sink in TiO2 sol solution in dip-coating process.
Especially, for the case that R is over 10 wt%, the amount of
Ag detected by EPMA is so small compared to the amount
of Ag powders added into TiO2 sol solution, resulting in the
fact that the control of doping a large amount of Ag by sol-
gel and dip-coating process is quite difficult. The SEM image,
that is, Figure 8, of Ag-doped TiO2 film prepared under the
condition of R = 50 wt% shows that there are many holes
and clucks on TiO2 film, which are indicated by pink circles.
However, fewer holes and clucks are seen in SEM image of
Ag-doped TiO2 film prepared under the condition of R =
1 wt% as shown in Figure 6. It is thought that these holes
and clucks in Figure 8 are caused by peeling off TiO2 film. In
addition, from EPMA image of Ag-doped TiO2 film prepared
under the condition of R = 50 wt% shown in Figure 9, it
can be seen that there are some areas where the amount
of Cu is large while the amount of Ti is small. These areas
is pointed out by white circles, while Ag in surrounding
areas are pointed out by red circles. This result is thought
to be caused by peeling off TiO2 film around Ag particles.
However, no such areas where the amount of Cu is large
while the amount of Ti is small are observed in EPMA image
of Ag-doped TiO2 film prepared under the condition of R =
1 wt% as shown in Figure 7. Therefore, it can be concluded
that the peeling off TiO2 film with Ag particles in dip-coating
process only occurs under high R condition.
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Figure 5: EPMA image of Cr-doped TiO2 film prepared under the condition of R = 1 wt%.

Table 1: Relationship between each element and different R for Cr-doped TiO2 film.

R [wt%] 1 10 20 30 40 50 60 70 80 90 100

Element

Cr [wt%] 5.5 7.1 8.2 11.3 13.2 15.3 18.9 22.4 17.0 18.0 18.6

Ti [wt%] 94.5 92.9 91.8 88.7 86.8 84.7 81.1 77.6 83.0 82.0 81.4

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Table 2: Relationship between each element and different R for Ag-
doped TiO2 film.

R [wt%] 1 10 20 30 40 50

Element

Ag [wt%] 0.6 1.4 1.9 2.5 2.6 3.4

Ti [wt%] 99.4 98.6 98.1 97.5 97.4 96.6

Total 100.0 100.0 100.0 100.0 100.0 100.0

3.2. Investigation of the Optimum Doping Ratio of Cr and Ag.
Figure 10 shows the concentration changes of CO produced
by CO2 reforming along the time under the Xe lamp with
UV light on, for several Cr- or Ag-doped TiO2 films prepared
under the different R conditions. In this experiment, CO
is the only fuel produced from CO2 reforming. Since the
concentration of CO started to decrease after illumination of
72 hours for every R, Figure 10 only shows the concentration

up to 72 hours. Before this CO2 reforming experiment, a
blank test, that is, running the CO2 reforming experiment
without illumination of Xe lamp, has been carried out to set
up a reference case. No fuel was produced in the blank test as
expected.

According to Figure 10, the concentration of CO is
increased with increasing R up to 70 wt% for Cr-doped TiO2

film. As Table 1 indicates that the ratio of Cr is also increased
with increasing R up to 70 wt%, the result of CO2 reforming
experiment matches well with the result of EPMA analysis.
On the other hand, it is revealed that the concentration of
CO for R = 1 wt% which is larger than that for R = 50 wt%
though the amount of Ag detected by EPMA for R = 50 wt%
is larger than that for R = 1 wt% as shown in Table 2. The
reason to cause this result might be that TiO2 film was peeled
off with Ag particles in dip-coating process especially under
high R condition. Since the density of Ag is larger than that of
Ti, TiO2 sol solution cannot keep Ag particles on copper disc
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Figure 6: SEM image of Ag-doped TiO2 film prepared under the
condition of R = 1 wt%.

by its viscosity during dip-coating process. When Ag particles
drop, TiO2 sol solution or TiO2 film around Ag particles
drops together. Therefore, the CO2 reforming performance
of R = 50 wt% is lower than that of R = 1 wt%.

To verify the photoresponse extension of TiO2 to the
visible spectrum by Cr or Ag doping, Figure 11 shows the
concentration change of CO with illumination time of Xe
lamp without UV light for several Cr- or Ag-doped TiO2 film
prepared under different R conditions. In this figure, the data
for R = 0 wt%, 50 wt%, 70 wt%, and 100 wt% are shown for
Cr-doped TiO2 film. This figure includes the concentration
change with illumination time of Xe lamp without UV light
more than 72 hours, since it was thought that the time to
attain the peak concentration might be longer than that
under Xe lamp with UV light [51, 59].

It is seen that the concentration of CO for R = 0 wt%
keeps 0 ppmV. Therefore, it means that the prepared TiO2

film without doping does not have the photoresponse
ability of visible spectrum. On the other hand, Cr- or Ag-
doped TiO2 film shows the photoresponse ability of visible
spectrum since the CO is detected. As to the results of Cr-
doped TiO2 film, it reveals that R = 70 wt% is the best
that agrees with the results shown in Table 1 and Figure 10.
However, the peak concentration level of CO without UV
light is lower than that with UV light. The results on Ag-
doped TiO2 film reveal that R = 50 wt% is better than R
= 1 wt% in the experiment without UV light illumination
though the difference between R = 50 wt% and R = 1 wt%
is small.

The following points can be thought to explain these
results.

(i) The CO2 reforming performance is improved by
Cr or Ag doping since the photoresponse ability of
visible spectrum is realized. The light energy which
can be used for CO2 reforming is increased.

(ii) On the other hand, the CO2 reforming performance
can also be declined by Cr or Ag doping since the

recombination of hole and electron occurs. Though
it is thought that sol-gel and dip-coating process can
incorporate dopants into the TiO2 lattice without
lattice defect [47], the lattice defect which causes
the recombination of hole and electron might have
occurred in this study.

(iii) The CO2 reforming performance would be improved
by Cr or Ag doping if the recombination of hole
and electron could be prevented. According to the
previous reports [1, 5, 7, 11–17], a metal loading
is usually adopted to prevent the recombination of
electron and hole under the condition of illumination
of UV light.

Considering the CO2 reforming performance of Cr-
doped TiO2 film, the data shown in Table 1, Figures 10 and
11 are analyzed based on the above three points as follows.

(I) From Figure 10 that the concentrations of CO for
R = 1 wt% and 10 wt% are lower than that for R
= 0 wt%. It is thought that the above described (ii)
should have occurred in this experiment. Therefore,
there is a minimum amount of Cr doping existing in
order to improve the CO2 reforming performance of
TiO2.

(II) As shown in Figure 10, the concentration of CO for
R over 30 wt% is bigger than that for R = 0 wt%.
If the above described points (i) to (iii) were all in
effect equally, the concentration of CO should not
increase. Therefore, it is thought that the point (i) or
(iii) should be dominant until R is up to 70 wt% as
shown in Table 1.

(III) It can be seen from Figure 10 that the concentration
of CO for R over 90 wt% is low. The reason is thought
to be that when R is too high, Cr powders with TiO2

might be removed away from copper disc surface that
is not in contact with the disc during dip-coating
process. Although the amount of Cr powders in TiO2

sol solution is increased under high R conditions, the
Cr in contact with copper disc might be decreased
because the amount of Cr powders being removed
form copper disc might increase more. Therefore, as
a result, the CO2 reforming performance for R over
90 wt% is declined.

(IV) Comparing Figure 10 with Figure 11, the concentra-
tion of CO under visible light (i.e. without UV light)
is lower than that under the UV light. It is thought
that Cr doping has two effects on the CO2 reforming
performance: (1) prevention of recombination of
electron and hole under UV light and (2) extension
of photoresponse ability into visible spectrum. The
results in Figures 10 and 11 show that the effect of
preventing the recombination of electron and hole
under UV light is stronger than that of extending
photoresponse ability to the visible spectrum.

For the effect on the CO2 reforming performance by
the Ag-doped TiO2 film, the results are shown in Table 2,
Figures 10 and 11. From the results, it can be seen that
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Figure 7: EPMA image of Ag-doped TiO2 film prepared under the condition of R = 1 wt%.
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Figure 8: SEM image of Ag-doped TiO2 film prepared under the
condition of R = 50 wt%.

the CO2 reforming performance of R = 50 wt% is better than
that of R = 1 wt% if without UV light illumination, while
the CO2 reforming performance of R = 1 wt% is better than
that of R = 50 wt% if with UV light illumination. The CO2

reforming performance without UV light is generally lower
than that with UV light irrespective of R. For example, when
R = 50 wt% after illumination of Xe lamp of 72 hours, the

CO2 reforming performance without UV light is about thirty
seventh part of that with UV light. The amount of Ag and
the ratio of amount of TiO2 film to doped Ag are important
to improve the photoresponse ability of doped TiO2 film, as
shown in Figure 10. Therefore, R = 1 wt% is selected as the
optimum condition for Ag doping in this study as it gives the
best result as shown in Figure 10. Another point to be noted
is that, compared with Cr doping, Ag doping is much more
effective to promote the CO2 reforming performance under
the conditions with or without UV light.

3.3. Effect of Coating Number of Cr- or Ag-Doped TiO2 Film
on CO2 Reforming Characteristics. Since the product of the
CO2 reforming is only CO in this experiment, it is thought
that the reduction effect of TiO2 is not so strong according to
the reaction scheme shown in Figure 1. From Figure 1, more
electron and proton are necessary to produce hydrocarbons
like CH4, C2H4, and C2H6. When the reduction effect of
TiO2 is promoted, the concentration of CO which is a pre-
product to the hydrocarbons is also increased. The previous
studies [48–51] show that the increase in N is effective to
promote the reduction performance of TiO2 photocatalyst
due to increase of the amount of TiO2. Under the higher
N condition, more electrons are produced by photocatalytic
reaction. The effect of N of Cr- or Ag-doped TiO2 film on
CO2 reforming performance and photoresponse ability of
visible spectrum is investigated further below.
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Figure 9: EPMA image of Ag-doped TiO2 film prepared under the condition of R = 50 wt%.

Figure 12 shows the concentrations of products from the
CO2 reforming after illumination of Xe lamp with UV light
of 72 hours for several Cr-doped TiO2 film prepared under
conditions of different N. In this experiment, two coating
conditions were investigated: Cr is doped in every layer (Nall)
and Cr is doped only in the top layer (Ntop), while R is
fixed at 70 wt% in doping. Figure 12 indicates that the total
concentration of products is increased with increasing N,
since the amount of Cr-doped TiO2 film coated on copper
disc becomes larger with increasing N. However, the degree
of the increase in N for Ntop cases is higher than that for Nall

cases. In addition, it is seen that CH4 and C2H6 as well as
CO are produced more for Ntop cases compared with Nall

cases. This might be caused by the clucks occurring after
finishing firing process. Each layer that is the base for next
upper layer coating is weaker in Nall cases, resulting in the
fact that the uniform coating for each layer is difficult to
achieve. However, it is thought that the coating layers before
the last coating are kept uniform in Ntop cases. The reason
why the concentrations of CH4 and C2H6 are increased with
increasing N in Ntop cases is thought to be the increase in the
amount of TiO2.

Figure 13 shows the concentrations of products from
CO2 reforming after illumination of Xe lamp with UV light
of 72 hours for several Ag-doped TiO2 films prepared under

Table 3: Relationship between each element and different N for Ag-
doped TiO2 film.

N Nall = 1 Nall = 3 Ntop = 3 Ntop = 5

Element

Ag [wt%] 0.6 2.4 0.6 0.6

Ti [wt%] 99.4 97.6 99.4 99.4

Total 100.0 100.0 100.0 100.0

conditions of different N. In this experiment, R is fixed
at 1 wt% in doping. And the results of Nall and Ntop are
shown in this figure. The data of other hydrocarbons, which
were detected for every R, are omitted in this figure since
the values of them are below 50 ppmV. From Figure 13,
the best result is when Nall = 1, though EPMA analysis
shown in Table 3 reveals that the largest amount of Ag
detected is obtained when Nall = 3 under the experimental
conditions. When N is same, the ratio of detected Ag to total
element for Nall is larger than that for Ntop. Although a good
promotion of CO2 reforming performance was expected by
EPMA analysis, Nall = 3 does not show the good CO2

reforming performance. In addition, the result of Ntop is
superior to the result of Nall. Under the condition of Nall,
TiO2 film is liable to be removed by increasing N since
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doped Ag particles cause the uneven thin TiO2 film on the
former coated TiO2 film and make TiO2 film weak. Since
Ag-doped TiO2 film detaches, the amount of coated TiO2

is decreased. On the other hand, under the condition of
Ntop, it is thought that even and steady thin TiO2 film is
coated more easily than Nall. Therefore, the CO2 reforming
performance of Ntop = 3 is better than that of Nall = 3.
However, the CO2 reforming performance of Ntop = 5 is
worse compared with that of Ntop = 3. It might be a result
that doped Ag particles cause clucks of TiO2 film during dip-
coating process due to thermal stress. In the last coating,
the former coated TiO2 film under many N condition is
weaker than that under small N condition, since the copper
disc that is harder than TiO2 film separates from the former
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illumination of Xe lamp with UV light of 72 h for several Ag-doped
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coated TiO2 film by coating repetition. Therefore, the CO2

reforming performance is worse with increasing N to 5.
According to Figure 14 which shows the results without UV
light, the CO2 reforming performances of Ntop = 3 and
Nall = 3 are inferior to that of Nall = 1. Consequently, as
to Ag doping, the N number seems having no impact on
CO2 reforming performance under both with and without
UV conditions. Since the difference of thermal conductivities
between Ag and Ti is larger than that between Cr and Ti, it is
thought that the thermal stress becomes larger for Ag doping
when N increases. By comparing all the results, the best CO2

reforming was achieved under the condition of the Ntop = 7
with Cr doping in this study. Consequently, the large effect
of many N on CO2 reforming performance is obtained for
Cr doping.

After illumination of Xe lamp with UV light of 72
hours, the concentration of CO, CH4, and C2H6 can
reach 8306 ppmV (= 92.5 mmol/g-catalyst), 1367 ppmV
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(= 15.2 mmol/g-catalyst), and 1712 ppmV (= 19.1 mmol/g-
catalyst), respectively, where the method to calculate the
amount of product per weight of catalyst is as follows.

The thickness of Cr-doped TiO2 film should be measured
first, and then with the known surface area of copper disc of
1.96×10−3 m2 and the density of TiO2 of 3900 kg/m3 [60],
the mass of TiO2 can be calculated. XPS analysis was used
to measure the thickness of Cr-doped TiO2 film. Figure 15
shows the Cu element profile through thickness direction
of the Cr-doped TiO2 film in the case of Ntop = 7 by the
XPS analysis. XPS spectra of Cu 3p are detected. In this XPS
analysis, the sputtering rate is about 0.8 nm/min. It is seen
that the intensity of Cu is increased dramatically from about
600 nm in this case. It alludes to the fact that the basis copper
disc is at the depth of 600 nm; that is, the thickness of the
TiO2 film is 600 nm. In this calculation, the weight of Cr has
been ignored since Cr was doped in the top layer only.
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reforming with illumination time of Xe lamp without UV light for
Nall = 7 and Ntop = 7.

To verify the effect of photoresponse extension of TiO2 to
the visible spectrum for Ntop = 7 in Cr coating, Figure 16
shows the results obtained with illumination time of Xe
lamp without UV light. The data for Nall = 1 under
R = 70 wt% is also shown in this figure for comparison.
Although CH4 is produced from the experiment forNtop = 7,
the concentration is below 10 ppmV. Therefore, Figure 16
shows the concentration of CO only. The peak value of
concentration of CO for Ntop = 7 is about 3 times as large as
that of Nall = 1. This proves that in the case of Ntop = 7, the
photoresponse ability of visible spectrum is also promoted
by the increase of the amount of TiO2 and the converted
Cr ion-like Cr3+ brought by encouragement of reduction
performance of photocatalyst. Given that the concentration
of product for R = 0 wt% is at such a low level as shown in
Figures 10 and 11, it can be concluded that CO2 reforming
performance of TiO2 is promoted dramatically by Cr doping.
In the research by Ozcan et al. [24] which tried to extend the
photoresponse of TiO2 to the visible spectrum by Pt loading,
the amount of product from CO2 reforming without UV
light was 104 times less than what we produced in this study.
Therefore, Cr doping by sol-gel and dip-coating process
is effective to promote the CO2 reforming performance of
TiO2.

4. Conclusions

Based on the experimental results, the following conclusions
can be drawn from this study.

Both Cr doping and Ag doping can promote the CO2

reforming performance by TiO2. The optimum R when N
= 1 for Cr doping and Ag doping is 70 wt% and 1 wt%,
respectively. Since the density of Ag is much larger than
the density of Ti, the amount of Ag doped on TiO2 film is
lower compared to the actual amount of Ag powders added
into TiO2 sol solution, resulting in the fact that the good
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CO2 reforming performance is not obtained under large R
condition. The promotion of CO2 reforming performance
by Cr or Ag doping comes from two aspects: (1) the
photoresponse ability being extended to visible spectrum by
the doping, and (2) doping preventing the recombination of
electron and hole if there is UV light. The latter is stronger
than the former. The best result obtained is in the case of
Ntop = 7 with Cr doping under the investigated conditions in
this study.

Acknowledgment

The authors gratefully acknowledge the financial support
from Tanikawa Fund Promotion of Thermal Technology.

References

[1] K. Adachi, K. Ohta, and T. Mizuno, “Photocatalytic reduction
of carbon dioxide to hydrocarbon using copper-loaded tita-
nium dioxide,” Solar Energy, vol. 53, no. 2, pp. 187–190, 1994.

[2] M. Anpo and K. Chiba, “Photocatalytic reduction of CO2

on anchored titanium oxide catalysts,” Journal of Molecular
Catalysis, vol. 74, pp. 207–212, 1992.

[3] B. Aurian-Blajeni, M. Halmann, and J. Manassen, “Photore-
duction of carbon dioxide and water into formaldehyde and
methanol on semiconductor materials,” Solar Energy, vol. 25,
no. 2, pp. 165–170, 1980.

[4] G. R. Dey, A. D. Belapurkar, and K. Kishore, “Photo-catalytic
reduction of carbon dioxide to methane using TiO2 as suspen-
sion in water,” Journal of Photochemistry and Photobiology A,
vol. 163, no. 3, pp. 503–508, 2004.

[5] K. Hirano, K. Inoue, and T. Yatsu, “Photocatalysed reduction
of CO2 in aqueous TiO2 suspension mixed with copper
powder,” Journal of Photochemistry and Photobiology A, vol. 64,
no. 2, pp. 255–258, 1992.

[6] T. Inoue, A. Fujishima, S. Konishi, and K. Honda, “Pho-
toelectrocatalytic reduction of carbon dioxide in aqueous
suspensions of semiconductor powers,” Nature, vol. 277, no.
5698, pp. 637–638, 1979.

[7] O. Ishitani, C. Inoue, Y. Suzuki, and T. Ibusuki, “Phootcat-
alytic reduction of carbon dioxide to methane and acetic acid
by an aqueous suspension of metal-deposited TiO2,” Journal of
Photochemistry and Photobiology A, vol. 72, pp. 269–271, 1993.

[8] S. Kaneco, H. Kurimoto, Y. Shimizu, K. Ohta, and T. Mizuno,
“Photocatalytic reduction of CO2 using TiO2 powders in
supercritical fluid CO2,” Energy, vol. 24, no. 1, pp. 21–30, 1999.

[9] K. Ogura, M. Kawano, J. Yano, and Y. Sakata, “Visible-light-
assisted decomposition of H2O and photomethanation of
CO2 over CeO2-TiO2 catalyst,” Journal of Photochemistry and
Photobiology A, vol. 66, no. 1, pp. 91–97, 1992.

[10] K. Takeuchi, S. Murasawa, and T. Ibusuki, World of Photocata-
lyst, Kougyouchousakai, Tokyo, Japan, 2001.

[11] Z. Goren, I. Willner, A. J. Nelson, and A. J. Frank, “Selective
photoreduction of CO2/HCO−3 to formate by aqueous suspen-
sions and colloids of Pd-TiO2,” Journal of Physical Chemistry,
vol. 94, no. 9, pp. 3784–3790, 1990.

[12] M. Halmann, V. Katzir, E. Borgarello, and J. Kiwi, “Photoas-
sisted carbon dioxide reduction on aqueous suspensions of
titanium dioxide,” Solar Energy Materials, vol. 10, no. 1, pp.
85–91, 1984.

[13] T. Ibusuki, “Reduction of CO2 by photocatalyst,” Syokubai,
vol. 35, pp. 506–512, 1993.

[14] K. Kawano, T. Uehara, H. Kato, and K. Hirano, “Photocatal-
ysed reduction of CO2 in aqueous TiO2 suspension mixed with
various metal powder,” Kagaku to Kyoiku, vol. 41, pp. 766–770,
1993.

[15] C. C. Lo, C. H. Hung, C. S. Yuan, and J. F. Wu, “Photoreduc-
tion of carbon dioxide with H2 and H2O over TiO2 and ZrO2

in a circulated photocatalytic reactor,” Solar Energy Materials
and Solar Cells, vol. 91, no. 19, pp. 1765–1774, 2007.

[16] I. H. Tseng, W. C. Chang, and J. C. S. Wu, “Photoreduction of
CO2 using sol-gel derived titania and titania-supported copper
catalysts,” Applied Catalysis B, vol. 37, no. 1, pp. 37–48, 2002.

[17] H. Yamashita, H. Nishiguchi, N. Kamada, and M. Anpo,
“Photocatalytic reduction of CO2 with H2O on TiO2 and
Cu/TiO2 catalysts,” Research on Chemical Intermediates, vol.
20, pp. 815–823, 1994.

[18] P. Pathak, M. J. Meziani, Y. Li, L. T. Cureton, and Y. P. Sun,
“Improving photoreduction of CO2 with homogeneously dis-
persed nanoscale TiO2 catalysts,” Chemical Communications,
vol. 10, no. 10, pp. 1234–1235, 2004.

[19] J. Qu, X. Zhang, Y. Wang, and C. Xie, “Electrochemical reduc-
tion of CO2 on RuO2/TiO2 nanotubes composite modified Pt
electrode,” Electrochimica Acta, vol. 50, no. 16-17, pp. 3576–
3580, 2005.

[20] X. H. Xia, Z. J. Jia, Y. Yu, Y. Liang, Z. Wang, and L. L.
Ma, “Preparation of multi-walled carbon nanotube supported
TiO2 and its photocatalytic activity in the reduction of CO2

with H2O,” Carbon, vol. 45, no. 4, pp. 717–721, 2007.
[21] F. Cecchet, M. Alebbi, C. A. Bignozzi, and F. Paolucci,

“Efficiency enhancement of the electrocatalytic reduction
of CO2: fac-[Re(v-bpy)(CO)3Cl] electropolymerized onto
mesoporous TiO2 electrodes,” Inorganica Chimica Acta, vol.
359, no. 12, pp. 3871–3874, 2006.

[22] L. F. Cueto, G. A. Hirata, and E. M. Sánchez, “Thin-film
TiO2 electrode surface characterization upon CO2 reduction
processes,” Journal of Sol-Gel Science and Technology, vol. 37,
no. 2, pp. 105–109, 2006.

[23] J. C. S. Wu and H. M. Lin, “Photo reduction of CO2 to
methanol via TiO2 photocatalyst,” International Journal of
Photoenergy, vol. 7, no. 3, pp. 115–119, 2005.

[24] O. Ozcan, F. Yukruk, E. U. Akkaya, and D. Uner, “Dye
sensitized CO2 reduction over pure and platinized TiO2,”
Topics in Catalysis, vol. 44, no. 4, pp. 523–528, 2007.

[25] M. Kitano, M. Matsuoka, M. Ueshima, and M. Anpo,
“Recent developments in titanium oxide-based photocata-
lysts,” Applied Catalysis A, vol. 325, no. 1, pp. 1–14, 2007.

[26] M. Kitano, M. Takeuchi, M. Matsuoka, J. M. Thomas, and M.
Anpo, “Photocatalytic water splitting using Pt-loaded visible
light-responsive TiO2 thin film photocatalysts,” Catalysis
Today, vol. 120, no. 2, pp. 133–138, 2007.

[27] X. Yang, C. Cao, K. Hohn et al., “Highly visible-light active C-
and V-doped TiO2 for degradation of acetaldehyde,” Journal of
Catalysis, vol. 252, no. 2, pp. 296–302, 2007.

[28] R. Dholam, N. Patel, M. Adami, and A. Miotello, “Hydrogen
production by photocatalytic water-splitting using Cr- or Fe-
doped TiO2 composite thin films photocatalyst,” International
Journal of Hydrogen Energy, vol. 34, no. 13, pp. 5337–5346,
2009.

[29] T. Kamegawa, J. Sonoda, K. Sugimura, K. Mori, and H.
Yamashita, “Degradation of isobutanol diluted in water over
visible light sensitive vanadium doped TiO2 photocatalyst,”
Journal of Alloys and Compounds, vol. 486, no. 1-2, pp. 685–
688, 2009.

[30] Y. Xie, Q. Zhao, X. J. Zhao, and Y. Li, “Low temperature prepa-
ration and characterization of N-doped and N-S-codoped



12 International Journal of Photoenergy

TiO2 by sol-gel route,” Catalysis Letters, vol. 118, no. 3-4, pp.
231–237, 2007.

[31] D. Li, N. Ohashi, S. Hishita, T. Kolodiazhnyi, and H. Haneda,
“Origin of visible-light-driven photocatalysis: a comparative
study on N/F-doped and N-F-codoped TiO2 powders by
means of experimental characterizations and theoretical cal-
culations,” Journal of Solid State Chemistry, vol. 178, no. 11,
pp. 3293–3302, 2005.

[32] A. Fujishima, X. Zhang, and D. A. Tryk, “TiO2 photocatalysis
and related surface phenomena,” Surface Science Reports, vol.
63, no. 12, pp. 515–582, 2008.

[33] W. Choi, A. Termin, and M. R. Hoffmann, “The role of metal
ion dopants in quantum-sized TiO2: correlation between
photoreactivity and charge carrier recombination dynamics,”
Journal of Physical Chemistry, vol. 98, no. 51, pp. 13669–13679,
1994.

[34] J. Zhu, Z. Deng, F. Chen et al., “Hydrothermal doping
method for preparation of Cr3+-TiO2 photocatalysts with
concentration gradient distribution of Cr3+,” Applied Catalysis
B, vol. 62, no. 3-4, pp. 329–335, 2006.

[35] J. A. Navio, G. Colon, M. I. Litter, and G. N. Bianco, “Synthesis,
characterization and photocatalytic properties of ion-doped
titanim semiconductors prepared from TiO2 and iron (III)
acetylacetonate,” Journal of Molecular Catalysis A, vol. 106, no.
3, pp. 267–276, 1996.

[36] J. Zhu, W. Zheng, B. He, J. Zhang, and M. Anpo, “Characteri-
zation of Fe-TiO2 photocatalysts synthesized by hydrothermal
method and their photocatalytic reactivity for photodegra-
dation of XRG dye diluted in water,” Journal of Molecular
Catalysis A, vol. 216, no. 1, pp. 35–43, 2004.

[37] M. Anpo, “Preparation, characterization, and reactivities of
highly functional titanium oxide-based photocatalysts able
to operate under UV-visible light irradiation: approaches in
realizing high efficiency in the use of visible light,” Bulletin of
the Chemical Society of Japan, vol. 77, no. 8, pp. 1427–1442,
2004.

[38] M. Anpo and M. Takeuchi, “The design and development of
highly reactive titanium oxide photocatalysts operating under
visible light irradiation,” Journal of Catalysis, vol. 216, no. 1-2,
pp. 505–516, 2003.

[39] J.-M. Herrmann, J. Disdier, and P. Pichat, “Effect of chromium
doping on the electrical and catalytic properties of powder
titania under UV and visible illumination,” Chemical Physics
Letters, vol. 108, no. 6, pp. 618–622, 1984.

[40] H. Kato and A. Kudo, “Visible-light-response and photocat-
alytic activities of TiO2 and SrTiO3 photocatalysts codoped
with antimony and chromium,” Journal of Physical Chemistry
B, vol. 106, no. 19, pp. 5029–5034, 2002.

[41] M. Anpo, M. Takeuchi, K. Ikeue, and S. Dohshi, “Design
and development of titanium oxide photocatalysts operating
under visible and UV light irradiation. The applications of
metal ion-implantation techniqes to semiconducting TiO2

and Ti/zeolite catalysts,” Current Opinion in Solid State and
Materials Science, vol. 6, no. 5, pp. 381–388, 2002.

[42] T. Sumita, T. Yamaki, S. Yamamoto, and A. Miyashita, “Photo-
induced surface charge separation in Cr-implanted TiO2 thin
film,” Thin Solid Films, vol. 416, no. 1-2, pp. 80–84, 2002.

[43] X. Yang, C. Cao, L. Erickson, K. Hohn, R. Maghirang, and K.
Klabunde, “Photo-catalytic degradation of Rhodamine B on
C-, S-, N-, and Fe-doped TiO2 under visible-light irradiation,”
Applied Catalysis B, vol. 91, no. 3-4, pp. 657–662, 2009.

[44] W. S. Tung and W. A. Daoud, “New approach toward
nanosized ferrous ferric oxide and Fe3O4-doped titanium

dioxide photocatalysts,” Applied Materials & Interfaces, vol. 1,
pp. 2453–2461, 2009.

[45] J. Xu, Y. Ao, and D. Fu, “A novel Ce, C-codoped TiO2

nanoparticles and its photocatalytic activity under visible
light,” Applied Surface Science, vol. 256, no. 3, pp. 884–888,
2009.
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Highly porous Co-doped TiO2 nanotubes synthesized from a hydrothermal treatment were used to photodecompose methylene
blue (MB) in liquid phase under visible light irradiation. The anatase-type titania nanotubes were found to have high specific
surface areas of about 289–379 m2/g. These tubes were shown to be hollow scrolls with outer diameter of about 10–15 nm and
length of several micrometers. UV absorption confirmed that Co doping makes the light absorption of nanotubes shift to visible
light region. With increasing the dopant concentration, the optical band gap of nanotubes became narrower, ranging from 2.4 eV
to 1.8 eV, determined by Kubelka-Munk plot. The Co-doped nanotubes exhibit not only liquid-phase adsorption ability, but also
visible-light-derived photodegradation of MB in aqueous solution. The synergetic effect involves two key factors in affecting the
photocatalytic activity of Co-doped titania nanotubes under fluorescent lamp, that is, high porosity and optical band gap. The
merit of the present work is to provide an efficient route for preparing Co-doped TiO2 nanotubes and to clarifying their adsorption
and photocatalytic activity under fluorescent lamp.

1. Introduction

Tubular form of TiO2 has attracted considerable research for
its potential applications in organic light-emitting diodes,
photocatalysts, gas sensors, and high-effect solar cells [1–6],
among others. To enhance efficient photocatalytic applica-
tion, it is generally recognized to increase the active surface
area of TiO2 nanostructures [1, 5]. Recently, various titania
nanotubes have been synthesized by using hydrothermal
treatment [2, 7–9], soft-chemical synthesis [4], and self-
organization combined with electrochemical method [1,
3]. The as-prepared titania nanotube is of mesoporosity
and high aspect-ratio structures with nanocrystalline walls,
showing promising candidates for use in photocatalytic
(e.g., de-NOx catalyst) [5] and photoelectrochemical (e.g.,
electrodes of dye-sensitized solar cell) systems [10].

Hydrothermal treatment is an efficient chemical route,
capable of preparing highly porous TiO2 nanotubes. Early
work has investigated the hydrothermal synthesis of crys-
talline titania particles to produce high-purity titania-based

nanotubes with an average diameter of ca. 10 nm [7–9]. This
ability to fabricate the TiO2 nanotubes is expected to posi-
tively impact realistic applicability. Apart from high porosity,
one of vital concerns on the photocatalytic efficiency of TiO2

nanostructures is based on solar light conversion. Analyzed
on solar light spectrum, visible light accounts for 45% of
energy from the solar radiation, whereas UV light is less
than 3%-4% [11]. This reflects that only 3%-4% solar light
can be applied according to the band gap of anatase-type
TiO2 of 3.0–3.2 eV [3]. One possible way for improving the
efficiency in visible range is to narrow band gap or split
into several subgaps of TiO2. Pioneer studies have reported
doping of TiO2 with suitable species such as metal ions such
as Pt, V, Ni, Mn, Cr, or Fe [11–14], or nonmetals such as N
atoms [8, 15–18]. They have been demonstrated to improve
the photocatalytic reactivity toward organic molecules under
visible light illumination. Recently, the Co doping into
TiO2 nanocatalysts has been confirmed to exhibit superior
photodegradation capability under visible light irradiation
[19, 20]. However, to our knowledge, there are few reports
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on in situ doping on TiO2 nanotubes for enhancement of
visible-light photocatalytic efficiency.

It is believed that a most straightforward approach for
metallic doping would be ion implantation. Although this
doping technique efficiently introduces species into TiO2

compact layers, it unfortunately accompanies the structural
damage of crystallites that may strongly reduce the photon
conversion efficiency [1]. Moreover, the ion implantation
is often expensive based on economic viewpoint. Within
the above scope, this study intends to develop a simple
hydrothermal synthesis of Co-doped titania nanotubes with
cobalt nitrate +NaOH aqueous solutions. TiO2 nanotubes
with various amounts of Co dopants were synthesized to
examine their photocatalytic efficiencies under visible light
irradiation. The as-grown TiO2 nanotubes were also charac-
terized by high-resolution transmission electron microscope
(HR-TEM), UV absorption, N2 physisorption, and visible-
light-derived photocatalysis of methylene blue (MB). In this
study, the relationship between the visible-light photocat-
alytic activity and the amount of Co content has been
explored. The merit of the present work is to provide an
efficient route for preparing highly porous TiO2 nanotubes
and to clarifying their adsorption and photocatalytic activity
under fluorescent lamp.

2. Experimental Section

2.1. Preparation of Co-TiO2 Nanotubes. Titania-based nan-
otubes synthesized by hydrothermal synthesis have been
reported elsewhere [2, 7–9]. The TiO2 precursor used in
this study was commercial TiO2 nanopowders (P25, Degussa
AG), consisted of ca. 30% rutile and ca. 70% anatase in
crystalline phase. In the nanotube preparation, 2 g of the
TiO2 powder was mixed with 100 mL of 10 M NaOH +
0.01 M Co(NO3)2 aqueous solution, followed by thermal
treatment of the mixture at 135◦C in a Teflon-lined autoclave
for 24 hr. Here, four molar ratios of Co to Ti were set at 1,
3, 5, and 7 mol%, respectively. We subjected the precipitate
from filtration to pH-value regulation by mixing it with 1 L
of 0.1 N HNO3 solutions. To obtain anatase-type titania, the
pH value of the slurry was adjusted to 1.6 by HNO3 washing
[7]. The final products were obtained by the filtration with
subsequent drying at 110◦C overnight.

2.2. Characterization of As-Grown Nanotubes. An UV spec-
trometer (Varian Cary100) was applied to analyze the
reflectance spectra of titania samples, ranged from 200 nm
to 800 nm in wavelength. The phase identification of TiO2

nanotubes was characterized by XRD with Cu Kα radiation
using an automated X-ray diffractometer (Philip PW 1700).
HR-TEM (JEOL JEM-6500F) was used for morphological
observations of the Co-TiO2 nanotubes. Specific surface
areas and pore volumes of the derived nanotubes were
determined by gas adsorption. An automated adsorption
apparatus (Micromeritics, ASAP 2000) was employed for
these measurements. Adsorption of N2, as a probe gas, was
performed at −196◦C. Nitrogen surface areas and micropore
volumes of the samples were determined from Brunauer-
Emmett-Teller (BET) and Dubinin-Radushkevich (DR)

equations, respectively. The amount of N2 adsorbed at
relative pressures near unity (P/P0 = 0.98 in this work) has
been employed to determine the total pore volume, which
corresponds to the sum of the micropore and mesopore
volumes. The peak pore diameter of nanotubes can be
estimated according to pore size distribution, determined
from Barret-Joyner-Halenda (BJH) method.

2.3. Liquid-Phase Adsorption and Photodegradation. Adsorp-
tion experiments of MB were conducted by placing a certain
amount of TiO2 adsorber and 100 cm3 of the prepared
aqueous solution into a glass-stoppered flask. The flask was
put in a constant-temperature shaker bath, with a shaker
speed of 100 rpm. The adsorption temperature and period
employed here were 40◦C and 5 hr, respectively. Preliminary
experiments had shown the adsorption process attained
equilibrium in 5 hr for all TiO2 samples used in the present
study.

After liquid-phase adsorption, MB photodegradation on
TiO2 nanotubes was carried out to examine the photocat-
alytic reactivity under visible illumination. The photocat-
alytic decomposition of MB solutions was characterized by
an UV-visible spectrometer (Shimadzu UV-2550). Based on
the Beer-Lambert law [15], the concentration of MB aqueous
solution is linearly proportional to the absorbance of mea-
sured spectrum in the concentration range around 30 mg/L.
The MB-adsorbed titania slurries were also illuminated at
40◦C, employing a 13 W fluorescent lamp. To ensure no UV
light illumination, the irradiation from the fluorescent lamp
was filtered through an UV cut filter (Newport FSQ-GG
400), which allows the visible light >400 nm pass through the
filter. The incident intensity of illumination from the visible
light was set at 750 μW/cm2.

3. Results and Discussion

3.1. Textural Characteristics of Co-TiO2 Nanotubes. The as-
synthesized nanotube samples were designated as Co-1-TNT,
Co-3-TNT, Co-5-TNT, Co-7-TNT, respectively, according
to preparation of different Co/Ti molar ratios. In Figure 1,
the microstructure of Co-TiO2 nanotubes are illustrated
by HR-TEM images. As shown in Figure 1, the as-grown
Co-TiO2 nanotubes are hollow with outer diameters of ca.
10–15 nm, inner diameters of ca. 5–10 nm, and lengths of
several micrometers. Both the ends are opened, which is
extremely critical for their adsorption and photocatalysis
capability. The as-grown Co-TiO2 nanotubes are generally
homogeneous that is, narrow tubular size distribution. It
can be observed from Figure 1 that the nanotubes are scrolls
(unlike carbon nanotubes), showing unequal number of
walls on both of tube sides. The typical nanotube axis is
roughly along the [100] direction of the anatase crystals, as
illustrated in the inset of Figure 1(a).

Figure 2 shows the typical isotherms of N2 adsorption
onto the titania nanotubes with different amounts of Co
dopant prepared from the hydrothermal treatment. These
isotherms are found to have the hysteresis behavior within
high pressure of 0.6–0.98, reflecting that the products are
mainly mesoporous. The pore structures of the titania
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Figure 1: Typical HR-TEM image of (a) Co-1-TNT, (b) Co-3-TNT, and (c) Co-5-TNT nanotubes, prepared by the hydrothermal synthesis.
The inset is the high magnification image on sidewall of the nanotube (sample: Co-1-TNT).

samples determined according to the adsorption data are
also collected in Table 1. These atomic Co concentrations
in titania crystallites were measured by electron diffraction
spectroscopy (EDS) collected, as shown in Table 1. In
comparison, the titania nanotubes (TNT) without any Co
doping is used as a reference. The specific surface areas in a
range of 289–379 m2/g are much higher than for the starting
material (P25), which has a surface area of ca. 50 m2/g. It
can be observed from this table that the titania nanotubes
are highly mesoporous.

As shown in Table 1, the specific surface area is found to
decrease with the doping amount. This change is probably
attributed to the introduction of cobalt atoms in tita-
nia crystalline structure, thus resulting in different titania
nanotubes. Indeed, this transformation of TiO2 precursor
to anatase-type titania nanotube has been well examined
and reported elsewhere [2, 7]. However, the formation of
Co-doped titania nanotubes prepared from hydrothermal
synthesis is rarely discussed. Upon NaOH treatment, some
of Ti–O–Ti bonds are broken, forming an intermediate
containing Ti–O–Na, Ti–O–Co, and Ti–OH. This indicates
that Co and Na atoms would occupy some broken Ti–O
bonds of the TiO2 precursor simultaneously, leading to the
formation of lamellar fragments that are intermediate phase
in the formation process of the nanotube material. These
intermediates would proceed with rearrangement to form
sheets of edge-sharing TiO6 octahedra with Co2+, Na+, and
OH− intercalated between the sheets. Since the bond distance
of Co–O is larger than that of Na–O (ca. 0.23 nm in NaOH)
and H–O (ca. 0.15 nm in H2O), the intercalation with Co2+

ions would result in a larger interlayer distance than that with
Na+ and H+. Then the sheets would be scrolled to become
nanotubes after HCl washing [2]. The rolling of the sheets
reduces the number of surface dangling bonds, and thus
lowers its system energy [8]. The presence of Co ions in these

Table 1: Surface characteristics of Co-TiO2 nanotubes determined
from N2 physisorption at −196◦C.

Materials CCo
a SBET

b Vt
c Pore size distribution

type (ions/cm3) (m2/g) (cm3/g) Vmicro
d (%) Vmeso

e (%)

P25 — 45.8 0.121 0.016 (16) 0.102 (84)

TNT 0 376 0.929 0.118 (13) 0.811 (87)

Co-1-TNT 1.90× 1020 379 0.934 0.117 (13) 0.816 (87)

Co-3-TNT 4.31× 1020 350 0.975 0.118 (12) 0.857 (88)

Co-5-TNT 5.59× 1020 341 0.932 0.117 (12) 0.815 (88)

Co-7-TNT 7.31× 1020 289 0.685 0.118 (17) 0.567 (83)
aCCo: cobalt atomic concentration determined from EDS analysis.
bSBET: specific surface area computed using BET equation.
cVt : total pore volume estimated at a relative pressure of 0.98.
dVmicro: micropore volume determined from DR equation.
eVmeso: mesopore volume determined from the subtraction of micropore
volume from total pore volume.

sheets would probably cause surface heterogeneity, forming
different curvatures of nanotubes. This can be attributed to
a fact that the Co doping affects the surface characteristics
of as-grown nanotubes. The pore size distributions of these
nanotubes are depicted in Figure 3, which were calculated
from their N2 adsorption isotherms, using BJH method.
These distributions are found to have one, two, or three
peaks in mesopore size range. The peak pore sizes range from
8 to 15 nm, identical with the HR-TEM observation. This
implies that both tips of nanotubes are opened and their
inner cavities are accessible to N2 gas molecules. It can be
inferred that the inner cavities in nanotubes possess a major
contribution to the total pore volume.

3.2. XRD and UV Absorption of Co-TiO2 Nanotubes. The
XRD patterns of as-grown titania samples with different
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Figure 2: Adsorption (solid symbol)/desorption (empty symbol) isotherms of N2 onto titania nanotubes at −196◦C: (a) Co-1-TNT; (b)
Co-3-TNT; (c) Co-5-TNT; (d) Co-7-TNT.

amounts of Co dopant are shown in Figure 4. It is known
that the precursor P25 has ca. 70% anatase and ca. 30%
rutile phases. It can be seen from XRD patterns that the
representative peaks are anatase [101], [004], [200], [105],
and [204] diffractions at scattering angles (2θ) of 25.3◦,
36.6◦, 48.0◦, 55.0◦, and 62.6◦, respectively. It is obvious
that the rutile of P25 has been transferred to anatase. The
anatase phase with a longer c axis has been reported to be
the preferred phase in TiO2 nanotubes [7, 8]. Interestingly
enough, the peak intensity is found to increase with the
dopant concentration. Generally, the vague peaks reflect the
small number of crystalline layers due to the small wall
thickness of the tubes. This implies that the doping of Co may

affect the rolling of the sheets; that is, different curvatures of
rolled sheets would dominate the wall thickness of tubes.

The XRD cannot identify the low amount of Co dopant
in titania nanotubes due to its detection limit. However,
three diffraction peaks (101), (004), and (200) appear a slight
shift after the introduction of Co dopant (see Figure 4),
resulting in the small change of lattice parameters. Accord-
ingly, this result reflects that the Co dapants insert into the
crystalline TiO2 structures without any Co or cobalt oxide
coatings. The lattice parameters and interlayer distances of
various titania nanotubes based on the XRD patterns are
collected and listed in Table 2. It can be seen that undoped
TiO2 nanotubes have lattice parameters (a- and c-axis) of
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Figure 3: Pore size distributions of various Co-doped TiO2 nanotubes determined from BJH method.

0.3710 and 0.9502 nm, respectively, in the unit cell based
on the tetragonal Bravais lattice. In comparison with the
Co-doped titania nanotubes, there exists derivations of
0.65%−2.05% (a-axis) and 0.44%−0.78% (c-axis), and the
deviation increases with the amount of Co dopants. After
the Co doping, the interlayer distances of d(200) and d(004)

gradually extend, confirming the intercalation of Co dopants
into the anatase-type crystals.

To inspect the concentration of Co dopant, an EDS
technique was employed to measure atomic ratios of as-
synthesized titania samples. Table 1 shows the atomic ratios
of the nanotubes determined form EDS analysis. The weight
percentage of Co dopant to TNT for all Co-doped titania
nanotubes has an order as follows: Co-1-TNT (0.19%) < Co-
3-TNT (0.43%) < Co-5-TNT (0.56%) < Co-7-TNT (0.73%).
Generally, the atomic ratio of Co is found to be slightly lower
than the operating ionic concentration in the precursor. The
decrease can be attributed to the replacement of metal ions
with protons during acid washing.

Figure 5 shows the diffuse reflection spectra of the titania
nanotubes as a function of wavelength. It is well known

Table 2: Lattice parameters and interlayer distances of TiO2

nanotubes with different amounts of Co dopants, based on the XRD
patterns.

Materials c (nm) a (nm) d(200) (nm) d(004) (nm)

P25 0.9508 0.3708 0.1864 0.2377

TNT 0.9502 0.3710 0.1865 0.2380

Co-1-TNT 0.9544 0.3734 0.1867 0.2386

Co-3-TNT 0.9556 0.3748 0.1874 0.2389

Co-5-TNT 0.9568 0.3756 0.1878 0.2392

Co-7-TNT 0.9576 0.3786 0.1893 0.2394

that anatase-type TiO2 crystalline structure has a strong
absorption edge below ca. 380 nm [11]. The absorption edges
of Co-doped TiO2 nanotubes show a shift to visible-light
region (i.e., >400 nm in wavelength). After that, an obvious
peak is found within the wavelength region 550–650 nm,
in where the peak height is found to increase with the
dopant concentration. The absorption peak at 550–650 nm
can be ascribed to the formation of impurity energy level
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Figure 5: Diffuse reflection spectra for TiO2 nanotubes with
different Co dopant concentrations.

within the band gap. This proves that the hydrothermal
doping technique has modified the UV-visible absorption
characteristics of titania catalysts.

Theoretically, the absorption spectrum used for the cal-
culation of band gap can be expressed in terms of F(R),

Kubelka-Munk (KM) model. The diffuse reflectance, R, of
the titania sample is related to the KM function by [21–23]

F(R) = (1− R)2

2R
= α

S
, (1)

where α and S represent the absorption coefficient and
the scattering coefficient, respectively. The KM model is
frequently used to estimate the absorption band gap based
on the diffuse reflection spectra [21, 23]. The optical band
energy of titania samples can be evaluated by using a linearity
plot of [F(R) · hν]1/η versus hν, in which hν is the energy of
the incident photon and the exponent η depends on the type
of optical transition caused by photon absorption [23]. An
excellent fitting was proposed by using the KM plots (η =
2) for the metal-oxide nanocrystals. As shown in Figure 6,
the linearity KM plots were extended and intersected with
x-axis, that is, the energy of the incident photon. The inter-
section represents the optical band gap of titania samples.
It can be seen that all magnitudes of band gaps are smaller
than 3.2 eV, and the optical band gap shows a decreasing
trend with the Co dopant concentration: Co-1-TNT (2.3 eV)
> Co-3-TNT (2.1 eV) > Co-5-TNT (2.0 eV) > Co-7-TNT
(1.9 eV). The above results disclose two messages: (i) the
Co dopants effectively make the band gap narrower and (ii)
the variation of band gap depends on dopant concentration.
Figure 7 shows a quantitative description of the band gap as
a function of dopant concentration in Co-TiO2 nanotubes.
A gradual decreasing relationship between the optical band
gap and the number of Co dopants confirms that the
hydrothermal synthesis of Co doping in the TiO2 nanotubes
leads to a pathway of “communicated electrons” between
these crystals.

3.3. Adsorption and Visible-Light Photocatalysis of MB on Co-
TiO2 Nanotubes. To examine the photocatalytic efficiency
of titania samples, a possible mechanism for removing
MB on Co-TiO2 nanotubes is taken into account, which
consists of (i) liquid-phase adsorption of MB and (ii)
photocatalysis of adsorbed MB under fluorescent lamp.
Numerous studies have proposed the similar photocatalytic
mechanism in describing decomposition of various organics
on TiO2 and ZnO nanostructures [24–29]. Accordingly, the
adsorption capability of MB on titania nanotubes plays
an important role in affecting the photocatalytic efficiency.
Thus, the active sites for MB adsorption are believed to
be governed by the surface structure of titania nanotubes.
To figure out adsorption and photocatalysis effects, an
adsorption experiment in complete darkness is carried out
first. The adsorption capacity as a function of time for
all titania nanotubes is shown in Figure 8. An adsorption
equilibrium of MB adsorption within 2 hr is reached, and the
adsorption capacities show an order as follows: Co-1-TNT
(110 mg/g) > TNT (101 mg/g) > Co-3-TNT (97 mg/g) > Co-
5-TNT (91 mg/g) > Co-7-TNT (70 mg/g). These adsorption
capacities of titania nanotubes are much higher than that of
nanoparticles [30]. This order is generally followed by the
magnitude of specific surface area of nanotubes, indicating
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that the nanotubes offer different numbers of active sites for
the MB adsorption in liquid phase.

As for MB-titania interaction, the electrostatic attraction
plays a crucial role in the physical adsorption [31]. The
adsorption process can be tentatively expressed in thermo-
dynamic term as

TNT∗ + MB ←→ TNT∗(MB) (R1)
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Figure 8: Liquid-phase adsorption of MB followed by visible-light
photocatalysis kinetics of as-prepared product of Co-doped TiO2

nanotubes at 40◦C.

where MB represents the adsorbates in liquid phase, TNT∗

the available adsorptive sites on titania nanotubes, and TNT∗

(MB) the adsorptive sites occupied by MB molecules. The
sum of TNT∗ and TNT∗ (MB) numbers is thus the total
number of sites, capable of adsorbing the MB molecule at
monolayer coverage (R1). The adsorptive surface coverage
Θads, that is, the fraction of BET area covered by MB
molecules, can be evaluated by assuming that the area
occupied by a MB molecule is estimated to be 130 Å2 [31].

The calculated adsorptive coverage Θads for the nan-
otubes ranges from 60% to 70%, proving the presence of
surface heterogeneity for MB adsorption. The adsorptive
coverage shed a clue that explores (i) the normalization
of adsorptive areas due to different porosities of Co-doped
TNTs and (ii) the number of active sites for adsorbing
MB molecules from the initial aqueous solution. Since all
Co-TiO2 nanotubes has alike physically surface structure
(e.g., mesopore fraction and pore size distribution), this
difference among Θads values is thus attributed to surface
heterogeneity, contributed from the presence of Co dopants.
Figure 9 shows the variation of surface coverage Θads with
Co dopant concentration. The adsorptive surface coverage
(Θads) smaller than 100% reflects that MB cannot completely
wet titania surface in the adsorption system. Generally, the
liquid-phase adsorption in the monolayer region is different
from that in the multiplayer region, and the surface coverage
possibly relates to hydrolyzed surface area and existence of
–OH group over titania nanotubes. Basically, TiO2 surface
favors hydrophilic behavior [4], whereas metallic cobalt
appears a more hydrophobic characteristic. Pan et al. have
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revealed the enhanced hydrophobicity of Co-doped TiO2

nanocrystals [32]. However, it is worth noting that the MB
molecules in aqueous solution are prone to be hydrates,
favoring the surface of hydrophilic nanotubes. Accordingly,
the adsorption capacity shows a gradual decreasing function
of the amount of Co dopant. Thus, more Co doping would
lead to the better water repellency, probably diminishing
adsorptive surface coverage of MB in aqueous solution.

Visible-light photocatalysis of MB on Co-TiO2 nan-
otubes is conducted after attaining adsorption saturation,
and the photocatalytic kinetics are also shown in Figure 8.
As expected, original TNT appears a little visible-light
photocatalytic capability (<3 mg/g), whereas these Co-TiO2

nanotubes display photocatalytic ability in decomposing
organic dyes under fluorescent lamp. This proves that the
hydrothermal synthesis of Co-TiO2 tubes is an efficient
approach in enhancing not only specific surface area but
also photocatalysis performance under fluorescent lamp.
Accordingly, the synergetic effect involves two key factors
in affecting the photocatalytic activity of Co-doped titania
nanotubes under fluorescent lamp, that is, high porosity and
optical band gap. However, these kinetic curves appear a
slower MB removal rate in comparison with the liquid-phase
adsorption, since the photocatalytic equilibrium takes a long
period of 40 hr. The visible-light photocatalytic effectiveness
seems to be less significant than the adsorption.

The adsorption process has been illustrated as (R1). The
photocatalysis of MB molecules under visible illumination
can be considered as a surface-catalyzed reaction, which
depends on the number of adsorptive sites and optical
band gap of TS catalysts. It is generally recognized that
conduction band electrons (e−) and valence band holes (h+)

are generated on the surface of photocatalysts when the
aqueous catalyst suspension is illuminated by light with an
energy higher than the band gap energy [33], as expressed in
(R2). Holes can react with water adhering to the surface of
Co-TiO2 nanotubes to form highly reactive hydroxyl radicals
(OH•), as shown in (R3). Oxygen acts as an electron acceptor
by forming a superoxide radical anion (O•2

−), as shown in
(R4). The suspension of superoxide radical anions may act
as oxidizing agents or as an additional source of hydroxyl
radicals via the subsequent formation of hydrogen peroxide,
as shown in (R5)–(R7). The strong oxidants associated with
hydroxyl radicals react with adsorbed MB molecules, and
make the blue solution colorless, as shown in (R8). Since
decomposition reaction of the MB is composed of several
steps, (R8) is just a simplified form [33].

TiO2 + hν −→ e− + h+ (R2)

H2O + h+ −→ OH • + H+ (R3)

O2 + e− −→ O•2
− (R4)

O•2
− + H+ −→ HO2• (R5)

2HO2• −→ H2O2 + O2 (R6)

H2O2 + O•2
− −→ OH • + O2 + OH− (R7)

OH • + MB+ −→ colorless compound (R8)

Accordingly, this reaction (R2) enables the promotion of
redox ability of the photogenerated electron-hole pairs, by
carrying out the following sequences. The Co-doped crystals
are capable of acquiring the excitation energy from visible
irradiation. This is attributed to the fact that its narrow band
gap easily obtains the electron-hole pairs over the nanotubes
under fluorescent lamp, thus, leading to the photocatalytic
activity.

The photocatalytic reaction is basically a surface reaction
that is assumed to take place on the adsorptive site. If this
assumption is correct, the surface coverage of photocatalysis
sites should be the same as that of adsorptive sites based
on equal apparent rate constants. According to the photo-
catalytic capacity at 40 hr visible illumination, the surface
coverage for MB photocatalysis (Θphoto) is evaluated for
proving the above assumption. The relation of calculated
Θphoto values versus Co dopant concentration is also plotted
in Figure 9. It can be seen that the two surface coverages,
Θads and Θphoto, cannot match each other, indicating that
the assumption fails. The smaller value of Θphoto (i.e.,
within 20%–40%) shows that only 50%–60% MB-adsorbed
sites would be photocatalyzed under fluorescent lamp. This
result can be attributed to two possible explanations. The
first one is that the source of visible-light irradiation in
this study is too weak to photogenerate enough number
of electron/hole pairs, thus partially photocatalyze some
MB-adsorbed sites. Secondly, the photocatalysis is a parallel
and complicated chemical reaction (R2)–(R8), showing a
higher energy barrier than the physical adsorption needed.
Generally, the physical adsorption of MB would take place
on nonspecific sites, whereas the photocatalysis generates
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only on some specific adsorptive sites. On specific sites,
the photoexcited energy required (1.8–2.4 eV) is one or two
order higher than the physisorption. Additionally, the visible
photocatalysis of MB takes a very long period in comparable
to the physisorption, as shown in Figure 8. This means that
the serial of photocatalytic reactions (R2)–(R8), including
photoinduction, electron/hole generation, radical formation,
and MB decomposition, thus become a rate-determining
step during MB decomposition process. Thus, this may
induce a lower surface coverage for photocatalysis of MB
under fluorescent lamp.

As shown in Figure 9, the value of Θphoto, is also a
decreasing function of the Co dopant concentration. Again,
this confirms that the optical band gap is not the key
factor in affecting the visible photocatalytic performance.
In this work, 1 at. % Co dopant concentration in titania
crystalline structure is competence for visible photocatalysis.
This couple of decline relationship in Figure 9 can be
ascribed to that total amount of adsorptive sites significantly
affects the number of photocatalyzed sites. Accordingly,
titania nanotubes with a large number of pores are expected
to facilitate the liquid-phase adsorption capacity, which
also induces the enhancement of the visible photocatalysis
capability.

4. Conclusions

The present work showed efficient Co doping of highly
porous TiO2 nanotubes by hydrothermal synthesis. The
specific surface areas of Co-doped TiO2 nanotubes were
found to have a great value of ca. 289–379 m2/g. These
tubes were shown to be hollow scrolls with a typical
outer diameter of about 10–15 nm, inner diameter 5–10 nm
and length of several micrometers. The titania nanotubes
had an anatase-type crystalline structure. UV absorption
analysis reflected that these titania nanotubes show a strong
absorption in the visible range and narrow optical band
gap within 1.8–2.4 eV, according to the KM plots. We
have confirmed that the Co-TiO2 nanotubes displayed a
photocatalysis ability in decomposing organic dyes under
fluorescent lamp. The visible photocatalysis would take a
long period of 40 hr, indicating that the visible photocatalysis
is a rate-determining step during the MB removal process.
On the basis of the results, the hydrothermal synthesis of
Co-TiO2 tubes is an efficient approach in enhancing not
only specific surface area, but also photocatalysis capability
under fluorescent lamp. This novel titania nanostructure,
Co-doped titania nanotubes, can improve the photocatalytic
efficiency in a variety of photocatalysis applications because
of the combination effect of a high porosity with a visible-
light-derived photocatalysis.
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N, Cd-codoped TiO2 have been synthesized by thermal decomposition method. The products were characterized by X-ray
diffraction (XRD), scanning electron microscope (SEM), UV-visible diffuse reflectance spectra (DRS), X-ray photoelectron
spectroscopy (XPS), and Brunauer-Emmett-Teller (BET) specific surface area analysis, respectively. The products represented good
performance in photocatalytic degradation of methyl orange. The effect of the incorporation of N and Cd on electronic structure
and optical properties of TiO2 was studied by first-principle calculations on the basis of density functional theory (DFT). The
impurity states, introduced by N 2p or Cd 5d, lied between the valence band and the conduction band. Due to dopants, the band
gap of N, Cd-codoped TiO2 became narrow. The electronic transition from the valence band to conduction band became easy,
which could account for the observed photocatalytic performance of N, Cd-codoped TiO2. The theoretical analysis might provide
a probable reference for the experimentally element-doped TiO2 synthesis.

1. Introduction

Due to its ability to decompose harmful organic pollutants
completely [1, 2], nano-TiO2 has attracted much interest
in the last few decades as an environmental purification
photocatalyst. However, the band gap of the TiO2 is in
the range of 3.0–3.2 eV (3.2 eV for anatase and 3.0 eV for
rutile), and only the UV fraction of solar light (about 3–
5%) is effective for inducing photoactivity [3]. It has been
realized that doping played a dramatic role in shifting the
absorption edge to a lower energy region and increasing
the photocatalytic activity in the visible light region [4–
7]. A substantial amount of research work have focused on
improving the absorption of visible light (400–800 nm) by
nonmetal doping with N [5, 7–9], C [4, 6, 10], S [11], F [12],
I [13], B [14], P [15], and so forth.

Metal doping can significantly reduce the band gap and
promote electronic excitation under visible light irradiation.
Umebayashi et al. [16] reported that electron localization

and migration by the dopant played an important role in
light response of TiO2. Mn-doping modified the electronic
structure of rutile TiO2 and improved the catalytic per-
formance [17]. Andronic et al. [18] reported that there
was a linear correlation between the band gap energy
of the Cd-doped TiO2 films and dyes photodegradation
efficiency. Cd-doped mesoporous titania had high visible-
light photocatalytic activities [19]. Whether as interstitial
atom or lattice atom displacement, metal doping introduces
impurity states between valance band (VB) and conduction
band (CB), which act as electrons and holes recombination
centers and can capture most of the charge carrier. So,
the metal ion doping plays a limit role in improving the
photocatalytic activity of TiO2.

Due to doping, there always exist unfavorable factors,
such as oxygen vacancy, brought by charge imbalance for
either single metal or nonmetal element doping. However,
the bielement doping is likely to maintain charge balance
through charge compensation in the crystals. Wen et al. [20]
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discussed the effect of bielement doping and the calcina-
tion temperature on the microstructure and photocatalytic
activity of I, F codoped TiO2. Nonionic surfactant was used
as template to prepare N, F codoped TiO2 for degradation
of microcystin [21]. Xu et al. [22] found that there was a
new electronic level in the structure of Ce, C codoped TiO2

and pointed out that Ce doping could delay recombination
of electrons and holes, shift the absorption to the red
light region and enhance its photocatalytic activity. Tan et
al. [23] studied the mechanism of light absorption and
photocatalytic properties of Mo, N codoped TiO2 and
pointed out that oxygen vacancies played an important role
in improving the photocatalytic performance of TiO2. Due
to the strong synergistic effect of W and N, the electronic
structure was changed with the band gap narrowing and
the optical absorption increasing [24]. Pingxiao et al. [25]
studied preparation and photocatalysis of TiO2 nanoparticles
doped with nitrogen and cadmium, and the results of the
study showed that nitrogen and cadmium codoping caused
the absorption edge of TiO2 to shift to the visible-light
region. At present, the theoretical research of N, Cd-codoped
anatase TiO2 (101) surface has not been seen reported.

In our work, bare TiO2, Cd-doped, N-doped and N,
Cd-codoped TiO2 photocatalysts have been synthesized
by thermal decomposition method. The products were
characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), UV-visible diffuse reflectance spectra
(DRS), and X-ray photoelectron spectroscopy (XPS), respec-
tively. The photocatalytic activities of samples were studied
on the degradation of methyl orange (MO). First-principle
calculations based on density functional theory (DFT) were
performed to probe the effect of N and Cd incorporation
on electronic structure and optical properties of TiO2. To
the best of our knowledge, this is the first theoretical
explanation to rationalize the gap narrowing mechanism and
the substitutional and adsorptive roles of N and Cd doping
in surface-state anatase. The theoretical calculations were
used to account for the experimental observation which was
high photocatalytic performance of N, Cd-codoped TiO2 for
organic pollutants degradation.

2. Experimental

2.1. Photocatalyst Preparation. The photocatalyst series have
been synthesized by thermal decomposition method, using
dodecylamine as nitrogen source and cadmium nitrate
(Cd(NO3)2) as Cadmium source. Isopropanol and tetra-
n-butyl titanate (TTNB) were added into 250 mL round-
bottom flask in turn according to a certain proportion,
then 100 mL acetic acid solution (pH = 2) was added with
magnetic stirring to form transparent solution. After then,
dodecylamine and Cd (NO3)2 was added into the solution
according to certain molar ratio. The obtained solution was
then transferred to a 250 mL three-neck boiling flask. After
having been stirred vigorously for 24 h, it was heated in
the paraffin bath, with the temperature rising gradually to
120◦C at a rate of 10◦C/h and temperature heating for two
hours, until a white precipitate appeared. The precipitate was
washed with ethanol until pH = 7 and dried at 60◦C for 24

hours, forming a white solid composite. Finally, the samples
were calcined at certain temperature in muffle furnace for 2
hours. Bare TiO2, Cd-doped TiO2, and N-doped TiO2 were
prepared in the same way.

2.2. Characterization. The crystalline phase of the pow-
ders that evolved after calcination was examined by XRD
with a Rigaku D/MAX-2000 diffractometer, using Cu Kα
irradiation (λ = 0.154056 nm) at 45 kV and 40 mA. The
crystallite size (D) was estimated from the width of lines
in the XRD pattern according to the Scherrer equation.
A scanning electron microscope (SEM) JSM-6300 (JEOL
Ltd, Japan) was used to investigate the surface morphology
of the sample. In addition, UV-vis diffuse spectra were
measured at room temperature with a UV-vis spectrometer
(Cary-500, Varian Co.). Nitrogen adsorption-desorption
isotherms at 77 K were measured using a Quantacherome
Nove 1000e system, and the Brunauer-Emmett-Teller (BET)
surface area was calculated from the linear part of BET
plot. X-ray photoelectron spectroscopy (XPS) measurements
were performed with the ESCALAB 250 Microprobe System
(ThermoFisher SCIENTIFIC), using the Mg K Line of a
300 W Mg X-ray tube as a radiation source at 15 kV. All the
binding energies were referenced to the C 1s peak at 284.8 eV
of the surface adventitious carbon.

2.3. Photocatalytic Activity Measurements. Photocatalytic
activity of photocatalysts was evaluated by the degradation of
MO, which was performed in an SGY-I photochemical reac-
tor (Nanjing, Stonetech. EEC Ltd. Nanjing, China). A quartz
cylinder (50 × 450 mm) was placed inside the reactor and
illuminated with 300 W high-pressure mercury lamp. For
each condition, a certain amount of powders was added into
500 mL of aqueous solution of MO (20 mg·L−1). A magnetic
stirrer was located at the bottom of the quartz cylinder so
that a homogeneous TiO2 suspension could be maintained
throughout the reaction. The solutions containing photocat-
alysts were stirred mechanically in the dark for 30 min to
ensure adsorption-desorption equilibrium between MO and
photocatalyst powders. The photocatalytic experiment was
repeated under the identical reaction conditions to confirm
the reproducibility. During the experimental process, 5 mL of
aqueous suspension was taken from the quartz cylinder after
specific intervals, centrifuged, and filtered through 0.45 μm
millipore filter to monitor the degradation of MO dye. UV
spectrophotometer (UV-vis Cary50; Varian Co.) was used to
monitor changes in the spectral intensity distribution of the
dye.

3. Results and Discussions

3.1. XRD Analysis. The phase structure, crystallite size, and
crystallinity of TiO2 play an important role in photocatalytic
activity, and many studies have confirmed that anatase
phase of titania shows higher photocatalytic activity than
brookite or rutile phase [26]. The XRD patterns of TiO2

photocatalysts calcined at 450◦C were showed in Figure 1.
There existed sharp diffraction peaks, which lay at 25.4◦,
37.9◦, 48.0◦ and 53.9◦, corresponding to (101), (004),
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Figure 1: XRD patterns of photocatalysts calcined at 450◦C.

(200), (105) anatase crystal plane diffraction, respectively.
There were no apparent diffraction peaks at 27.5◦ and 54.5◦

in the XRD patterns, indicating the rutile phase did not exist
in the sample. It indicated that the prepared products were
anatase-TiO2 monophase and element-doping did not affect
the crystalline phase of TiO2 catalyst.

It was also seen in Figure 1 that the intensity of the
maximum diffraction peak (2θ = 25.4◦) of the bare TiO2, Cd-
TiO2, N-TiO2, and N, Cd-codoped TiO2 decreased in turn.
The average size of crystallites was estimated based on the
broadening of (101) peak at 2θ = 25.4◦ according to Scherrer
equation. The crystal diameter of bare TiO2, Cd-TiO2, N-
TiO2 and N, Cd-TiO2 was 14.56 nm, 12.55 nm, 13.34 nm,
and 12.60 nm, respectively. It indicated that element-doping
inhabited the crystal grain growth and particles aggregation,
resulting in larger specific area. Small particle size could
shorten the route of an electron migrates from the conduc-
tion band of the TiO2 to its surface, while large surface area
could provide more active sites and absorb more reactive
species. Additionally, there was no new crystalline phase for
Cd-TiO2, N-TiO2, and N, Cd-TiO2, illustrating that the N
and Cd doping did not change the catalysts phase.

3.2. SEM Analysis. Figure 2 showed SEM micrograph of
the calcinated samples at 450◦C. The SEM images showed
that nanoparticles were uniform (12∼15 nm), global and
slightly agglomerated. Further observation indicated that
the morphology of samples was very rough and might be
beneficial to enhancing the adsorption of reactants.

3.3. UV-Vis DRS Analysis. Figure 3 illustrated the UV-
vis DRS of the photocatalysts. Compared to the strong
absorption in the UV region, the absorption in the visible
region was relatively weak for all the photocatalysts. Both in
the UV region (<400 nm) and visible region, the absorptions
of as-prepared photocatalysts were all stronger than that of
pure TiO2. The intensity of absorption of pure TiO2, Cd-
TiO2, N-TiO2, and N, Cd-doped TiO2 increased in turn,
and the absorption intensity of N, Cd-codoped TiO2 was the
strongest. The band gap (Eg) of the photocatalysts could be
calculated for practical purposes by the following equation
[27]

Eg = 1240
λ

, (1)
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Figure 2: SEM images of N, Cd-codoped TiO2 calcined at 450◦C.
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Figure 3: DRS of photocatalysts: a: pure TiO2, b: Cd-doped TiO2,
c: N-doped TiO2, and d: N, Cd-codoped TiO2.

where λ is the absorbance wavelength. The band gaps of
TiO2 catalysts were shown in Table 1. The Eg of pure
TiO2, Cd-codoped, N-doped, and N, Cd-codoped TiO2

was 3.20 eV, 3.16 eV 3.15 eV, and 3.08 eV, respectively. The
band gaps of as-prepared photocatalysts were all smaller
than that of pure TiO2. The absorption edges of Cd-doped
TiO2 (392.4 nm), N-doped TiO2 (394 nm), and N, Cd-
codoped TiO2 (402.6 nm) were larger than that of pure TiO2

(387.5 nm), which indicated that the observation of optical
bands in the visible range (400–550 nm) could be ascribed
to doping. The absorption in the visible region might be
induced by a subband-gap transition corresponding to the
excitation from the valence band to the impurity band [9].
The absorption of N, Cd-codoped TiO2 in the visible light
(λ = 402.6 nm) was the maximum, indicating the codoping
of N and Cd might have a synergistic effect on enhancing the
photocatalytic activity.

3.4. Surface Area Analysis. The photocatalytic activity of
photocatalyst is relative to the number of active surface
sites, the surface properties of photocatalysts often have
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Table 1: Absorption edges and the band gaps of samples.

Pure TiO2 Cd-TiO2 N-TiO2 N, Cd-TiO2

λ (nm) 387.5 392.4 394 402.6

Eg (eV) 3.20 3.16 3.15 3.08

important effects on their photocatalytic activity. The BET
surface area of N, Cd-TiO2 (102.67 m2/g) was also higher
than those of Cd-TiO2 (95.63 m2/g), N-TiO2 (81.90 m2/g),
and bare TiO2 (69.81 m2/g). It could be concluded from
the experimental results that element-doping inhabited the
crystal grain growth and particles aggregation. And the
addition of N and Cd played the synergistic effect in
modification the structure of TiO2. The doping led to the
crystal structure distortion, crystallinity reduction, and the
specific surface area increasing, which would enhance the
effective organic adsorption on the surface of catalyst. It also
made the electronic migration from crystal inner to surface
easy. The crystal surface defects could inhibit the electron-
hole pairs on the catalyst surface, which would result in
the photocatalytic activity increasing. It also indicated that
the strong synergistic interaction of N and Cd appeared to
play an important role in driving the excellent photoactivity
performance of the N, Cd-TiO2, which could be seen in
Section 3.6.

3.5. XPS Analysis. The XPS survey spectrum of the N, Cd-
TiO2 was showed in Figure 4(a). XPS peaks showed that
the N, Cd-TiO2 photocatalyst contained Ti, O, N, and
Cd elements and a trace amount of carbon. The presence
of carbon was ascribed to the residual carbon from the
precursor solution and the adventitious hydrocarbon from
the XPS instrument itself.

Figure 4(b) showed the N1s XPS spectrum of the N, Cd-
codoped TiO2. A peak appeared at 405.4 eV and a small
peak appeared at 399.6 eV, which was ascribed to the N
atoms from adventitious N–N, N–H, O–N, or N-containing
organic compounds adsorbed on the surface of TiO2 [5].
This analysis indicated that N atoms were incorporated into
the TiO2 crystallattice under our experimental condition.
Figure 4(c) showed the Cd 3d XPS spectra of N, Cd-TiO2. A
peak appeared at 405.3 eV and was ascribed to the Cd atoms
(Cd 3d5/2) from Cd and CdCO3. The results showed that Cd
did not incorporate into the TiO2 crystal lattice but existed
in the form of CdCO3. It might also suggest that Cd was
gradually excluded from the Ti-O framework to the surface
of titania, and hindered the anatase crystallites from growing
in size.

3.6. Photocatalytic Activity. Figure 5 showed the relationship
between the degradation and the irradiation time for each
photocatalyst during the photocatalytic degradation of MO.
It indicated that there were obvious photocatalytic activities
under irradiation for all photocatalysts. Until irradiated for
15 minutes, the degradation rates on the MO for bare
TiO2, Cd-TiO2, N-TiO2, N, Cd-codoped TiO2 were 88%,
95%, 97%, and 99%, respectively. And the degradation rate

corresponding to the N, Cd-codoped TiO2 catalyst was
the highest. After being irradiated for no more than 30
minutes, the degradation rates of as-prepared photocatalysts
all almost reached 100% (pure TiO2, Cd-TiO2 N-TiO2, N,
Cd-codoped TiO2 were 99.0%, 99.3%, 99.4%, and 99.6%,
resp.). The enhanced photocatalytic performance showed N,
Cd codoping played a synergistic role in the improvement
of the photocatalytic properties of titania. It indicated that
element codoping was an effective means to improve the
photocatalytic performance of photocatalysts.

4. Theoretical Analysis

4.1. Calculation Models and Methods. First-principles cal-
culation based on DFT [28, 29] was performed to explore
the effect of dopants on the electronic structure and optical
properties of photocatalysts. The anatase (101) surface was
modeled with a periodically repeated slab. We considered a
pure TiO2 surface supercell containing 96 atoms, of dimen-
sion 2 × 2 in the [101] and [010] directions, respectively,
corresponding to a surface area of 10.89 × 7.55 Å2 and the
number of the atom layers was 4. It was named as 2 × 2− 4,
as shown in Figure 6(a). The other model was created based
on it. To ensure interaction between the upper and lower
layers be ignored, the vacuum thickness was set to 10 Å.
According to the experimental XPS results, one kind of defect
surface was considered, namely, substitutional N, adsorptive
Cd model (Ti32CdO63N). The supercell of Ti32CdO63N was
shown in Figure 6(b). Side view of (a) the four-layer relaxed
slab, which was used in surface properties calculations and
labeled Ti32O64, (b) Ti32CdO63N was simulated by replacing
one oxygen atom with nitrogen atom and adding one
cadmium atom on the surface of the supercell.

The calculations in our work have been carried out
using the well-tested CASTEP code [30, 31], which employs
planewave basis sets to treat valence electrons and pseu-
dopotentials to approximate the potential field of ionic cores
(including nuclei and tightly bond core electrons). The
general gradient approximation (GGA) with PW91 func-
tional [32] and ultrasoft pseudopotentials [33] were used
to describe the exchange-correlation effects and electron-
ion interactions, respectively. N (2s2 2p3), O (2s2 2p4),
Ti (3s2 3p6 3d2 4s2), and Cd (4d10 5s2) electrons were
considered as valence states, while the remaining electrons
were kept frozen as core states. Pulay density hybrid method
was used in energy calculations, convergence threshold for
self-consistent field was set to 2.0 × 10−6 eV/atom. The k-
point sampling of the Brillouin zone was set to 2 × 3 × 1.
Fast Fourier change for 50×40×120. The Broyden-Fletcher-
Goldfarb-Shanno (BFGS) algorithm has been used for geom-
etry optimizations and the atomic relaxation was carried out
until all components of the residual forces were less than
0.05 eV/Å, the energy and the displacement tolerances were
set to 2.0 × 10−5 eV/atom and 2 × 10−3 nm, respectively.
In calculation, the geometry models of TiO2 supercell
were optimized firstly, then their electronic structures and
optical properties were calculated. All the calculations were
performed in the reciprocal space.
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Figure 4: (a) The survey XPS spectra of N, Cd-TiO2, (b) N 1s XPS spectra of N, Cd-TiO2, (c) Cd 3d XPS spectra of N, Cd-TiO2.

4.2. Results and Discussions

4.2.1. Impurity Formation Energy and Structural Optimiza-
tion. By optimizing the pure anatase TiO2 unit cell, the unit
cell parameters were obtained as follows: a = b = 3.8174 Å,
c = 9.6950 Å, dap = 2.0050 Å, deq = 1.9540 Å, and 2θ =
155.917◦. They were in good agreement with experimental
results [34]: a = b = 3.7848 Å, c = 9.5124 Å, dap = 1.9799 Å,
deq = 1.9338 Å, and 2θ = 156.230◦. This result implied that
our calculations were reliable and believable.

In order to determine the stabilities of the doped systems,
we calculated the formation energies (Ef ) of the doped sys-
tems according to the following formula (1)

Ef = ETiO2:D +
1
2
EO2 + nETi − ETiO2 −

1
2
EN2 − ECd, (2)

where ETiO2:D and ETiO2 were the total energy of N, Cd
codoped TiO2, pure TiO2 in the same size supercells. EN2 and

EO2 were the energy of N2 and O2 gas molecular, ECd and ETi

were the energy of bulk Cd and Ti metal, respectively, n was
the number of titanium atoms replaced by Cadmium atoms
in the doping system. The calculated results was shown in
Table 2. According to the results, we discovered that the Ef of
Ti32CdO63N was positive, which indicated that the synthesis
of N, Cd codoped TiO2 required energy.

The crystal data of pure and N, Cd codoped TiO2 were
shown in Table 2 In Ti32CdO63N, the Ti–O bond length
1.9585 Å was longer than the original Ti–O one 1.9543 Å.
The Ti–N bond length 1.8976 Å was shorter than the Ti–
O calculated value 1.9585 Å, due to the smaller radius of N
compared to O2− The changes of O–Ti–O(N) bond angle
in Ti32CdO63 N were noticeable compared to pure TiO2. All
these factors could lead to higher dipole moments in TiO6
octahedron. Sato et al. [35] found that the local internal
fields due to the dipole moment of distorted octahedral
promote the charge separation in the very initial process of
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Table 2: Formation energies and optimized structural parameters for pure and N, Cd codoped TiO2.

Ef (eV) Bond length (Å) O–Ti–O(N) bond angle (◦)

Ti–O Ti–N —

Pure TiO2 — 1.9543 — 160.503 102.154

Ti32CdO63N 3.630 1.9585 1.8976 163.055 90.353
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Figure 5: Photocatalytic degradation of MO by photocatalysts.
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Figure 6: The model of supercells: (a) Ti32O64, (b) Ti32CdO63N.

photoexcitation. The electron-hole pair can separate more
easily and recombine slower, and the photocatalysts show a
better photocatalytic performance. This was one reason for
N, Cd codoped TiO2 showed a higher activity.

4.2.2. Electronic Structure Analysis. To investigate the effect of
dopants on the electronic structure and properties of TiO2,

the band structure and the partial density of states (PDOS)
of the anatase TiO2 were calculated. The band structure for
the bare TiO2 was showed in Figure 7(a) with the Fermi
energy being 0 eV on the energy axis. And the PDOS for
the bare TiO2 was presented in Figure 7(b). The PDOS for
the bare TiO2 revealed that the bottom of conduction bands
(CB) was mostly composed of Ti 3d states and the top of
valence bands (VB) was dominated by O 2p states, which
can be seen in Figure 7(b). It was showed in Figure 7(a)
that the valence band maximum (VBM) and the conduction
band minimum (CBM) located at G point, which indicated
that bare TiO2 was a direct-gap semiconductor material. The
minimum gap between VBM and CBM (Eg) was 2.458 eV,
which was lower than the experimental value of 3.20 eV.
This underestimation of the energy gap was mainly due
to the well-known shortcoming of the exchange-correlation
functional in describing excited states [36]. However, as a
kind of effective approximation, its relative calculation value
was quite exact, and it did not affect theoretical analysis on
electronic structure analysis.

The band structure and PDOS of N, Cd-TiO2

(Ti32CdO63N, substitutional N, adsorptive Cd) were
presented in Figures 8(a) and 8(b), respectively. The band
structure of TiO2 was modified by N and Cd codoping.
The PDOS for the N, Cd-TiO2 revealed that the conduction
band consisted of the Ti 3d states mainly, and the valence
bands (VB) was dominated by O 2p, Ti 3d, and Cd 4d states,
which can be seen in Figure 8(b). As showed in Figure 8(a),
there were two kinds of impurity states, which came from
N 2p and Cd 5s, respectively, between valence bands and
conduction bands. The impurity state from Cd 5s lied
0.655 eV below the bottom of the conduction band, which
could absorb smaller photon energy and achieved indirect
transition so that the light absorption of TiO2 extended to
the visible light area. While the impurity state from N 2p lied
0.244 eV above the top of the valence band, which made it
become a shallow acceptor level.

Since the shallow acceptor would be act as capture trap
for photoexcited electrons, the impurity states between VBM
and CBM could reduce the recombination rate of photoex-
cited carriers, which were very crucial for the enhancement
of the photocatalysis efficiency. Compared to bare TiO2,
both CBM and VBM of Ti32CdO63N shifted to the low
energy level, which indicated that Ti32CdO63N had stronger
redox ability than bare TiO2. The energy gap narrowed from
2.458 eV to 2.225 eV, which made the electron transiting
from valence band to conduction band become easy. All the
above results implied that nitrogen and cadmium codoping
resulted in red shift of the optical absorption edge and could
greatly enhance the photocatalytic activity of TiO2. It was
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Figure 7: Ti32O64: (a) band structure, (b) partial density of state.
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Figure 8: Ti32CdO63N: (a) band structure, (b) partial density of state.

consistent with the experimentally observed absorption of N,
Cd-TiO2 in the visible region.

4.2.3. Optical Properties. In order to make the calculated
results more correspond with the actual situation, in the
calculation of the optical properties using the “scissor
operators” fixed: 0.742 eV (the difference between band gap
of measured and calculated). Photo absorption coefficient
were calculated with function polycrystalline and using
the photo wavelength as the horizontal axis, the optical
absorption coefficient as the vertical axis in this paper. The
calculated optical absorption spectrum diagram was shown
in Figure 9. It was showed in Figure 9 that the absorption
coefficient of N, Cd-TiO2 were higher than that of the bare
TiO2 in the wavelength region from 350 nm to 780 nm, and
the optical absorption edge shifted to long-wavelength range.
The optical characteristics corresponded to their electronic
structures, modified by N and Cd codoping with the energy

gap reduction and introduction of impurity states between
the VBM and CBM. Theoretical calculation results could
account for the experimental observation.

5. Conclusions

Bare TiO2, Cd-doped, N-doped, and N, Cd-codoped TiO2

photocatalysts have been synthesized by thermal decom-
position. The photocatalysts possessed an anatase crys-
talline framework having particle sizes of 10–15 nm. The
corresponding absorption edge was 387.5 nm, 392.4 nm,
394.0 nm, and 402.6 nm, respectively, which indicated they
represented photocatalytic activities in the visible region. N
atoms were incorporated into the crystallattice, while Cd
atoms existed on the crystal surface of TiO2. The codoping
of N and Cd might have a synergistic effect on enhanc-
ing the photocatalytic activity of TiO2. The first-principle
calculations indicated the energy gap of N, Cd-codoped
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TiO2 became narrow and local internal fields of codoping
enabled photoexcited electron-hole pair’s separation became
very easy. Excitation from the impurity states of N 2p or
Cd 5s to the conduction band could account for the optical
absorption edge shifted toward the low energy level, which
was consistent with the experimentally observation. N, Cd-
codoped TiO2 perform better photocatalytic activity in the
visible light region than the bare TiO2. The theoretical anal-
ysis might provide a probable reference for the experimental
synthesis of new photocatalysts in the future.

Acknowledgments

This work has been cosupported by the Outstanding Adult-
Young Scientific Research Encouraging Foundation of Shan-
dong Province (Grant no. 2008BS09016) and the Scientific
Research Program of Shandong Province Education Depart-
ment (Grant no. J08LC55).

References

[1] A. Fujishima and K. Honda, “Electrochemical photolysis of
water at a semiconductor electrode,” Nature, vol. 238, no.
5358, pp. 37–38, 1972.

[2] K. Dai, T. Peng, H. Chen, R. Zhang, and Y. Zhang, “Pho-
tocatalytic degradation and mineralization of commercial
methamidophos in aqueous titania suspension,” Environmen-
tal Science and Technology, vol. 42, no. 5, pp. 1505–1510, 2008.

[3] T. C. Jagadale, S. P. Takale, R. S. Sonawane et al., “N-
doped TiO2 nanoparticle based visible light photocatalyst
by modified peroxide sol-gel method,” Journal of Physical
Chemistry C, vol. 112, no. 37, pp. 14595–14602, 2008.

[4] S. U. M. Khan, M. Al-Shahry, and W. B. Ingler, “Efficient
photochemical water splitting by a chemically modified n-
TiO2,” Science, vol. 297, no. 5590, pp. 2243–2245, 2002.

[5] R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki, and Y. Taga,
“Visible-light photocatalysis in nitrogen-doped titanium
oxides,” Science, vol. 293, no. 5528, pp. 269–271, 2001.

[6] F. Dong, H. Wang, and Z. Wu, “One-step “Green” synthetic
approach for mesoporous C-doped titanium dioxide with effi-
cient visible light photocatalytic activity,” Journal of Physical
Chemistry C, vol. 113, no. 38, pp. 16717–16723, 2009.

[7] X. Qiu and C. Burda, “Chemically synthesized nitrogen-doped
metal oxide nanoparticles,” Chemical Physics, vol. 339, no. 1–3,
pp. 1–10, 2007.

[8] X. Li, H. Wang, J. T. Robinson, H. Sanchez, G. Diankov,
and H. Dai, “Simultaneous nitrogen doping and reduction of
graphene oxide,” Journal of the American Chemical Society, vol.
131, no. 43, pp. 15939–15944, 2009.

[9] H. Gao, J. Zhou, D. Dai, and Y. Qu, “Photocatalytic activity
and electronic structure analysis of N-doped anatase TiO2:
a combined experimental and theoretical study,” Chemical
Engineering and Technology, vol. 32, no. 6, pp. 867–872, 2009.

[10] H. Gao, C. Ding, and D. Dai, “Density functional characteriza-
tion of C-doped anatase TiO2 with different oxidation state,”
Journal of Molecular Structure, vol. 944, no. 1–3, pp. 156–162,
2010.

[11] F. Tian and C. Liu, “DFT description on electronic structure
and optical absorption properties of anionic S-doped anatase
TiO2,” Journal of Physical Chemistry B, vol. 110, no. 36, pp.
17866–17871, 2006.

[12] J. K. Zhou, L. Lv, J. Yu et al., “Synthesis of self-organized
polycrystalline F-doped TiO2 hollow microspheres and their
photocatalytic activity under visible light,” Journal of Physical
Chemistry C, vol. 112, no. 14, pp. 5316–5321, 2008.

[13] W. Su, Y. Zhang, Z. Li et al., “Multivalency iodine doped TiO2:
preparation, characterization, theoretical studies, and visible-
light photocatalysis,” Langmuir, vol. 24, no. 7, pp. 3422–3428,
2008.

[14] S. In, A. Orlov, R. Berg et al., “Effective visible light-activated
B-doped and B,N-codoped TiO2 photocatalysts,” Journal of the
American Chemical Society, vol. 129, no. 45, pp. 13790–13791,
2007.

[15] F. Li, Y. Jiang, M. Xia et al., “Effect of the P/Ti ratio on the
visible-light photocatalytic activity of P-doped TiO2,” Journal
of Physical Chemistry C, vol. 113, no. 42, pp. 18134–18141,
2009.

[16] T. Umebayashi, T. Yamaki, H. Itoh, and K. Asai, “Analysis of
electronic structures of 3d transition metal-doped TiO2 based
on band calculations,” Journal of Physics and Chemistry of
Solids, vol. 63, no. 10, pp. 1909–1920, 2002.

[17] G. Shao, “Electronic structures of manganese-doped rutile
TiO2 from first principles,” Journal of Physical Chemistry C,
vol. 112, no. 47, pp. 18677–18685, 2008.

[18] L. Andronic, A. Enesca, C. Vladuta, and A. Duta, “Photocat-
alytic activity of cadmium doped TiO2 films for photocatalytic
degradation of dyes,” Chemical Engineering Journal, vol. 152,
no. 1, pp. 64–71, 2009.

[19] H. Y. Hao, C. X. He, B. Z. Tian, and J. L. Zhang, “Study of pho-
tocatalytic activity of Cd-doped mesoporous nanocrystalline
TiO2 prepared at low temperature,” Research on Chemical
Intermediates, vol. 35, no. 6-7, pp. 705–715, 2009.

[20] C. Wen, Y. J. Zhu, T. Kanbara, H. Z. Zhu, and C. F. Xiao,
“Effects of I and F codoped TiO2 on the photocatalytic
degradation of methylene blue,” Desalination, vol. 249, no. 2,
pp. 621–625, 2009.

[21] M. Pelaez, A. A. de la Cruz, E. Stathatos, P. Falaras, and
D. D. Dionysiou, “Visible light-activated N-F-codoped TiO2

nanoparticles for the photocatalytic degradation of microcys-
tin-LR in water,” Catalysis Today, vol. 144, no. 1-2, pp. 19–25,
2009.



International Journal of Photoenergy 9

[22] J. Xu, Y. Ao, and D. Fu, “A novel Ce, C-codoped TiO2 nanopar-
ticles and its photocatalytic activity under visible light,”
Applied Surface Science, vol. 256, no. 3, pp. 884–888, 2009.

[23] K. Tan, H. Zhang, C. Xie, H. Zheng, Y. Gu, and W. F.
Zhang, “Visible-light absorption and photocatalytic activity
in molybdenum- and nitrogen-codoped TiO2,” Catalysis Com-
munications, vol. 11, no. 5, pp. 331–335, 2010.

[24] A. Kubacka, G. Colón, and M. Fernández-Garcı́a, “N- and/or
W-(co)doped TiO2-anatase catalysts: effect of the calcination
treatment on photoactivity,” Applied Catalysis B, vol. 95, no.
3-4, pp. 238–244, 2010.

[25] W. Pingxiao, T. Jianwen, and D. Zhi, “Preparation and
photocatalysis of TiO2 nanoparticles doped with nitrogen and
cadmium,” Materials Chemistry and Physics, vol. 103, no. 2-3,
pp. 264–269, 2007.

[26] O. Carp, C. L. Huisman, and A. Reller, “Photoinduced reactiv-
ity of titanium dioxide,” Progress in Solid State Chemistry, vol.
32, no. 1-2, pp. 33–177, 2004.

[27] T. Lopez, R. Gomez, E. Sanchez, F. Tzompantzi, and L. Vera,
“Photocatalytic activity in the 2,4-dinitroaniline decomposi-
tion over TiO2 sol-gel derived catalysts,” Journal of Sol-Gel
Science and Technology, vol. 22, no. 1-2, pp. 99–107, 2001.

[28] J. Taylor, H. Guo, and J. Wang, “Ab initio modeling of quan-
tum transport properties of molecular electronic devices,”
Physical Review B, vol. 63, no. 24, Article ID 245407, pp.
2454071–24540713, 2001.

[29] K. Yang, Y. Dai, B. Huang, and M. H. Whangbo, “Density
functional characterization of the band edges, the band gap
states, and the preferred doping sites of halogen-doped TiO2,”
Chemistry of Materials, vol. 20, no. 20, pp. 6528–6534, 2008.

[30] H. Kamisaka, T. Adachi, and K. Yamashita, “Theoretical study
of the structure and optical properties of carbon-doped rutile
and anatase titanium oxides,” Journal of Chemical Physics, vol.
123, no. 8, Article ID 084704, 9 pages, 2005.

[31] C. Di Valentin, G. Pacchioni, A. Selloni, S. Livraghi, and
E. Giamello, “Characterization of paramagnetic species in
N-doped TiO2 powders by EPR spectroscopy and DFT
calculations,” Journal of Physical Chemistry B, vol. 109, no. 23,
pp. 11414–11419, 2005.

[32] J. P. Perdew and Y. Wang, “Accurate and simple analytic
representation of the electron-gas correlation energy,” Physical
Review B, vol. 45, no. 23, pp. 13244–13249, 1992.

[33] D. Vanderbilt, “Soft self-consistent pseudopotentials in a
generalized eigenvalue formalism,” Physical Review B, vol. 41,
no. 11, pp. 7892–7895, 1990.

[34] J. K. Burdett, T. Hughbanks, G. J. Miller, J. W. Richardson, and
J. V. Smith, “Structural-electronic relationships in inorganic
solids: powder neutron diffraction studies of the rutile and
anatase polymorphs of titanium dioxide at 15 and 295 K,”
Journal of the American Chemical Society, vol. 109, no. 12, pp.
3639–3646, 1987.

[35] J. Sato, H. Kobayashi, and Y. Inoue, “Photocatalytic activity for
water decomposition of indates with octahedrally coordinated
d10 configuration. II. Roles of geometric and electronic
structures,” Journal of Physical Chemistry B, vol. 107, no. 31,
pp. 7970–7975, 2003.

[36] J. P. Perdew and M. Levy, “Physical content of the exact kohn-
sham orbital energies: band gaps and derivative discontinu-
ities,” Physical Review Letters, vol. 51, no. 20, pp. 1884–1887,
1983.



Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2012, Article ID 960726, 10 pages
doi:10.1155/2012/960726

Research Article

Nitrogen-Doped TiO2 Photocatalyst Prepared by
Mechanochemical Method: Doping Mechanisms and Visible
Photoactivity of Pollutant Degradation

Yu-Chao Tang,1, 2 Xian-Huai Huang,1 Han-Qing Yu,2 and Li-Hua Tang1

1 Laboratory of Water Pollution Control and Wastewater Reuse, Department of Environmental Engineering,
Anhui University of Architecture, Hefei 230022, China

2 School of Chemistry and Materials Science, University of Science and Technology of China, Hefei 230026, China

Correspondence should be addressed to Yu-Chao Tang, tangyc@aiai.edu.cn

Received 21 June 2011; Accepted 13 July 2011

Academic Editor: Jinlong Zhang

Copyright © 2012 Yu-Chao Tang 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.

Nitrogen-doped TiO2 (N/TiO2) photocatalysts were prepared using a mechanochemical method with raw amorphous TiO2

as precursors and various nitrogenous compounds doses (NH4F, NH4HCO3, NH3·H2O, NH4COOCH3, and CH4N2O). The
photocatalysts were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), thermal gravimetric-
differential thermal analysis (TG-DTA), and UV-Vis diffuse reflection spectra (UV-Vis-DRS). Their photocatalytic activities were
evaluated with the degradation of p-nitrophenol and methyl orange under UV or sunlight irradiation. The catalysts had a strong
visible light absorption which correspond to doped nitrogen and consequent oxygen deficient. The results of photocatalytic activity
showed the visible light adsorption mechanisms, as the doped nitrogen species gave rise to a mid-gap level slightly above the top
of the (O-2p) valence band, but not from the mixed band gap of the N-2p and O-2p electronic levels.

1. Introduction

Photocatalysis by titania (TiO2) has been demonstrated to
be an effective method for removal of pollutants in water
or air during the last three decades. Because of its band-gap
energy, however, pure TiO2 can only be activate by short-
wavelength UV light below 387 nm, usually only about 4%
of the incoming solar energy on the earth’s surface utilized
[1]. Considerable efforts have been made to extend the
photoresponse of TiO2 further into the visible light region
by modifying or using doping technologies in recent years
[2–5].

Doping TiO2 with nonmetal atoms such as nitrogen or
carbon has received increasing attention in recent years [6–
13]. It was predicted by theory and demonstrated in experi-
ments that nitrogen-doped TiO2 exhibits improved catalytic
activity under visible light irradiation [6, 7]. Asahi et al.
[6] reported a nitrogen-doped TiO2 by sputtering the TiO2

target in a N2/Ar gas mixture, resulting in a significant shift
of the absorption edge and exhibited excel visible light

activity. Burda et al. [8] reported a nitrogen-doped TiO2 with
nitrogen concentrations up to 8% by direct amination of
6–10 nm TiO2 particle using triethylamine, and the doped
TiO2 was catalytically active and was able to absorb well into
the visible region up to 600 nm. Usually, the dope of the
nitrogen leads to the narrowing of the band gap and im-
proves the photocatalytic activity in the visible light region
[14]. The nitrogen doping can be attained by various other
methods, such as the heating of TiO2 power in an ammonia
atmosphere [6, 15, 16], the hydrolysis of titanium com-
pounds with ammonia solution followed by calcination of
the resultant precipitates [17], the heating of TiO2 powder
with urea [18], reactive sputtering [19], and the pulsed laser
deposition using a TiN target in a nitrogen/oxygen gas
mixture [20]. Development of modified N doped TiO2 pho-
tocatalyst with metals, nonmetals, and metal oxides have
been reviewed by Zhang et al. [21].

Mechanochemical method is a simple method which can
easily realize preparation of nitrogen doping on titania on
a large scale. Although the nitrogen-doped TiO2 prepared
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by mechanochemical method had been reported before [22,
23], but little is known about the structural information and
activities of the catalyst, especially the doping mechanisms.
Yin et al. [22] reported that the nitrogen-doped TiO2 by a
mechanochemical method possessed two absorption edges
of 405 and 550 nm. Chen et al. [23] reported a similar
nitrogen-doped TiO2 using the mechanochemical method
in the NH3·H2O solution, but their samples showed a red
shift by 20 nm and on one edge only. There should be further
research on the structure and visible-light exciting process
of the nitrogen-doped TiO2 prepared by mechanochemical
method.

In the present work, nitrogen-doped TiO2 was prepared
by ball milling of amorphous TiO2 with various nitrogenous
substances (e.g., ammoniac salt or ammonium solution)
under various prepared conditions. The catalyst was char-
acterized by X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), thermal gravimetric-differential ther-
mal analysis (TG-DTA), and UV-Vis diffuse reflection spec-
troscopy (UV-Vis-DRS). Nitrogen doping mechanism on the
amorphous TiO2 and principle of the electron excitation by
visible light irradiation were demonstrated. In addition, its
photocatalytic activities were tested using model pollutants
under UV or visible light irradiation.

2. Experimental

2.1. Materials and Methods. TiO2 (CP) was purchased
from Shanghai Qianjin Chemical Reagent Company,
China. Ammonia solution, NH4F, NH4HCO3, NH3·H2O,
NH4COOCH3, and CH4N2O were from Shanghai Suyi
Chemical Reagent Company, China. Methyl orange, p-nitro-
phenol, and phenol were purchased from Shantou Xilong
Chemical Factory and Nanjing Chemical Reagent Factory,
respectively. They were used without further purification. All
the chemical reagents were of analytical grade except TiO2.

2.2. Catalyst Preparation. The preparation of N/TiO2 pho-
tocatalyst was carried out in a ball mill (QM-1SP2, Nanjing
University Instrumental Company). The chemical reagent
titanium dioxide was used as a raw material. Raw titanium
dioxide (about 16.0 g) and NH4F (0.0200 mol, 0.740 g) were
mixed in the ball mill tank (100 mL) with 10 mL of deionized
water. Twelve agate balls of 10.0 mm diameter and forty agate
balls of 5.0 mm diameter were introduced. After grinding for
180 min at a speed of 580 rpm, the wet powder was dried at
a temperature of 105◦C in air for 5 h. The powder was then
calcined at 400◦C (or 500, 600, and 700◦C) for 2 h at 3◦C/min
heating rate. During the calcination, the color of the powder
changed from white to gray or slightly yellow depending on
the ammonia salt and its concentration. In order to evaluate
the effect of concentration of ammonia salt on grinding, a
series of different NH4F concentrations (0.37 g, 1.48 g, and
3.70 g) were used. The catalysts prepared using NH4F as the
nitrogen source was denoted as the NF series.

For comparison, the NH4HCO3 (0.0200 mol, 1.58 g),
NH3·H2O (m/V28%, 10.0 mL), NH4COOCH3 (0.0200 mol,
1.54 g), and urea (CH4N2O, 0.0200 mol, 1.20 g) were also

used as nitrogen sources. They were denoted as the NC, NH,
AA, and UR series, respectively. As a comparison, a raw TiO2

ground with 10.0 mL of deionized water, but no nitrogen
source was also prepared. This was denoted as WG. A raw
TiO2 was not ground and was denoted as TO.

2.3. Characterization of N/TiO2. X-ray diffraction (XRD)
patterns were obtained using a diffraction spectroscopy with
a Ni filter and graphite monochromator (X’Pert Pro model,
Philips Inc.) at room temperatures. The X-ray source was
Cu Ka radiation (λ = 1.54187 Å) and a 2θ range from 20◦

to 80◦. The crystal size was determined from the diffraction
peak broadening using the Scherrer equation. High-purity
silicon powder was used as an internal standard to account
for instrumental line broadening effects during crystal size
estimation. UV-Visible diffuse reflection spectra (UV-Vis-
DRS) were recorded by a UV-240 spectrometer (Shimadzu
Co., Japan), and the scan range was from 200 to 800 nm with
a 150 mm ϕ integral ball. Standard magnesium oxide was
used as the reference. X-ray photoelectron spectroscopy data
were obtained with an ESCALab250 electron spectrometer
(Thermo-VG Scientific Ltd., UK) using 300 W Al Kα radia-
tion. The base pressure was approximately 3×10−9 mbar. The
binding energies were referenced to the C1s line at 284.6 eV
from adventitious carbon. The thermogravimetric analysis
(TG-DTA) was carried out using a differential scanning calo-
rimeter (DT-250, Shimadzu, Japan) in air atmosphere with
a flow rate of 50.0 mL/min. The scanned temperature range
was from 100◦C to 700◦C with a heating rate of 10◦C/min.

2.4. Photocatalytic Activity Measurements. To evaluate the
photocatalytic activities of the nitrogen-doped TiO2 pow-
ders, the photoreactivity experiments were carried out in
a circular reactor containing 100 mg catalyst and 140 mL
methyl orange of 10.0 mg/L (or p-nitrophenol of 10.0 mg/L).
Prior to irradiation, the suspensions were stirred in dark
for 15 min to ensure adsorption/desorption equilibrium.
After equilibrium, an ultraviolet light lamp with 254 nm
wavelength (Jiangyin Lamp Co., China) was used in the
photoreactor. At given irradiation time intervals, aliquots of
4.0 mL were sampled and then filtered through a Millipore
filter with a pore size 0.45 μm to remove TiO2 particles.
The filtrates were analyzed by recording the adsorption band
maximum in the UV-Vis spectra of the substances using a
spectrophotometer (751 UV-VIS, Shanghai Instrument Co.,
China). A UV-light filter was used on the circular reactor to
eliminate the ultraviolet when the experiment was carried
out under sunlight (outdoor sunlight in spring in eastern of
China at northern latitude 31◦ and irradiation intensity was
in the range of 970–1420 μW/cm2).

3. Results and Discussion

3.1. XRD Analysis. Figure 1 showed the XRD patterns of
nitrogen-doped TiO2 (NF400, ground with 1.40 g of NH4F),
compared nondoped TiO2 (WG400, ground with water),
and the raw TiO2 (TO400, raw TiO2 was not treated by
ground). XRD patterns of these samples showed there were
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Figure 1: XRD patterns of the nitrogen-doped and nondoped
TiO2 (sample ground with 1.40 g of NH4F (NF400), ground with
water (WG400), and the raw TiO2 (TO400); all three samples were
calcined at 400◦C for 2 h; A: anatase, R: rutile).

mixed anatase and rutile in all tested samples. The crystal size
determined from the diffraction peak broadening using the
Scherrer equations was found to be the same, and the crystal
phases of the three photocatalysts were identical regardless of
the prepared conditions. Comparison between WG400 and
TO400 suggested the grinding process did not change the
crystal structure of the TiO2. Comparison between WG400
and NF400 also implies that the additional ammonia salt
did not affect the crystal structure of TiO2 in the grinding
process. Comparison between WG400 and TO400 suggested
the grinding process did not change the crystal structure of
the TiO2. Yin et al. [22] has reported the grinding process
can change the crystal structure during the milling of P25
(a commercial TiO2) in dry condition, but Chen et al. [23]
showed a different result in wet condition. Considering our
results, these may indicate the grinding process in dry or
wet was a crucial factor governing the crystal structure of
the TiO2 prepared. In the wet process, the high mechanical
energy can be readily transferred through water, but, in the
dry process, the energy may easily be concentrated in the
local region, which accelerates the phase transformation
from anatase to rutile as the latter is a thermodynamical
stable morphology.

3.2. UV-Vis Diffuse Reflectance Spectra (UV-Vis-DRS). The
UV-Vis-DRS of the nitrogen-doped TiO2 prepared under
different conditions are shown in Figures 2–4. All the samples
had an obvious visible absorption in the range 400–700 nm,
but the absorptive intensities were different, depending on
the nitrogen sources used (Figure 2). The highest absorptive
intensities were obtained when milled in NH4F (NF400) and
urea (UR400), but weaker in the samples of NH4OOCCH3

(AA400) and ammonia water (NH400), and the weakest in
NH4HCO3 (NC400). Except for ammonia water, all other
nitrogen sources had the same concentration of 2.00 mol/L
(0.0200 mol salt in 10.0 mL water). The difference in absorp-
tive intensity, therefore, might not only account for NH4

+
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Figure 2: UV-Vis-DRS spectrum of the samples prepared
in different nitrogen compounds (NF400:NH4F; NH400:NH3;
NC400:NH4HCO3; AA400:NH4OOCCH3; UR400:CH4N2O).

concentration in the system but also the counterpart anions.
In the urea sample, there was almost no free NH4

+ or NH3,
but it got the similar doped results that suggested that the
doping process occurred not just adsorption of NH4

+ or
NH3 on the TiO2 surface [22]. In the mechanical process,
the high energy could produce the active surface on TiO2,
which would react with nitrogenous substance directly to
form chemical adsorbed unstable intermediate, and this
intermediate could form nitrogen doping in the subsequent
thermal treatment. In the ammonia water system, the solu-
tion pH was 14.0; therefore, the pH was not a crucial factor
when nitrogen-doped TiO2 was prepared. Li et al. [24] had
reported a TiO2N photocatalyst prepared by treating TiO2

in NH3/Ethanol, and they considered that first doping
process was surface adsorption of NH3 molecules and that
nitridation consequently occurred by replacing the oxygen
atom in the TiO2 with the nitrogen atom in the NH3 and
resulting in the formation of the O–Ti–N and the N–Ti–N
bond. In the case of (NH2)2CO, adsorption of (NH2)2CO
on surface of TiO2 resulting in the formation of the doped
nitrogen may demonstrat chemical adsorption occurring
between Ti atom and N atom. Nitrogen atom has unpaired
electrons which may be easily adsorbed on Ti4+ by static
electricity attraction. The most probably existing bond in the
case of (NH2)2CO system may be O2Ti–N–C, and this indi-
cated the chemical adsorption occurring between Ti atom
and N atom.

Figure 3 shows the UV-Vis-DRS of the samples milled in
NH4F and subsequently thermally treated at 400, 500, and
600◦C, respectively. When calcined at 500 and 600◦C, the
visible absorption was significantly reduced, indicating that
the doped nitrogen in TiO2 was not very stable under high
temperatures. A similar result was reported for the catalyst
prepared by other methods [25]. When thermally treated
at high temperatures, N, O, and Ti atoms can obtain high
energies, and the doped nitrogen (in form of O2Ti–N–H
and/or O2Ti–N, shown in Scheme 1) will be destroyed and
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Scheme 1: Doping mechanism of nitrogen on titanium dioxide.
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Figure 3: Effect of calcined temperature on the UV-Vis-DRS
spectrum (NF400, NF500, or NF600 represent the NF series catalyst
calcined at 400, 500, or 600◦C, resp.).

leave unpaired electrons in the lattice of anatase TiO2. As
the visible absorption originated from the nitrogen impurity
level or nitrogen mixed level [26–28], the absorption was
weak when the nitrogen doping was destroyed.

The UV-Vis-DRS of the samples milled at different NH4F
concentrations is shown in Figure 4. A higher absorbance
was observed for the greater concentrations of NH4F. Com-
parison between the NF400-0 samples and sample BLANK
(TO400), which was the raw TiO2 directly calcined without
milling, found that the UV-Vis-DRS of the two samples were
almost the same. This suggested the mechanical treatment
of TiO2 without nitrogen resources substance would not
affect the visible absorbance of TiO2, and this give the firmer
evidence that the visible absorbance of nitrogen-doped TiO2

originated from nitrogen doping.
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Figure 4: Effect of NH4F concentration on the UV-Vis-DRS of
the NF series catalysts (NF-0, NF-37, NF-74, NF-148, and NF-370
represent the NF series catalyst calcined in the presence of NH4F;
the dosages of NH4F were 0, 0.37, 0.74, 1.48, and 3.70 g, resp.; the
sample BLANK was the raw TiO2 directly calcined without milling
(TO400)).

For a nitrogen-doped TiO2 sample prepared by other
methods and calculated by the spin-polarized plane wave
pseudopotential method, its absorption in the visible light
region was primarily located between 400 and 500 nm, but
TiO2 with the oxygen deficient was above 500 nm [29]. The
photoabsorption above 500 nm for the milled and thermally
treated TiO2 samples might be originated from oxygen
deficiency. For the milled TiO2 (NF400), the active surface
on TiO2 prepared in the mechanical process could react with
nitrogen source substances (in most cases NH4

+ or NH3,
except (NH)2CO) to form a reductive intermediate, which
would inevitably be oxygen deficient on titania in the thermal
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Figure 5: XPS spectra of NF400, (a) N1s and (b) F1s.

process. This might account for the visible light absorption
above 500 nm. It is noticed that there were no clear onset
of visible light absorption for most samples, and this may
indicate that the light absorption in the visible range may
be mixed with the function of nitrogen doping and oxygen
deficient.

3.3. XPS Measurement. The X-ray photoelectron spectro-
scopy of NF400, which was calcined for 2 h at 400◦C after
milled for 3 h in NH4F, is shown in Figure 5. Except for
the titanium and oxygen, a small fraction of nitrogen was
located at 402.0 eV and 399.5 eV, respectively. This confirms
that after mechanochemical treatment nitrogen was doped
into TiO2. The binding energy of 402.0 eV is attributed to
molecular chemical-adsorbed N [6, 29]. It was previously
reported there were two peaks of chemisorbed N2 molecule
on the TiO2 surface around 400.0 eV and 402.0 eV [6, 26].
Previous studies had demonstrated that the binding energy
of N1s is located at about 396.0 eV and is attributed to
substitutional doped nitrogen (N− or N2−), which is in the
proximity to the typical binding energy of Ti–N [9, 26, 30–
32]. The absence of this peak suggests that there was little
substitution doped nitrogen in the sample in the formation
of N–Ti–N but that other nitrogen-doped forms must exist
[33]. Diwald et al. reported the binding energy of 399.6 eV
was found in the NH3 gas-thermal-treated TiO2 and it was
attributed to the N–H bond [34]. However, the binding
energy of 399.6 eV of NF400 in our work may be attributed
to the N in form of interstitial nitrogen either in N–H or
bare N atom form. For the NF400, the precursor had N–
H bond and the subsequent thermal treatment temperature
was sufficiently high to form Ti–N–H bond and can break
N–H bond at even high temperature. The binding energy
of 399.5 eV of NF400, therefore, might be attributed to the
interstitial nitrogen bond to Ti, and the structure of the
doped nitrogen in the TiO2 might be as O2Ti–N–H or O2Ti–
N corresponding to treated temperature. We also monitored
binding energy of N1s of the sample UR400 and found it also
located at 399.5 eV (Figure 6). These suggested the doping
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Figure 6: XPS spectra of N1s of UR400.

mechanism and the existing nitrogen in the titania doped
by various nitrogen substances were the same. These results
further confirmed the doping process of mechanochemical
method was initiated between Ti and N, and the existing
formation of nitrogen had no relation with the nitrogen sub-
stances.

In the milling process, the active TiO2 surface was
able to react with N atom, but the O atom could not be
substituted by the N atom directly. The unstable nitrogenous
intermediate can be transformed by thermal treatment.
At high temperature, the hydrogen can react with oxygen
and left O2Ti–N between the inter lattice of TiO2. When
treated at very higher temperature, Ti–N bond would break
and oxidation of nitrogen by O2 happened. The probably
doping mechanism of nitrogen on titanium dioxide under
experimental conditions was shown in Scheme 1.

A small fraction of fluorine located at 684.8 eV was also
found. It was originated from surface fluoride formed by
ligand exchange between F− and surface hydroxyl group on
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Figure 7: TG (a) and DTA (b) of the nitrogen-doped TiO2 (NH400).

TiO2:≡Ti–OH + F− →≡Ti–F + OH− [35]. No sign of doped
fluorine in the lattice of TiO2 was found with binding energy
corresponding to 688.5 eV [35, 36]. This suggests the fluorine
ion could react with Ti4+ through ligand exchange to form
a surface fluorinated substance, but not lattice substitution
or interstitial doping. It was also observed that the binding
energy of Ti and O in the NF400 was 459.0 eV and 530.3 eV,
respectively, (not shown). These values were substantially
different from those for pure TiO2, that is, 458.3 eV and
531 eV, respectively. The binding energy of Ti4+ in the UR400
corresponding to 458.3 eV was very close to that for pure
TiO2. This implies the form of Ti and O in the NF400
was significantly changed by the chemadsorbed fluorine ion,
rather than by the doped nitrogen ion. As the most reactive
atom, the fluorine ion had a considerable effect on the
electrical chemical environment of Ti4+ through electrostatic
action and increasing the binding.

3.4. TG-DTA Analysis. Figure 7 showed the results of DT-
TGA measurement of the nitrogen-doped TiO2 (using the
precursor of NH400). Significant weight loss appeared in the
range of 300–500◦C, this indicate chemadsorbed unstable
intermediate can be destroyed under high temperature. The
strongest weight loss appeared in the range of 340–360◦C,
and an exothermic band appears at which coincidently. This
means that the exothermic effect was because intermediate
oxidation on TiO2 and water escape from matrix. Ihara et al.
[17] reported exothermic reaction start at about 380◦C could
be due to the oxidation reaction of NH3 or NH2 which
are bonded coordinately onto Lewis acid site with the oxygen
released from amorphous grain-boundaries by forming
oxygen deficient sites. A weak weight loss peak appears in the
range of 440–450◦C, and a weak exothermic band appears, at
which coincidently again, this indicate the hydrogen can be
destroyed under this temperature and formed in a gaseous
substance. In the heating process, doped nitrogen substance
can react with oxygen (oxygen in air but in the lattice of

TiO2) to form oxidative substance and escape from TiO2

surface.

3.5. Photocatalytic Activity. The photocatalytic degradation
results of p-nitrophenol under ultraviolet and sunlight using
NF400, NF500, NF600, and NF700 as catalysts are shown in
Figure 8. The NF400 gave a little higher activity regardless
of the irradiation light treatment. In order to understand
how the doped-nitrogen and oxygen deficiency affected the
photocatalytic activity of the catalyst, a comparison was
made for the activities under the identical reaction condi-
tions, also using the raw TiO2 catalysts which were calcinated
at 400, 500, 600, and 700◦C but not milled. A comparison
among the four raw TiO2 catalysts (without nitrogen doping)
showed the same activities (data not shown). This suggests
the heating temperature did not affect the photo activity of
the catalysts and that the higher activity of NF400 was at-
tributed to the doped nitrogen, rather than treatment tem-
perature. Since the doped nitrogen was not stable, the high
temperature treatment resulted in the loss of nitrogen in
TiO2. The NF400 was able to absorb visible light efficiently,
but its visible light activity was very low, when considering
the same performance of the catalyst under UV light. This
indicates the absorbed visible light by the doped nitrogen or
(and) oxygen deficiency could not be efficiently used in the
photocatalytic reaction under the experimental conditions.
These results also imply that the visible light absorbance
mechanisms may be associated with the doped nitrogen
species, which could give rise to a mid-gap level slightly above
the top of the (O-2p) valence band, rather than the mixed
band gap by N-2p and O-2p [37]. The electron excited on
the mid-gap level has a lower oxidative ability as compared
to that excited on O 2p [9, 15, 31, 38]. If the visible light
absorbance is excited on the mixed band gap, the excited
electron would have same oxidative ability, regardless from
UV light or visible light. The NF400 should have photocat-
alytic activity under sunlight, as it had a great visible light
absorptive ability.
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Figure 8: Photocatalytic degradation of p-nitrophenol (PNP) using NF400, NF500, NF600, and NF700 as catalysts under (a) ultraviolet and
(b) sunlight.
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Figure 9: Photocatalytic degradation of (a) p-nitrophenol and (b) methyl orange under ultraviolet using UR400, UR500, UR600, and UR700
as catalysts.

The photocatalytic degradation results of p-nitrophenol
and methyl orange under ultraviolet using UR400, UR500,
UR600, and UR700 as catalysts are shown in Figure 9. The
photocatalytic activities of the four catalysts were of almost
the same levels, when either p-nitrophenol or methyl orange
was used as the model pollutant. These results suggest that
the photo activity of the nitrogen-doped TiO2 was related to
the prepared conditions.

Figure 10 shows the photocatalytic degradation of methyl
orange under ultraviolet light using NF400, NF500, NF600,
and NF700 as catalysts. The photoactivities of the NF series
catalysts for methyl orange degradation were very similar to
those of the NF series catalysts for p-nitrophenol degradation
under UV light. The activities of the NF series catalysts

were in order of NF400 > NF500 > NF600 ≈ NF700, for
methyl orange or p-nitrophenol degradation. A comparison
between this result and those for the UR series catalysts
showed a very different activity order. This indicates that the
photo activities of the nitrogen-doped TiO2 prepared using
the mechanochemical methods were highly related to the
nitrogen sources. In milling process, the active surface of the
TiO2 might react with the nitrogen sources. This was con-
firmed by the UV-Vis-DRS data shown before.

The photocatalytic activities of NF400, NC400, NH400,
AA400, and UR400 under ultraviolet light using p-nitro-
phenol as a model pollutant are illustrated in Figure 11. The
photo activities of the NF400, AA400, and UR400 were of
similar levels, but the NH400 had the lowest photocatalytic
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p-nitrophenol as model pollutant.

activity, attributed to the alkaline conditions in the ball mill-
ing process. The lower photoactivity of NC400 was likely
to be associated with the strong adsorption of HCO3

− onto
the active site on TiO2 surface. HCO3

− had very strong ad-
sorptive ability on the TiO2, causing a blocking of the active
site and decreasing the photocatalytic activity of degradation
stearic acid [39].

The photocatalytic degradation of methyl orange under
ultraviolet shown in Figure 12 indicates that after the me-
chanochemical process, the activity of all the nitrogen-doped
catalysts was reduced. Comparison between the activities
of NF400-0 and the BLANK suggests that the ball milling
treatment was the reason for the decreased activity. This
implies that the TiO2 surface structure was destroyed by ball
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Figure 12: Effect of NH4F concentration on photocatalytic degra-
dation activity of methyl orange under ultraviolet light. (NF400-0,
NF400-37, NF400-74, and NF400-48 which represent the qualities
of NH4F in milling process were 0, 0.37, 0.74, and 1.48 g, resp.;
BLANK represents the raw titania directly calcined at 400◦C without
milling (TO400).)

milling treatment. Although the visible light absorption was
achieved through the ball milling method, the photocatalytic
activity of the TiO2 was reduced.

4. Conclusions

The nitrogen-doped TiO2 was prepared with mechanochem-
ical methods using wet ball milling of raw amorphous TiO2

in different nitrogen compounds. Characterization of the
catalysts demonstrated that the nitrogen-doped TiO2 could
improve visible light adsorption efficiency. Such an improve-
ment was attributed to the fact that the mixed function of the
doped nitrogen and oxygen deficient, and the former species
gave rise to a mid-gap level slightly above the top of the
(O-2p) valence band of TiO2 and latter absorbed the light
wavelength above than 500 nm. However, the TiO2 surface
structure was destroyed by ball milling treatment, resulting
in a reduced photocatalytic activity.
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A series of AgBr/TiO2 visible photocatalysts with heterojunction structure was synthesized using Ti(OC4H9)4, KBr, and AgNO3 as
precursors. The phase composition, particle morphology and size, microstructures, and absorbance of these photocatalysts were
characterized by X-ray diffraction, transmission electron microscope (TEM), high-resolution TEM, and UV-vis spectra. It was
found that the coupled AgBr/TiO2 was an effective photocatalyst to degrade the methylene blue under visible light irradiation,
compared with the other noncoupled photocatalysts of AgBr, AgBr/P25, and P25. The photocatalytic activities of AgBr/TiO2

increase first and then decrease with increasing the mass ratio of mAgNO3
/mTiO2 and the photocatalyst with the mass ratio of

3.35 has the highest photocatalytic activity. The results showed that the coupled photocatalyst has the particle size of about 15 nm
with homogeneous dispersion and has the strongest absorption in whole UV-vis light region (250∼800 nm) originated from the
synergetic effect of heterostructured AgBr/TiO2. The coupled AgBr/TiO2 photocatalyst can keep stable photocatalytic activity after
five-circle runs.

1. Introduction

In recent years, the photocatalysis technology for the puri-
fication of contaminated water and the remediation of
polluted air has attracted significant attention due to its
advantages of low cost, being environment-friendly, and high
efficiency [1, 2]. Among many photocatalysts, titania has
been widely studied for its wide application in photocatalysis,
solar cells, and hydrogen production because of its nontox-
icity, stability in aqueous solution, and no photocorrosion
[3]. However, most applications so far are limited to UV light
irradiation because the light absorption edge of pure titania
is less than 380 nm. Moreover, using UV light is expensive,
and its content in sunlight accounts for less than 5% [4, 5].
Therefore, attempts have been made to increase the TiO2

efficiency by doping with transition metal ions and nonmetal
elements, by modification with other semiconductors or by
covering the surface with photosensitizers such as organic
dyes and inorganic light absorbers to enhance the optical
absorption in the visible range. The dye molecules as sensi-
tizer can be easily desorbed, resulting in the deterioration of
photocatalytic activity during the reaction process, and even

degradation of themselves by titania photocatalyst under
illumination [6, 7].

It is well known that silver bromide with a band gap of
2.6 eV is an inorganic photosensitive semiconductor material
[8], which has high photographic sensitivity in the visible
light region and can be used to modify titania to have visible
light activity. Hu et al. [9, 10] reported that AgBr/TiO2 visible
light photocatalysts prepared by deposition-precipitation
method can efficiently destruct azodyes and bacteria. Zang
et al. [11] synthesized an AgBr/TiO2 catalyst and studied its
photocatalytic activity under simulated sunlight irradiation.
In their study, the influence of AgBr content in catalyst and
the incident light intensity on the degradation of methyl
orange (MO) was also investigated. Li et al. [12] synthe-
sized an AgI/TiO2 composite photocatalyst with core/shell
nanostructures that exhibited higher photocatalytic activity
in the visible region due to its strong light absorption and low
recombination rate of the electron-hole pairs. Recently, it has
drawn much attention to form heterojunction photocatalyst
to enhance the photoactivity of semiconductor catalyst. The
construction of heterostructured photocatalysts can promote
the separation of photoexcited electron-hole pairs through
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various carrier-transfer pathways and extend the light-respo-
nse range by coupling suitable electronic structures in two or
multicomponent semiconductors [13]. Robert [14] reviewed
the TiO2 heterostructured photocatalysts modified by MxOy

and MxOy nanoparticles. Zhang et al. [15] synthesized AgBr-
Ag-Bi2WO6 nanojunction photocatalysts with multi-visible-
light active components. Ag can improve the separation of
electron-hole pairs when it was used as electron-transfer
system. The catalyst AgBr-Ag-Bi2WO6 showed high photo-
catalytic activity for the degradation of Procion Red MX-5B
and pentachlorophenol.

In this study, a nanosized AgBr/TiO2 heterojunction-
coupled photocatalyst was synthesized by double-reaction
route using Ti(OC4H9)4 as the precursor. AgBr/TiO2 was
investigated in terms of its structure and activity compared to
AgBr/P25 which was synthesized by simply depositing AgBr
on P25 TiO2 through single-reaction route. The influence of
AgBr content on AgBr/TiO2 photoactivity and the cycling life
of the photocatalyst were also studied.

2. Experimental

Tetrabutyl titanate Ti(OC4H9)4 (Beijing Xingjin Chemical
Co., >98.5%) was used as a titanium precursor in the sol-
gel process. Other chemicals and solvents were of analytical
grade and were used without further purification.

2.1. Preparation of Photocatalysts

2.1.1. Synthesis of AgBr/TiO2 by Double-Reaction Route. AgBr
and TiO2 sol precursors were prepared as follows: AgBr
sol was obtained by adding 1.0192 g polyvinyl pyrrolidone
(PVP) to 0.03 mol/L KBr (200 mL) solution under magnetic
stirring. Then 200 mL AgNO3 with the same molar concen-
tration was added slowly to the solution above, and a light
yellow AgBr sol was obtained. A titania sol was prepared
by hydrolyzing tetrabutyl titanate (Ti-(OBu)4) in anhydrous
ethanol. The mixture of Ti-(OBu)4 and acetylacetone (vol-
ume ratio was 5 : 2) [16] was added into an appropriate
amount of ethanol and stirred for half an hour to obtain a
bright yellow titania sol. Then the titania sol was added into
the AgBr sol under vigorous stirring, refluxing at 80◦C for
15 hours, during which TiO2 sol precursor was hydrolyzed
slowly and deposited on the surface of AgBr nanoparticles.
The formed precipitate was separated by centrifugation
followed by washing with distilled water and ethanol for
several times. Finally, the as-prepared powder was dried at
70◦C and calcined in air at 500◦C for 3 hours to get the
AgBr/TiO2 compound photocatalyst. A series of AgBr/TiO2

photocatalysts were prepared by changing the mass ratio of
AgBr to TiO2 (mAgNO3

/mTiO2 = 1, 2, 3, 3.35, 4).

2.1.2. Synthesis of AgBr/P25 by Single-Reaction Route. For the
purpose of comparison, AgBr/P25 composite photocatalyst
was also prepared according to the procedure in the previous
study [9]. A certain amount of P25 TiO2 (Germany’s Degussa
Corporation) was dispersed in 200 mL distilled water and
stirred for 30 min, then an appropriate amount of KBr and
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different mass ratios of mAgNO3
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PVP was added into it, followed by stirring for another
30 min to dissolve all the chemicals adequately. After that,
0.03 mol/L AgNO3(200 mL) was added into the mixture
solution. The next step was the same as the synthesis of
AgBr/TiO2. At last, AgBr/P25 photocatalyst with mass ratio
of mAgNO3

/mP25 = 3.35 was obtained.

2.2. Characterization of Photocatalysts. X-ray powder diffrac-
tion (XRD) patterns were recorded on Rigaku D/MAX-
2500 VB2 diffractometer, operated at 40 kV, 200 mA with
a Cu target (λ = 1.5406 Å). Particle morphology and
size were observed by a transmission electron microscope
(TEM) (Hitachi 800) at an accelerating voltage of 200 kV.
Microstructures were observed by a high-resolution trans-
mission electron microscope (HRTEM) (JEOL-3010) at an
accelerating voltage of 300 kV. The UV-visible absorption
spectra were carried out on a TU-1901(Beijing Purkinje
General Instrument Co., Ltd.) double-beam UV-Vis spec-
trophotometer. X-ray photoelectron spectroscopy (XPS)
spectra were acquired by a Thermo ESCALAB 250 X-ray
photoelectron spectrometer. Mg Kα radiation was selected as
the X-ray source.

2.3. Evaluation of Photocatalytic Activity. A 500 W Xe lamp
was used as the visible light source, and the visible wave-
length was controlled through a 420 nm cut filter (LF420,
China), which was hanged in a dark box and kept at about
15 cm above the liquid surface. Aqueous suspensions of
methyl blue (MB) dye (100 mL, with an initial concentration
of 10 mg/L) and photocatalyst powder (1.5 g/L) were placed
in a beaker. Before irradiation, the suspensions were mag-
netically stirred for 30 min under dark condition to estab-
lish an adsorption/desorption equilibrium between the dye
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solutions and the surface of photocatalysts. Under stirring,
a small amount of suspension (about 5 mL) was taken out
every 10 min under irradiation and then centrifuged and
analyzed using a 752 spectrophotometer (made in China).
The photocatalytic activity of the synthesized photocatalysts
was evaluated by plotting the absorbance-time curve and
calculating the specific absorbance of C/C0.

3. Results and Discussion

3.1. XRD Characterization. The XRD patterns of AgBr, TiO2,
and AgBr/TiO2 synthesized with different mass ratios were
shown in Figure 1. The as-synthesized TiO2 is a mixed crystal
phases of anatase and rutile. The contents of the two phases
were calculated according to the XRD data [17] and given
in Table 1. The phase composition of as-synthesized TiO2 is
denoted as WA (70.8%) and WR (29.2%) as shown in Table 1
(Sample b). But in the AgBr/TiO2 system, the content of
anatase increases initially and then decreases with increasing
AgBr content which indicates that the excess Br ions may
stabilize the metastable anatase phase [18] and be beneficial
to the increase of anatase phase up to mAgNO3

/mTiO2 = 3.35,
where the anatase phase reaches its maximum content.
Besides, there are no any diffraction peaks of metallic Ag in

all the AgBr/TiO2 systems indicating that the fresh catalysts
are stable after calcinations and other procedures.

3.2. TEM Characterization. The microstructures of AgBr/
TiO2 composite photocatalyst synthesized with different
mass ratios were characterized by TEM and HRTEM as
shown in Figure 2. It can be seen that AgBr/P25 shows an
agglomerated mixture of AgBr with black color and P25 with
light color (Figure 2(a)). The similar agglomerated mixture
can also be found in Figure 2(b) which shows that the black
AgBr crystallite is about 30∼ 50 nm, and the light TiO2

crystallites agglomerate obviously and are even smaller than
several nanometers when the mass ratio is mAgNO3

/mTiO2 = 1
(Figure 2(b)). Consequently, while mAgNO3

/mTiO2 = 2, a cou-
pled structure of AgBr/TiO2 is formed where it shows a one-
to-one corresponding relation of the deep and light colored
particles in homogeneous dispersion. However, there are a
few lonely TiO2 particles because some AgBr particles cannot
be matched with their counterpart of TiO2. In Figure 2(d),
the coupled structure of AgBr/TiO2 with smaller size of about
15 nm is formed homogeneously and dispersed very well as
shown by the composite particles of deep AgBr and light
TiO2 in color. The HRTEM image (Figure 2(e)) of the sample
further demonstrates that the lattice spacing of the two fixed
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Table 1: Synthesis condition, phase composition, and crystalline size of AgBr/TiO2 photocatalysts.

Sample No. AgNO3/TiO2 (wt)
Phase composition of TiO2

Anatase/% Crystalline size/nm∗ Rutile/% Crystalline size/nm∗ C/C0

a AgBr — — — — 0.378

b TiO2 70.8 20 29.2 27 0.738

c 1 13.9 28 86.1 36 0.272

d 2 66.7 23 33.3 40 0.073

e 3 86.9 15 13.1 38 0.041

f 3.35 97.1 18 2.9 41 0.029

g 3.5 75 17 25 38 0.076

h 4 87.4 18 12.6 43 0.128
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Figure 3: UV-Vis spectra of different samples. (a) P25; (b) TiO2; (c)
AgBr; (d) AgBr/P25; (e) AgBr/TiO2.

components was determined to be 0.288 nm and 0.352 nm,
which is in good agreement with the values for the AgBr
(200) plane [JCPDF No. 06-0438] and for the anatase TiO2

(101) plane [JCPDF No. 21–1272], respectively. It was also
observed that the close contact between TiO2 and AgBr leads
to the formation of heterojunction microstructure which
effectively promotes the transfer of photoelectron between
the crystal boundary of AgBr and TiO2 [13].

3.3. UV-Vis Characterization. Figure 3 shows the UV-vis
spectra of different samples. It is seen that P25 (Figure 3(a))
and TiO2 (Figure 3(b)) have little or no absorption in
the visible light region (>400 nm), which accords with its
intrinsic absorption properties. However, AgBr has strong
absorption both in UV and visible light that should be
assigned to surface plasmon resonance absorption of silver
produced by the photoreduction of AgBr [19]. The compos-
ite photocatalysts of AgBr/P25 (Figure 3(d)) and AgBr/TiO2

(Figure 3(e)) have strong visible light absorption, and the
absorbance of AgBr/P25 composite photocatalyst is similar
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Figure 4: UV-vis spectra of AgBr/TiO2 with different mass ratios of
mAgNO3

/mTiO2 (a) 1; (b) 2; (c) 3; (d) 3.35; (e) 3.5; (f) 4.

to the pure AgBr (Figure 3(c)), indicating that the visible
light absorption of AgBr/P25 is only due to the AgBr without
forming the coupled structures between them. This was
confirmed by the TEM photo of AgBr/P25 in Figure 2(a).
AgBr/TiO2 (Figure 3(e)) exhibits much higher visible light
absorbance than AgBr/P25 (Figure 3(d)). It is reasonable that
the formed heterojunction microstructure between AgBr
and TiO2 can construct a channel that is beneficial for the
electron transfer and ion diffusion, and this can promote the
possible doping of Ag+ in TiO2 lattice, leading to the strong
visible light absorption [15, 20].

As shown in Figure 4, AgBr/TiO2 with different mass
ratios of AgNO3 and TiO2 was characterized by the UV-
vis spectra. It can be clearly seen that the AgBr/TiO2

has the strongest absorption in the visible region when
mAgNO3

/mTiO2 = 3.35. This result was also related to the
formation of special microstructures of this sample including
smaller particle size, homogeneous dispersion, and inter-
face matching semiconductor heterojunction microstructure
demonstrated by TEM and HRTEM (Figure 2).
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3.4. Evaluation of Photocatalytic Activity

3.4.1. Evaluation before and after Combination. Figure 5
shows the photodegradation curves of methylene blue (MB)
for different samples. The order of visible light activity is as
follows: AgBr/TiO2>AgBr > AgBr/P25 > P25 > TiO2. Gene-
rally, TiO2 has almost no visible light activity, and it can
only be activated under UV light irradiation because of its
large band gap of 3.0∼3.2 eV. The samples of P25 and as-
synthesized TiO2 show only little degradation originated
from the photolysis of MB. AgBr can be excited by visible
light and generate electron-hole pairs to exhibit some
photocatalytic activity for degrading MB [8, 19]. However,
AgBr/P25 is only the simple mixture of active AgBr and
inactive TiO2 which shows poorer photocatalytic activity
than single AgBr. The photocatalytic activity of AgBr/TiO2

with homogeneous coupled structure leading to the strongest
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Figure 7: Cycling runs for the photodegradation of methylene blue
on AgBr/TiO2 (mAgNO3

/mTiO2 = 3.35).

visible light absorption is higher than AgBr/P25 in the
form of the agglomerated mixture. These results suggest
that there is a synergetic effect between the components of
AgBr and TiO2 in the coupled AgBr/TiO2 compared to the
simple mixture of them [12]. The photogenerated electron
excited by narrow band gap semiconductor of AgBr under
visible light irradiation could be directly injected to the TiO2

via the coupled structure, resulting in effective separation
of photogenerated electron and hole and enhancing the
photocatalytic activity.

3.4.2. Effect of AgBr Content in AgBr/TiO2 Photocatalyst. In
order to determine the optimal AgBr content in catalyst,
a series of AgBr/TiO2 photocatalysts with different mass
ratios (mAgNO3

/mTiO2 ) were prepared, and their photocat-
alytic activities on degradation of MB were compared.
It is found that the photocatalytic activity of AgBr/TiO2

increases gradually to maximum with increasing the mass
ratio of mAgNO3

/mTiO2 up to 3.35 and then decreases as
shown in Figure 6. The sequence is consistent with the
content of anatase in AgBr/TiO2 as showed in Table 1
implying that the higher content of anatase contributes to
the better photocatalytic activity, which is in accordance with
a previous study [21]. Moreover, the homogeneously dis-
persed coupled heterojunction microstructures were formed
while mAgNO3

/mTiO2 = 3.35 which have stronger absorption
in the whole visible region and are beneficial to the further
improvement of photocatalytic activity. The decrease of
photocatalytic activity with further increasing the content
of AgBr in AgBr/TiO2 may result from the fact that the
excessive AgBr particles shorten the average distance between
the trapping centers of photogenerated electrons and holes
so as to increase the probability of recombination rate of
electron-hole pairs [9]. More studies are needed to further
understand the interaction mechanism of AgBr content in
AgBr/TiO2 photocatalyst.
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Figure 8: XPS spectra of Ag 3d (a) and Br3d (b) for AgBr/TiO2 (mAgNO3
/mTiO2 = 3.35). I: before reaction, II: after the 5th reaction cycle.

3.5. Catalyst Stability. The stability of AgBr/TiO2 catalyst
with coupled structure is shown in Figure 7 for the degra-
dation of MB under visible light irradiation. AgBr/TiO2

was easily recycled by simple filtration without any further
treatment in these experiments. The photocatalytic activity
did not decrease significantly in the degradation MB after
five successive cycles under visible irradiation. The high-
resolution XPS spectra of the Ag3d and Br3d regions for fresh
AgBr/TiO2 photocatalyst and AgBr/TiO2 after the 5th run
are shown in Figure 8. The Ag 3d5/2 and Ag 3d3/2 peaks are
identified at 367.7 and 373.6 eV before reaction which are
attributed to Ag+ in AgBr, and they slightly shifted to low-
energy side at 367.4 and 373.3 eV, respectively, after reaction.
Probably the Ag+ is interacting with some electronegative
elements of MB dye or intermediate molecules adsorbed on
the surface of photocatalyst after reaction, resulting in a small
distortion of electron density of Ag+, leading to its small shift
toward lower values [22, 23]. Moreover, the peak of Br 3d at
68.3 eV is due to the crystal lattice of Br in AgBr [24]. These
results confirm that the heterostructure between AgBr and
TiO2 might inhibit silver atoms from forming larger clusters
and prevent AgBr decomposition.

Generally speaking, AgBr with high photosensitivity
is unstable under light irradiation and can be photode-
composed into a metal cluster of Ag through the photo-
graphic process. However, once the heterojunction structure
between AgBr and TiO2 formed, most of the photoexcited
electrons can be transferred from the conduction band
of AgBr to that of TiO2 that inhibits the reduction of
AgBr and promotes the stabilization of AgBr under light
irradiation [11]. The stable photocatalytic performance of
the coupled AgBr-TiO2 heterostructures indicates that the
AgBr/TiO2 photocatalyst has a better application potential in
wastewater treatment using solar energy. However, further
work is required to elucidate the mechanism for AgBr
stability.

4. Conclusions

Using AgBr as the inorganic photosensitive material, a
series of AgBr/TiO2 composite photocatalysts and AgBr/P25
were synthesized by double- and single-reaction procedure.
The photocatalytic activity of AgBr/TiO2 synthesized using
double-reaction procedure is higher than that of AgBr/P25
prepared by the single-reaction procedure. The order of
photocatalytic activity of the above photocatalysts under
visible light irradiation is as follows: AgBr/TiO2 > AgBr >
AgBr/P25 > P25 > TiO2, which is consistent with the order
of the absorbance in UV-vis spectra. While increasing AgBr
content in the AgBr/TiO2 photocatalyst, the phase contents
of anatase increase initially and then decrease, which is
in accordance with the sequence of photocatalytic activity.
When the mass ratio mAgNO3

/mTiO2 equals 3.35, the good-
matching semiconductor heterojunction microstructures are
formed between the interfaces of AgBr and TiO2, which
obviously enhances the absorption of visible light and
contributes to the best photocatalytic activity.
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In this study, nitrogen-doped mesoporous titania was synthesized by templating method using chitosan. This biopolymer chitosan
plays the dual role of acting as a template (which imparts mesoporosity) and precursor for nitrogen. BET-SA, XRD, UV-DRS,
SEM, and FTIR were used to characterize the photocatalyst. The doping of nitrogen into TiO2 lattice and its state was substantiated
and measured by XPS. The photocatalytic activity of the prepared N-doped mesoporous titania for phenol and o-chlorophenol
degradation was investigated under solar and artificial radiation. The rate of photocatalytic degradation was observed to be higher
for o-chlorophenol than that of phenol. The photodegradation of o-chlorophenol was 98.62% and 72.2%, while in case of phenol,
degradation to the tune of 69.25% and 30.58% was achieved in solar and artificial radiation. The effect of various operating
parameters, namely, catalyst loading, pH, initial concentration and the effect of coexisting ions on the rate of photocatalytic
degradation were studied in detail.

1. Introduction

Photocatalysis is a rapidly evolving and efficient technology
for purification of water. It plays a vital role in degrading
several toxic organic pollutants into less toxic or nontoxic
and safe compounds by their partial and/or by their complete
mineralization. Photocatalytic degradation process can be
defined broadly as an aqueous phase oxidation process,
which is based primarily on the attack of the hydroxyl
radical, resulting in the destruction of the target pollutant
or contaminant compound. Phenol and its derivatives have
been listed by EPA as priority pollutants [1]. Recently, pho-
tocatalytic treatment of organic contaminants over titanium
dioxide has been reviewed by Gaya and Abdullah [2]. It was
reported that TiO2 is the best photocatalyst among all the
photocatalysts. Moreover, TiO2 has been the most widely
used photocatalyst owing to its nontoxicity, high stability,
and its cost effectiveness. But there are few drawbacks
associated with it like conventional TiO2 which has very

low surface area (55 m2/g for Degussa P-25 TiO2) and low
porosity and it can be activated only by irradiating with
ultraviolet light (wide band gap energies, 3.0 eV for rutile
and 3.2 eV for anatase) which is around 4–8% of solar
radiation that reaches the earth surface. It is therefore of
utmost importance to make TiO2 active in visible region.
Sensitization of TiO2 by metal and nonmetal doping is one
of the attempts in this direction. Nitrogen-doped titania has
proved to be an effective means to extend the light absorption
of titania from UV to visible region as in case of nitrogen
doped titania there is substitution of lattice oxygen with
nitrogen which tends to lower the band gap [3–6]. In recent
years several efforts have been made to improve the surface
area of titania by synthesizing mesoporous titania which
possess high surface area and porosity. The preparation
of mesoporous titania is reported by using a templating
method. Templates are soft like surfactant or block polymer
or they could be hard templates like porous silica and carbon
[7–10]. Biological templates like insect wings, plant leaves,
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bacterial threads, and so forth, have also been reported for
the synthesis of mesoporous titania [11–13]. Mesoporous
titania with visible light absorption ability are promising
as efficient photocatalysts. However, the usual preparation
route of mesoporous titania and nitrogen doping is different,
hence it is difficult to synthesize nitrogen-doped mesoporous
titania by a simple route. Synthesizing mesoporous titania
with nonmetal doping like nitrogen to enhance visible light
activity seems to be promising area of research. Recently,
one step-template-free solvothermal method to synthesize
N-doped mesoporous titania microspheres was reported by
Chi et al. [14], whereby mesoporous spheres were formed
by crystallite aggregation from controlled alcoholysis of
titania precursor and then reacting urea with titania to dope
nitrogen in mesostructure. Horikawa et al. [15] also reported
the synthesis of N-doped mesoporous titania by supercritical
drying technique.

In continuation with our previous work wherein we had
reported the photo reduction of methyl orange dye by N-
doped mesoporous titania, herein we investigated the photo
oxidation properties of the synthesized photocatalyst. The
photocatalyst has shown promising activity in phenol and o-
chlorophenol photodegradation under visible light.

2. Experimental

2.1. Materials. All the reagents used for experimental studies
were of analytical reagent grade. Methanol, acetic acid,
ammonia, phenol, o-chlorophenol, sodium chloride, sodium
carbonate, and sodium bicarbonate were obtained from
Merck India ltd. Chitosan was procured from Chemchito
India. Titanium isopropoxide was obtained from Acros
India ltd. The stock solutions of phenol and o-chlorophenol
were prepared in deionized water obtained from Millipore
waters progard2 purification system. Plain solar intensity was
measured in Watts per square meter using Lutron LX-102
light meter working on photocell principle.

2.2. Method. All the experiments were carried out in a
cylindrical borosilicate glass reactor of 500 cm3capacity
(Figure 1). The reactor was assembled with centrally
mounted sparger surrounded by cooling coil. The same
experimental setup was employed in the present investiga-
tion which was previously used by Kamble et al. [16]. The
temperature of the reaction mixture was maintained near
ambient by passing water through the cooling coil. 400 cm3

of solution (phenol/o-chlorophenol) was taken in the reactor
and a known weight of the photocatalyst was added to the
reactor. The solution was stirred in dark before exposing the
reactor to concentrated sunlight from a compound parabolic
reflector in order to find out the substrate adsorption effect.
The concentration of phenol or o-chlorophenol in this
filtered sample was treated as the zero time concentration
(Ct = 0) in each experiment before exposure to radiation. Air
was sparged in the reactor through central sparger in order to
keep the photocatalyst particles in uniform suspension. The
position of the reflector was changed after a fixed interval
of time with respect to the position of sunlight in order

Parabolic 
reflector

Three neck 
slurry 
reactor

Water outWater in

Air sparger

Figure 1: Experimental setup of the solar reactor for photocatalytic
degradation experiment.

to maintain a constant band of light around the reactor.
Samples were withdrawn at regular intervals of time for their
analysis.

2.3. Analysis. All the samples were withdrawn using a
syringe, centrifuged, and then were immediately filtered
through 0.45 μ cellulose nitrate membranes. The phe-
nol and o-chlorophenol concentration was measured on
Knauer HPLC system equipped with Eurospher 100-10
C-18 column. The wavelength for detection of phenol
and o-chlorophenol was 270 nm and 274 nm, respectively.
The mobile phase used for analysis was methanol : water
(50 : 50) v/v% and the flow rate was 1.2 cm3 min−1. The
elution time for phenol and o-chlorophenol was 4.2 and
8.3 min, respectively. The solar experiments were carried out
in the months of January 2008 to April 2008 in Nagpur, India
(79◦09′N, 21◦09′E). During this period, the sky was brilliant
blue, and the average solar intensity was approximately
(±2%) constant at 950 Wm−2 as measured at the ground
level. The experiments in artificial radiations were also
carried out during the same period using Tungsten lamp
(500 W).

2.4. Synthesis of N-Doped Mesoporous Titania. The synthe-
sis of N-doped mesoporous titania has been previously
reported by us and detailed elsewhere [17]. The ratio of
chitosan and titania was changed to obtain mesoporous
titania with different nitrogen content namely, N-doped
M-TiO2 (1 : 1) and N-doped M-TiO2 (1 : 2) and N-doped
M-TiO2 (1 : 3). The photocatalytic activity of all the three
synthesized photocatalysts was evaluated for o-chlorophenol
degradation. The % degradation of o-chlorophenol under
solar radiation is as shown in Figure 2. It can be seen that
highest percentage degradation was observed in case of N-
doped M-TiO2 (1 : 2) followed by N-doped M-TiO2 (1 : 3)
and N-doped M-TiO2 (1 : 1). The visible light activity of
these photocatalysts is attributed to the nitrogen doping.
The nitrogen partially replaces oxygen sites in TiO2. This
replacement causes oxygen vacancies and amount of Ti3+

(TiO2 is reduced). These defects on the surface or in the
bulk suppresses recombination reaction. The presence of
optimal nitrogen content is crucial because excessive oxygen
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Figure 2: Comparison of the percentage degradation of o-
chlorophenol by N-doped mesoporous titania (1 : 1), N-doped
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Figure 3: XRD spectra of N-doped mesoporous titania.

vacancies and Ti3+ may act as recombination centre. Thus,
further studies were carried out by N-doped M-TiO2 (1 : 2).

3. Results and Discussion

3.1. Characterization of N-Doped Mesoporous Titania. The
BET surface area of the synthesized photocatalyst was
determined by specific surface area analyzer (ASAP 2000,
micrometics) with nitrogen gas as the adsorbate. The surface
area of N-doped mesoporous titania was found to be
132.36 m2/g which is significantly higher as compared to the
conventional titania Degussa P-25 (55 m2/g). The pore size
was determined by BJH method and the pore size was found

to be 49.68 ´̊A. It can be clearly seen that the photocatalyst is
mesoporous in nature and possesses high surface area.

Powder XRD diffraction patterns of N-doped meso-
porous titania were carried out on Rigaku Miniflex II desktop
X-ray diffractometer with CuKα radiation, as shown in
Figure 3. The scanning range of 2θ was set to between 20◦

and 80◦. It can be seen from the X-ray diffraction patterns
that all peaks can be indexed as the anatase phase (25.6◦,
37.08◦, 48◦, 55.4◦, and 63.32◦) of titania. The low angle peaks

(1◦–3◦) characteristic of ordered mesoporous structure were
not observed [18].

The Fourier Transform Infrared (FTIR) analysis was
carried on Bruker Vertex-70 by Diffuse Reflectance Accessory
technique. The FTIR spectra of N-doped mesoporous titania
are as shown in Figure 4. The peaks corresponding to N–H
stretching (3690.73 cm−1) and NH2 (1573.12 cm−1) indicate
the presence of nitrogen in the synthesized photocatalyst.
The peak at 2918.44 cm−1 is attributed to =C–H2 stretching
vibrations, while the peak at 1676.52 cm−1 corresponds to
C=C stretching vibrations.

Diffuse reflectance UV-Vis spectra of the synthesized
photocatalyst was recorded using a Perkin Elmer spectropho-
tometer lambda 900 equipped with an integrating sphere.
BaSO4 was used as a reference material. The spectrum
is as shown in Figure 5. The absorption maxima of N-
doped mesoporous titania was found to be 466.66 nm, which
corresponds to the visible range of the spectrum indicating
that N-doped mesoporous titania is active in visible light.
The prominent red shift of the photocatalyst as compared
to Degussa P-25 TiO2 can be attributed to the presence
of nitrogen. The band gap energy was calculated from the
absorption maxima by using following equation:

Eg (eV) = 1240/λg nm (1)

(see [19]), where λg is absorption maxima. The band gap
energy was found to be 2.65 eV.

Chemical composition analysis using energy dispersive
X-ray (EDX) spectroscopy is as shown in Figure 6. From the
EDX spectra the nitrogen content of N-doped mesoporous
titania was found to be 0.72 mass percent.

The morphology of the sample was investigated by
scanning electron microscopy (SEM). Figure 7 shows the
SEM images of N-doped mesoporous titania with different
magnifications. As it can be seen from the images, N-
doped mesoporous titania particles exhibit an irregular
morphology. The particle size for synthesized mesoporous
titanai was measured by using CILAS-1180 instrument and
it was observed to be 3.450 μm.

The X-ray photoelectron spectroscopy measurements
were carried out on VG Microtech ESCA 3000 instrument
at a pressure of >1 × 10−9 Torr. The general scan, C1s,
O1s, N1s, and Ti2p core level spectra were recorded with
non-monochromatized Mg Kα radiation (photon energy
1253.6 eV) at a pass energy of 50 eV and an electron takeoff
angle (angle between electron emission direction and surface
plane) of 55◦. The overall resolution was 0.2 eV for XPS mea-
surements. The core level spectra were background-corrected
using the Shirley algorithm, and chemically distinct species
were resolved using nonlinear least-squares fitting procedure.
Baseline correction and peak fitting for the sample was done
using the software package XPS peak 41. The core level
binding energies (BEs) were aligned with respect to the C1s

binding energy of 285 eV.
The doping of nitrogen into TiO2 lattice, and its state was

substantiated and measured by XPS. Figure 8 illustrates the
O1s, Ti2p, N1s, and C1s spectra of N-doped mesoporous tita-
nia (1 : 2). In N1s XPS spectra two signals at BE = 394.2 eV
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Figure 4: FTIR spectra of N-doped mesoporous titania.
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Figure 5: UV-Vis spectra of N-doped mesoporous titania.

and 400.9 eV can be observed. The peak at 394.2 eV belongs
to βN state, and it generally attributes to the presence of
Ti–N bond whereby the N atoms replace the oxygen atoms
in TiO2 lattice, while the second peak at 400.9 eV may be
due to molecularly adsorbed nitrogen containing compound
on the surface. The spectra obtained are quite consistent
with those observed by Horikawa et al. [15]. The presence
of titania ion in an octahedral environment is indicated by
major peak which is centred at 462.3 eV in the Ti2p spectra.
There is a single major peak that is observed at 534.5 eV in
case of O1s, which corresponds to Ti–O bond. In case of C
spectra two major peaks are seen at 285.6 eV and 289.8 eV
which are indicative of the presence of C–O and C=O bond.
The characteristic peak at 281 eV which corresponds to Ti–C
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Figure 6: EDX spectra of N-doped mesoporous titania.

bond was not observed which suggests that carbon atoms do
not replace the oxygen atoms in the TiO2 lattice.

Comparison of N-Doped Mesoporous Titania with Degussa
P-25 TiO2. The preliminary photodegradation experiments
were carried out under identical set of conditions under
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Figure 7: SEM of N-doped mesoporous titania.

solar radiation using commercially available TiO2 (Degussa
P-25) and N-doped mesoporous titania. The photocatalytic
degradation activities of this nondoped TiO2 (Degussa P-
25) were then compared with those of N-doped mesoporous
titania. It was observed that N-doped mesoporous titania
has significantly higher activity for both phenol as well as
o-chlorophenol as compared to Degussa P-25. The com-
parison of N-doped mesoporous titania with Degussa P-25
is as shown in Figure 9: It was observed that 28.59 mg of
phenol degraded/g of TiO2 in case of N-doped mesoporous
titania as compared to 24.75 mg phenol degraded/g of
TiO2 for Degussa P-25 in solar radiation, while 40.71 mg
o-chlorophenol degraded/g of TiO2 in case of N-doped
mesoporous titania as compared to 24.75 mg o-chlorophenol
degraded/g of TiO2 for Degussa P-25. The difference in the
photodegradation activities in case of o-chlorophenol for
TiO2 and N-doped TiO2 is significant as compared to phenol.

(1) In case of N-doped mesoporous titania, there is an
intense absorption in the visible light range and there
is a red shift in the case of N-doped TiO2, resulting in
the generation of more photogenerated electrons and
holes participating in the photocatalytic reactions
under visible light. In case of o-chlorophenol the
aryl–Cl bond, is a weak bond and it is cleaved with
relative ease which further facilitates the attack of
•OH radical and hence o-chlorophenol is degraded to
a greater extent. In case of phenol, as it is resonance
stabilized, the photodegradation is to a lesser extent.

(2) Adsorption of the substrate on the photocatalyst has a
major role in its photocatalytic degradation. Accord-
ing to the mechanism suggested, the attack of •OH
radicals takes place on the adsorbed substrate [20].
The equilibrium adsorption studies were carried out
for both phenol and o-chlorophenol. In case of dark
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Figure 8: XPS of N-doped mesoporous titania.

adsorption studies, 50 mL (phenol/o-chlorophenol)
were mixed with both TiO2 and N-doped TiO2 and
shaken for 24 h for equilibrium. The adsorption of o-
chlorophenol was 36% on N-doped as compared to
15% for TiO2 resulting in more photodegradation.

3.2. Effect of Various Parameters on

Photocatalytic Degradation

3.2.1. Effect of Catalyst Loading. The effect of catalyst loading
on photocatalytic degradation of phenol and o-chlorophenol
by N-doped mesoporous titania was studied. The cata-
lyst loading was varied from 0.1% w/v to 0.3% w/v. The
photocatalytic degradation of phenol and o-chlorophenol
is as shown in Figures 10(a) and 10(b). It can be seen
that initially the photocatalytic degradation for both phenol
and o-chlorophenol increases linearly as the catalyst loading
is increased from 0.1% w/v to 0.2% w/v but when the
catalyst loading is increased further to 0.3% w/v, the rate

of degradation decreases in case of both phenol and o-
chlorophenol. However, the increase in degradation rate is
marginal for phenol as compared to o-chlorophenol. The
decrease in degradation rate with increase in catalyst loading
can be attributed to the increased opacity of the solution
which hinders the light transmission through the solution.
As a result of decreased effective light intensity, the photo
generation of electrons and positive holes would be reduced
and then the rate of photocatalytic degradation is also
reduced.

3.2.2. Effect of Initial Concentration. Effect of initial con-
centration on the rate of photocatalytic degradation was
studied at different initial concentrations of phenol and o-
chlorophenol and is as shown in Figures 11(a) and 11(b). It
was found that with the increase in initial concentration of
phenol and o-chlorophenol the rate of degradation decreases.
This is because with the increase in concentration the
amount of organic species to be degraded increases but the
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rate of generation of OH radical, photocatalyst loading, dis-
solved oxygen concentration, intensity of illumination and
illumination time are constant during the photodegradation.
Hence with increase in initial concentration the rate of
photocatalytic degradation decreases.

3.2.3. Effect of Initial pH. The pH of the solution is an impor-
tant factor which affects the degradation rate. The effect of
initial pH of solution on the photocatalytic degradation of
phenol and o-chlorophenol by N-doped mesoporous titania
was studied. The pH of initial solution was varied from 3
to 11. In acidic range the pH was varied using 0.1 M HCl
while in alkaline range the pH was varied using 0.1 M NaOH.
The rate of degradation for both phenol and o-chlorophenol
is as shown in Figures 12(a) and 12(b). It can be seen
that in case of both phenol and o-chlorophenol, maximum
degradation was found to be at pH 7. In both acidic as well
as alkaline ranges the rate of degradation decreases. This
can be explained from the fact that TiO2 is amphoteric in
nature and the zero point charge of TiO2 is at pH-6. At
acidic pH, the surface of TiO2 is positively charged while it
is negatively charged at alkaline pH. In case of both phenol
and o-chlorophenol the photocatalytic degradation decreases
in acidic pH as the adsorption is less at acidic pH, while
at alkaline pH, the negatively charged phenolate ions are
repelled by the negatively charged surface of TiO2 and hence
photocatalytic degradation decreases.

3.2.4. Effect of Coexisting Anions. The industrial effluent
may contain several salts at different concentrations. These
salts may exert negative or positive influence on the rate of
photocatalytic degradation. The effect of various ions like
chloride, carbonate, and bicarbonate on the photocatalytic
degradation of phenol and o-chlorophenol were studied by
adding 0.1 M solution of their salts to 50 mgL−1 of phenol
and o-chlorophenol. The effect of the presence of coexisting
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Figure 10: Effect of catalyst loading on photocatalytic degradation:
(a) phenol, (b) o-chlorophenol.

anions on photocatalytic degradation of phenol and o-
chlorophenol is shown in Figures 13(a) and 13(b). It can be
clearly seen from these figures that the coions have a detri-
mental effect on the photocatalytic degradation. In case of
phenol, the photocatalytic degradation in the absence of salts
was 69.5%, while the photocatalytic degradation in case of
sodium chloride, sodium carbonate, and sodium bicarbon-
ate was 49.72%, 31.14%, and 35.98%, respectively. Similarly,
in case of o-chlorophenol the photocatalytic degradation in
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Figure 11: Effect of initial concentration on photocatalytic degra-
dation: (a) phenol, (b) o-chlorophenol.

the absence of salts was 98.62%, while the photocatalytic
degradation in case of sodium chloride, sodium carbonate,
and sodium bicarbonate was 87.09%, 79.34%, and 81.90%,
respectively. It can be seen that the presence of chloride,
carbonate, and bicarbonate has substantial detrimental effect
on photocatalytic degradation of phenolics. The negative
effect of these anions is attributed to following two reasons:
(i) change in pH after addition of salts in aqueous solution
of substrate (from acidic to alkaline).This contributes to
inhibition of photocatalytic degradation of phenol and o-
chlorophenol (Figures 12(a) and 12(b) also show the same
trend.). (ii) Carbonate and bicarbonate anions basically act
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Figure 12: Effect of initial pH on photocatalytic degradation (a)
phenol (b) o-chlorophenol.

as hydroxyl radical scavengers, which affect photocatalytic
degradation of phenol and o-chlorophenol. The decrease in
the degradation rate in case of NaCl may be attributed to the
poor adsorption.

3.3. Identification of Intermediates. The intermediates
formed during the photocatalytic degradation of phenol and
o-chlorophenol were identified by High Pressure Liquid Chr-
omatograph. The intermediates formed in case of photo-
catalytic degradation of phenol were catechol (1 to 8 mg/L),
hydroquinol (0.2 to 0.7 mg/L), and benzoquinone (0.5
to 2 mg/L), while in case of o-chlorophenol the major
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Figure 13: Effect of presence of coexisting ions on photocatalytic
degradation (a) phenol (b) o-chlorophenol.

intermediates formed were chlorohydroquinone (concentra-
tion ranges from 0.2 to 0.5 mg/L), catechol concentration
ranges from 1 to 16 mg/L), and hydroxyhydroquinol concen-
tration ranges from (0.2 to 0.7 mg/L).

3.4. Possible Reaction Mechanism. The reaction taking place
at the surface of the photocatalyst is a redox reaction. The
photocatalytic degradation of phenol and o-chlorophenol
takes place via •OH radical attack. Several intermediates
are formed during the process of degradation. Generally,
after the attachment of two OH groups, the aromatic ring
breaks. The subsequent products are rapidly oxidized to

CO2 and H2O, as evidenced by the absence of aliphatic
moieties [15]. In case of phenol, the •OH radical mainly
attacks the ortho and para position of benzene ring and hence
catechol and hydroquinol were the major intermediates
formed. Generally, intermediates with 2 or at the most 3 OH
groups were observed after which the cleavage of ring takes
place.

In case of o-chlorophenol, the two main reaction path-
ways are ortho addition resulting into formation of catechol
and hydroxyhydroquinol and para addition which results in
the formation of chlorohydroquinol as the major intermedi-
ates.

4. Comparative Evaluation of
Photodegradation of Phenolics

In general the photocatalytic degradation rate of o-
chlorophenol is higher as compared to phenol and may be
attributed to the following.

(1) The adsorption of o-chlorophenol is more as com-
pared to phenol which in turn leads to high pho-
todegradation rate.

(2) The aryl–Cl bond is a weak bond and it is cleaved
with relative ease which further facilitates the attack
of •OH radical.

5. Mechanistic Aspects of the Photocatalytic
Degradation of Phenolics

A possible mechanistic pathway illustrating the various
sequence of events taking place at the semiconductor pho-
tocatalyst is as follows.

(1) Irradiation of the semiconductor photocatalyst leads
to the generation of electron/hole pair which can
either recombine or dissociate to give a conduction
band electron and valence band hole.

(2) Oxygen that is sparged is omnipresent on the surface
of the catalyst and acts as an electron acceptor
whereas OH− groups and H2O molecules available
as electron donors interact with the photogenerated
hole to yield highly reactive •OH radicals.

(3) The phenol molecule reacts with the highly reactive
hydroxyl radical and according to the substitution
rule the •OH radical attacks the ortho and para
position of the aromatic ring due to the existing OH
group on it.

(4) The major intermediates in case of phenol are
catechol and hydroquinol.

(5) After the addition of 2-3 OH groups on the aromatic
ring, the cleavage of ring takes place leading to further
mineralization.

(6) In case of o-chlorophenol, the •OH radical attacks at
ortho position leading to the formation of hydroxy-
hydroquinol, and the cleavage of aryl–Cl and further
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addition of •OH radical lead to the formation of
chlorohydroquinol.

(7) Subsequent reactions further lead to mineralization
of intermediates into carbondioxide and water.

6. Conclusions

In the present study, we have explored the photo-oxidation
properties of N-doped mesoporous titania in photodegra-
dation of phenolics under visible light. It was observed
that the catalyst shows significant activity in the solar
radiation as compared to artificial light. It was seen that
initial pH and coexisting ions have a significant influence on
the photocatalytic degradation rates. Maximum degradation
was observed at neutral pH while the presence of coions
has a detrimental effect on the degradation rates in case
of both phenol and o-chlorophenol. The detailed studies
pertaining to reuse and regeneration of the photocatalyst
will be investigated in the latter part of this research work.
Further improvement in photocatalytic activity of N-doped
mesoporous titania is envisaged by codoping with nonmetal
or metal ions.
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