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In recent years, the research on semiconductor photocat-
alytic materials has attracted worldwide attention because
of great significance of these materials in solving global
energy and environmental problems by effective utilization
of solar energy. However, the photocatalytic activity of
these materials is still far from that required by commercial
applications, and therefore further studies are needed in
this direction. Nanostructured photocatalytic materials with
novel properties (e.g., enhanced light absorption, quantum
confinement, high specific surface area and tunable surface-
to-volume ratio, hierarchical porous structure, etc.) create
tremendous opportunities in extending their applications in
various fields including water and air purification, photocat-
alytic disinfection, photocatalytic hydrogen generation, and
dye-sensitized solar cells [1–8].

This special issue contains sixteen papers, which mainly
deal with synthesis, characterization, properties, and envi-
ronmental applications of nanosized photocatalytic materi-
als. Among them seven papers are related to environmental
photocatalysis, one paper is devoted to photoelectrocatalysis
and photoelectrochemistry, one paper presents photocat-
alytic reduction of carbon dioxide, one paper reports on dye-
sensitized solar cells, four papers are related to preparation
and properties, and the remaining two papers deal with
cancer-cell treatment and with physiological damage of
daphnia magna. Furthermore, in this special issue, 14 papers
are related to the doped or composite TiO2 photocatalystic
materials. We wish to express our thanks to all the authors

who have made this special issue possible. A brief summary
of all sixteen papers is presented below.

The article on “Influence of annealing and UV irradia-
tion on hydrophilicity of Ag-TiO2 nanostructured thin films”
is focused on the fabrication and UV-induced hydrophilicity
of Ag-TiO2 nanostructured thin films on silicon, glass, and
quartz substrates by RF magnetron sputtering. The influence
of annealing and UV irradiation time on the hydrophilic
properties of Ag-TiO2 composite thin films is studied and
discussed. It is shown that the unannealed film was an
amorphous phase with small hydrophilicity. The crystallite
size increased slowly with increasing annealing time from 15
to 120 min. A suitable annealing time can obviously enhance
the hydrophilic behavior of Ag-TiO2 composite films. The
mechanism of hydrophilicity can be attributed to the increase
of oxygen anion radicals O2

− and reactive surface Ti3+

species.
Another article “Enhanced visible-light photocatalytic

performance of nanosized anatase TiO2 doped with CdS
quantum dots for cancer-cell treatment,” CdS quantum-
dots- (QDs-) doped TiO2 composites prepared by sol-gel
method were used as a new “photosensitizer” based on
photodynamic therapy (PDT) for cancer-cell treatment. The
photocatalytic activity of CdS-TiO2 towards leukemia tumor
was investigated by using Cell Counting Kit-8 (CCK-8) assay.
The experimental results indicate that an obvious inhibition
of tumor growth was observed in the groups treated with
CdS-TiO2 composites, and the PDT efficiency was higher
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in the presence of CdS-doped TiO2 than that in the case of
TiO2 only, revealing that the photocatalytic activity of TiO2

was obviously enhanced by its modification with CdS QDs.
Thus, CdS-TiO2 composites can be regarded as promising
materials for cancer-cell treatment.

In “Enhancement of electron transfer efficiency in solar
cells based on PbS QD/N719 dye cosensitizers,” the authors
designed new photoanode architecture, namely, PbS QDs
and N719 dye were used as co-sensitizers of the TiO2 meso-
porous films. The experimental results show a significant
improvement in the electron transfer efficiency when PbS
QDs/N719 dye cosensitized structure is used, The use of
PbS in the aforementioned structure resulted not only in
the enhancement of the transfer efficiency of photo-excited
electrons, but also in achieving a wider range and higher
intensity of light absorption. The PbS QDs-deposited TiO2

film was coated by N719 dye, which can effectively prevent
PbS QDs against corrosion by I−/I−3 electrolyte and light.
As expected, the solar energy conversion efficiency of these
photoanodes was relatively higher than that of the PbS QDs
or N719 dye, single-sensitized solar cells.

In “Effect of the steam activation thermal treatment on
the microstructure of continuous TiO2 fibers,” the synthesis
of continuous TiO2 fibers from titanate precursors by sol-
gel method is reported. The grain growth kinetics was
investigated. The results showed that the average diameters of
fibers were in the range of 20–30 μm, the crystal phase of the
synthesized TiO2 fibers was changed from anasate to rutile,
and the crystal size became bigger with increasing tempera-
ture under steam activation.

In “Impact of Ge4+ ion as structural dopant of Ti4+ in
anatase: crystallographic translation, photocatalytic behav-
ior, and efficiency under UV and VIS irradiation,” the
preparation of Ge-doped TiO2 nanoparticles by urea-assisted
homogeneous hydrolysis of TiOSO4 and GeCl4 in an aqueous
solution is described. The photocatalytic activity of all
samples was determined by decomposition of Orange II dye
under irradiation at 365 nm and 400 nm. A moderate doping
with concentration up to 2.05 wt.% positively influenced
azo dye degradation under UV and visible light. Further
improvement could not be achieved by higher Ge doping.
Effect of the annealing (200, 400, and 700◦C) on photocatal-
ysis and other properties has been also evaluated.

The article “Enhanced oxidative stress and physiological
damage in Daphnia magna by copper in the presence of
nano-TiO2” examines the potential hazard of an individual
nanomaterial on the Cu biotoxicity to aquatic organisms.
Daphnia magna in the absence or presence of nano-TiO2

was exposed to Cu. Keeping nano-TiO2 at a safe concen-
tration could not eliminate its potential hazard. Cu in the
presence of TiO2 induced higher levels of oxidative stress
and physiological damage due to the sorption of Cu. TiO2

also caused Na+/K+-ATPase inhibition possibly by impeding
the Na+/K+ transfer channel. The correlation between the
biomarkers, mortality, and accumulation further showed
that the overloading associated with reactive oxygen species
generation caused by TiO2 contributed to deeper oxidative
stress and physiological regulation, thereby causing greater
toxic injury.

In “Relationship between synthesis conditions and pho-
tocatalytic activity of nanocrystalline TiO2,” the sol-gel
synthesis of TiO2 nanoparticles under different conditions
(i.e., molar ratio of water and titanium tetraisopropoxide
(TTIP), pH, and calcination temperature) is presented. The
results show that an increase in the molar ratio of water
and TTIP leads to the enhanced photocatalytic activity of
TiO2 nanoparticles, which is attributed to the increased
specific surface area of these nanoparticles. This finding is
explained by the relative increase in the size of interaggre-
gated pores between aggregated TiO2 nanoparticles. The best
photocatalytic activity of TiO2 nanoparticles was observed
at acidic synthesis conditions; however, the results are not
consistent with physical properties for the crystallinity and
the crystallite size of TiO2 nanoparticles but rather can be
explained by the presence of abundant hydroxyl groups and
water molecules existing on the surface of TiO2 in acidic
environment.

In “Photoelectrochemical properties of Fe2O3 supported
on TiO2-based thin films converted from self-assembled
hydrogen titanate nanotube powders,” the fabrication of
a photoanode from hematite (α-Fe2O3) nanoparticles
entrapped in a thin film of hydrogen titanate nanotubes (H-
TiNT) is reported; H-TiNT were synthesized by repetitive
self-assembly on FTO (fluorine-doped tin oxide) glass.
The current-voltage (I-V) electrochemical properties were
evaluated under ultraviolet-visible light irradiation for the
heat-treated photoanode at 500◦C for 10 min in air. The
prepared Fe2O3/H-TiNT/FTO composite thin film exhibited
photocurrent threefold higher than that measured for the
Fe2O3/FTO film. The observed improvement in photocur-
rent was related to the reduced recombination of electrons
and holes, with an appropriate amount of Fe2O3 spherical
nanoparticles supported on the H-TiNT/FTO film.

In “MWCNT-based Ag2S-TiO2 nanocomposites pho-
tocatalyst: ultrasound-assisted synthesis, characterization,
and enhanced catalytic efficiency,” the ultrasound-assisted
synthesis of multiwalled carbon nanotube-based nanoscale
Ag2S and TiO2 composites is presented. The Ag2S-TiO2/CNT
composites exhibited much higher photocatalytic activity
than pure TiO2 for the degradation of Rhodamine B (Rh.B)
under UV and visible light. The improved photocatalytic
activity was attributed to the increased adsorption of Rh.B
molecules and increased charge transfer rate in the presence
of a one-dimensional MWCNT network.

The article “Dispersion and stabilization of photocat-
alytic TiO2 nanoparticles in aqueous suspension for coatings
applications” reports the study of dispersion and stabiliza-
tion of TiO2 nanoparticles in aqueous suspensions using
two common dispersants polyacrylic acid (PAA) and ammo-
nium polymethacrylate (Darvan C). The effect of various
factors such as ultrasonication amplitude, type and amount
of dispersants on the dispersibility, and stability of TiO2

aqueous suspensions were examined. This study shows that
the addition of dispersants improves the dispersibility and
stabilization of aqueous suspensions. The latter were then
coated on a quartz glass, and the photocatalytic activity of
the coatings was studied by degradation of formaldehyde gas
under UV light.
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The aim of the research reported in “Degradation of
semiconductor manufacturing wastewater by using a novel
magnetic composite TiO2/Fe3O4 photoreactor design,” was
to develop a photocatalytic TiO2 that can be activated
by visible light and can be reused. The 20 to 40 nm
TiO2/Fe3O4 particles with magnetization of 5.8 emu/g were
prepared by modified sol-gel method followed by 500◦C
calcination. The data indicate that visible fluorescent light
(VFL, contains no UV-A) can activate the photocatalytic
activity of TiO2/Fe3O4 particles as ultraviolet A light (UV-
A, 360 nm) do. Regular magnets can be used to separate
TiO2/Fe3O4 particles from solution. The results indicate
that VFL-irradiated TiO2/Fe3O4 particles could decompose
isopropanol (IPA) in the absence of UV-A.

In “Highly ordered TiO2 macropore arrays as transparent
photocatalysts,” the preparation of highly ordered trans-
parent TiO2 macropore arrays by a simple glass-clamping
method at ambient temperature is described. The prepared
TiO2 macropore arrays showed high transmittance in the
visible light region and were used as transparent photocataly-
sts for degradation of organic dyes.

The article “Influence of selected alkoxysilanes on dis-
persive properties and surface chemistry of titanium dioxide
and TiO2-SiO2 composite Material” reports characterization
of TiO2 and coprecipitated TiO2-SiO2 composite material
functionalized with selected alkoxysilanes. This composite
material was obtained by an emulsion method using cyclo-
hexane as an organic phase, titanium sulfate as titanium
precursor, and sodium silicate solution as precipitating
agent. The functionalized TiO2 and TiO2-SiO2 composite
materials were characterized to determine the yield of
functionalization with silanes.

In “Immobilized TiO2 for phenol degradation in a pilot-
scale photocatalytic reactor,” phenol degradation, which was
carried out in a photocatalytic pilot plant reactor equipped
with a UV/vis mercury lamp, is presented. The total
volume of treated water was equal to 1.35 m3. TiO2 P25
was used as a photocatalyst and it was immobilized on
two different supports: (i) a steel mesh and (ii) a fiberglass
cloth. The highest effectiveness of phenol decomposition
and mineralization was observed in the presence of TiO2

supported on the fiberglass cloth. After 15 h of the process,
phenol and total organic carbon concentrations decreased by
ca. 80 and 50%, respectively.

In “Effect of preparation parameters on photoactivity
of BiVO4 by hydrothermal method,” the hydrothermal
synthesis of bismuth vanadate (BiVO4) from Bi(NO3)3 and
NH4VO3 is reported. Based on orthogonal and single factor
experiments, the optimal synthetic parameters were deter-
mined. The results indicate that the optimal experimental
parameters for the preparation of monoclinic BiVO4 are
pH = 7, 195◦C and 6 h. The catalytic performance of BiVO4

was evaluated by reducing carbon dioxide to methane under
visible light irradiation. It was found that the methane
production reached 145 μg/g-cat after 5 h irradiation.

In “Structural characterisation of ZnO particles obtained
by the emulsion precipitation method,” the precipitation of
zinc oxide in an emulsion system by using zinc acetate as
a precursor of ZnO and potassium hydroxide or sodium

hydroxide as precipitating agents is described. Cyclohexane,
as an organic phase, and a nonionic surfactant were also
used for preparation of the emulsion. Additional modi-
fications of the ZnO precipitation process, involving for
instance different precipitating agents, and/or changes in
the composition of substrates and in the dosing rate of
substrates, afforded some interesting structures of ZnO
particles. For selected samples their electrical properties
(dielectric permittivity and electric conductivity) were also
measured. The resulting zinc oxide consisted of particles in
the form of ellipsoids, rods, and flakes with sizes ranging
from about 160 to 2670 nm and showed the well-developed
surface area reaching 20 m2/g.

The above synopsis of the articles collected in this
special issue on synthesis, characterization, properties, and
applications of nanosized photocatalytic materials indicates
that this area of research is continuously expanding. Our
hope is this special issue will stimulate further developments
in the field of photocatalytic materials.

Jiaguo Yu
Mietek Jaroniec

Huogen Yu
Wenhong Fan

References

[1] J. G. Yu, M. Jaroniec, and G. X. Lu, “TiO2 photocatalytic
materials,” International Journal of Photoenergy, vol. 2012,
Article ID 206183, 5 pages, 2012.

[2] Q. J. Xiang, J. G. Yu, and M. Jaroniec, “Graphene-based
semiconductor photocatalysts,” Chemical Society Reviews, vol.
41, pp. 782–796, 2012.

[3] Q. J. Xiang, J. G. Yu, and M. Jaroniec, “Synergetic effect of
MoS2 and graphene as cocatalysts for enhanced photocatalytic
H2 production activity of TiO2 nanoparticles,” Journal of the
American Chemical Society, vol. 134, pp. 6575–6578, 2012.

[4] X. M. Zhou, G. Liu, J. G. Yu, and W. H. Fan, “Surface
plasmon resonance-mediated photocatalysis by noble metal-
based composites under visible light,” Journal of Materials
Chemistry, vol. 22, pp. 21337–21354, 2012.

[5] J. Zhang, J. G. Yu, M. Jaroniec, and J. R. Gong, “Noble metal-
free reduced graphene oxide-ZnxCd1−xS nanocomposite with
enhanced solar photocatalytic H2—production performance,”
Nano Letters, vol. 12, pp. 4584–4589, 2012.

[6] J. Zhang, J. G. Yu, Y. M. Zhang, Q. Li, and J. R. Gong, “Visible
light photocatalytic H2-production activity of CuS/ZnS porous
nanosheets based on photoinduced interfacial charge transfer,”
Nano Letters, vol. 11, pp. 4774–4779, 2011.

[7] Q. Li, B. Guo, J. Yu et al., “Highly efficient visible-light-driven
photocatalytic hydrogen production of CdS-cluster-decorated
graphene nanosheets,” Journal of the American Chemical Society,
vol. 133, no. 28, pp. 10878–10884, 2011.

[8] S. W. Liu, J. G. Yu, and M. Jaroniec, “Anatase TiO2 with
dominant high-energy 001 facets: synthesis, properties, and
applications,” Chemistry of Materials, vol. 23, pp. 4085–4093,
2011.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2012, Article ID 656353, 9 pages
doi:10.1155/2012/656353

Research Article

Structural Characterisation of ZnO Particles Obtained by the
Emulsion Precipitation Method

Agnieszka Kołodziejczak-Radzimska,1 Ewa Markiewicz,2 and Teofil Jesionowski1

1 Institute of Chemical Technology and Engineering, Faculty of Chemical Technology, Poznan University of Technology,
M. Sklodowskiej-Curie 2, 60965 Poznan, Poland

2 Institute of Molecular Physics, Polish Academy of Science, M. Smoluchowskiego 17, 60179 Poznan, Poland

Correspondence should be addressed to Teofil Jesionowski, teofil.jesionowski@put.poznan.pl

Received 25 May 2012; Accepted 20 September 2012

Academic Editor: Huogen Yu

Copyright © 2012 Agnieszka Kołodziejczak-Radzimska 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.

Zinc oxide was obtained by precipitation in an emulsion system with zinc acetate used as a precursor of ZnO and potassium
hydroxide or sodium hydroxide as a precipitating agent. The cyclohexane, as an organic phase, and a nonionic surfactant mixture
were also used for preparation of the emulsion. By applying modifications of the ZnO precipitation process, such as changing
the precipitating agent, composition of substrates, and the rate of substrate dosing, some interesting structures of ZnO particles
were obtained. The morphology of the modified samples was analysed based on SEM (scanning electron microscope) and
TEM (transmission electron microscope) images. Moreover the samples were characterised by determination of their dispersive
properties using the noninvasive back scattering method (NIBS), adsorption parameters (BET), and crystalline structure (XRD).
Thermogravimetric analysis (TG) as well as infrared spectrophotometry (FT-IR) was also applied. For selected samples their
electrical properties (dielectric permittivity and electric conductivity) were also measured. The zinc oxide obtained consisted of
particles in the shapes of solids, ellipsoids, rods, and flakes, with size ranging from 164 to 2670 nm and showed well-developed
surface area with values as high as 20 m2/g.

1. Introduction

Zinc oxide, with its unique physical and chemical properties
such as high chemical stability, high electrochemical cou-
pling coefficient, broad range of radiation absorption, and
high photostability, is a multifunctional material [1–3]. In
material science zinc oxide is classified as a semiconductor
in groups II–VI, whose covalence is at the border between
ionic and covalent semiconductors. A broad energy band
(3.37 eV), high bond energy (60 meV), and high thermal
and mechanical stability at room temperature make it
attractive for potential use in electronics, optoelectronics,
and laser technology [4–7]. The piezo- and pyroelectric
properties of ZnO mean that it can be used as a sensor,
converter, energy generator, and photocatalyst in hydrogen
production. Compared with TiO2, ZnO as a potential
photocatalyst has the advantage of lower cost, absorption of
more light quanta, and higher photocatalytic efficiencies for

the degradation of several organic pollutants in both acidic
and basic media compared with TiO2 [8]. Many strategies
have been developed to improve the photocatalytic activity
of ZnO nanostructures, such as changing the structural and
morphological characteristics (size, shape, and crystalline
structure) [9]. Because of ZnO’s hardness, rigidity, and
piezoelectric constant it is a material important in the
ceramics industry, while its low toxicity, biocompatibility,
and biodegradability make it a material of interest for
biomedicine and in proecological systems [10]. Zinc oxide
occurs in a very rich variety of structures and offers a wide
range of properties [11, 12]. A variety of methods for ZnO
production [13, 14], such as a vapour deposition process
[15], precipitation in water solution [16], hydrothermal
synthesis [17, 18], a sol-gel process [19], precipitation from
microemulsions [20], and a mechanochemical process [21],
make it possible to obtain products with particles differing in
shape, size, and spatial structure.
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Zinc oxide can occur in one-(1D), two-(2D), and three-
dimensional (3D) structures. One-dimensional structures
make up the largest group, including nanorods [22, 23],
-needles [24], -helixes, -springs and -rings [25], -ribbons
[26], -tubes [27–29], -belts [30], -wires [31], -combs [32],
and so forth; 1D structures were synthesised by Shouli
et al. [33]. The same authors obtained three different
morphological forms of zinc oxide, namely needles, pencils,
and flowers, in the process of hydrothermal precipitation in
the presence of CTAB and SDS. Their results pointed to the
important role of surfactants in the morphology of the zinc
oxide nanocrystals. When studying the relation between the
gas properties and calcination conditions, the same authors
established that the best crystallisation of zinc oxide and
highest effectiveness of gas reactions were obtained for ZnO
synthesis at 400◦C for 1 hour.

Zinc oxide can be obtained in 2D structures, for example,
nanoplate/nanosheet and nanopellets [34, 35]. Such particles
have been obtained by Leung et al. [36], who precipitated
ZnO with a structure of ribbons/combs by heating a mixture
of ZnO : SWNT (single-walled carbon nanotubes) in a pipe
furnace under atmospheric pressure. The morphology of the
samples so obtained depends on the calcination temperature
and substrates used. ZnO in the form of ribbons/combs
shows strong UV absorption, which testifies to high purity
of the crystalline samples obtained.

Examples of 3D structures of zinc oxide include flower,
dandelion, snowflakes, coniferous urchin-like, and so forth
[4, 37–40]. ZnO with a 3D structure has been obtained
by Haldar et al. [41], who applied the method of chemical
condensation of vapours using zinc acetate as a precursor.
They obtained zinc oxide in the form of nanorods joined
in a kind of flower-like structure. The 3D structures are
composed of ZnO nanorods of about 50 nm in diameter,
hierarchically arranged about a common nucleus.

In this paper we report on the obtaining of ZnO in
different morphological forms, by the method of emulsion
precipitation (an alternative to the classical precipitation
method and other frequently used complex procedures),
with zinc acetate as a precursor of ZnO and potassium or
sodium hydroxide as a precipitating agent.

2. Experimental Procedure

2.1. Materials. The precursors of zinc oxide were 0.9 M,
1.4 M, and 1.9 M solutions of dihydrate zinc acetate
Zn(CH3COO)2·H2O (Chempur). The precipitating agent
was a 1.8 M solution of potassium hydroxide KOH or
sodium hydroxide NaOH, both from Chempur. Also used
in emulsion formation were cyclohexane (Chempur) as an
organic phase, and nonylphenylpolyoxyethylene glycol ethers
NP3 and NP6 (Sigma-Aldrich) as a mixture of emulsifiers.
All reagents were of analytical grade.

2.2. Emulsion Precipitation. Appropriate quantities of the
emulsifiers (NP3 and NP6) were weighed and dissolved
in the organic phase (cyclohexane), to which zinc acetate
was added in a proper concentration. The mixture was

homogenised for 30 minutes, after which the emulsion was
ready for ZnO precipitation. Precipitation was carried out in
a reactor of 500 cm3 capacity equipped with a homogenizer.
The emulsion was placed in the reactor, to which a solution
of KOH (or NaOH) was dosed using an Ismatec ISM833A
type peristaltic pump. The system was intensely stirred
(9000 rpm). The system obtained as a result of the reaction
taking place in the reactor (QVF Mini-Plant Pilot Tec) was
subjected to destabilisation at 80◦C. Then the organic phase
was separated by the vacuum evaporation technique and the
mixture obtained was filtered off under reduced pressure.
Next the sample was washed with hot water and methanol
to remove residues of the emulsifiers. The filtrate cake was
then dried in a stationary drier at 120◦C to obtain the final
product ZnO. Four samples were obtained, labelled as Z1, Z2,
Z3, and Z4, composed of particles of different shapes. Table 1
presents the conditions of precipitation and main data for the
samples, and Figure 1 shows the scheme for obtaining ZnO
from the emulsion systems.

2.3. Physicochemical Characteristics of Precipitated ZnO

2.3.1. Dispersive Properties. Particle size distributions were
determined using a Zetasizer Nano ZS (Malvern Instruments
Ltd.), an analyser based on the noninvasive back scattering
method (NIBS). Cumulant analysis gives a width parameter
known as the polydispersity, or the polydispersity index
(PdI). Cumulant analysis is actually the fit of a polynomial
to the log of the G1 correlation function (1):

Ln[G1] = a + bt + ct2 + dt3 + et4 + · · · . (1)

The value of b is known as the second order cumulant, or the
z-average diffusion coefficient. The coefficient of the squared
term, c, when scaled as 2c/b2, is known as the polydispersity.

2.3.2. Scanning Electron Microscopy. At the next stage, mor-
phology and microstructure were investigated to obtain data
on dispersion, grain morphology, structure of individual
particles, and agglomeration types in the obtained zinc oxide.
The studies were performed using a Zeiss EVO40 scanning
electron microscope and a Jeol 1200 EX II transmission
electron microscope.

2.3.3. Adsorption Properties. In order to characterise the
adsorption properties, nitrogen adsorption/desorption
isotherms at 77 K and parameters such as surface area
(ABET), total volume (Vp), and mean size (Sp) of pores were
determined using an ASAP 2020 instrument (Micromeritics
Instrument Co.). All samples were degassed at 120◦C for
4 h prior to measurement. The surface area was determined
by the multipoint BET (Brunauer-Emmett-Teller) method
using the adsorption data as a function of relative pressure
(p/p0). The BJH (Barrette-Joyner-Halenda) method was
applied to determine the pore volume and the average pore
size.

2.3.4. X-Ray Diffraction. The crystalline structure of indi-
vidual samples was resolved using the X-ray diffraction
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Table 1: Experimental conditions of the precipitation process and particle shapes determined for the zinc oxides obtained.

Sample code
Concentration of

Zn(CH3COO)2 solution (M)
Precipitating agent

Amount of zinc
acetate/cyclohexane

(cm3)

Dosing rate of KOH (or
NaOH) to

Zn(CH3COO)2 (cm3/min)
Particle shape

Z1 0.9 KOH 50/50 11 Solids

Z2 0.9 KOH 150/180 11 Ellipsoids

Z3 1.4 KOH 150/180 4 Rods

Z4 1.9 NaOH 50/60 4 Flakes

method. The diffractograms were recorded using a TUR-
M-62 horizontal diffractometer, equipped with HZG-3 type
goniometer. To obtain the radiation intensity distribution
curve I = f (θ), a counting rate gauge was used, interoperat-
ing with the counter and electronically coupled to a graphic
recorder.

2.3.5. Thermal Stability. A thermogravimetric analyser (TG,
model Jupiter STA 449F3, made by Netzsch) was used to
investigate the thermal decomposition behaviour of the sam-
ples. Measurements were carried out under flowing nitrogen
at a heating rate of 10◦C/min and a temperature range of 25–
1000◦C with an initial sample weight of approximately 5 mg.

2.3.6. Fourier Transform Infrared Spectroscopy (FT-IR). In
order to identify the characteristic groups present on the
surface of the precipitated ZnO, the samples were subjected
to FT-IR analysis using an IFS 66 v/s spectrophotometer
(Bruker). The samples were studied in the form of KBr
tablets, as KBr crystals are inactive in the IR range. The
analysis was performed over a range of 4000–400 cm−1.

2.3.7. Dielectric Properties and Conductivity. Dielectric prop-
erties of the samples were characterised by determination

of the dielectric constant, conductivity, and refractive index.
Dielectric and conductivity measurements were performed
at room temperature in the range 10−2–107 Hz on an
impedance analyser (Alpha-A High Performance Frequency
Analyzer, Novocontrol GmbH). The refractive index was
determined by approximation of the curves representing the
frequency dependence of permittivity.

3. Results and Discussion

3.1. Dispersive and Morphological Characterisation of Zinc
Oxide. SEM and TEM images of the ZnO samples pre-
cipitated from the emulsion system when different process
parameters were applied (Table 1) revealed different and
interesting structures of the products. Solid (sample Z1),
ellipsoid (Z2), rod (Z3), and flake (Z4) morphologies were
observed.

Figure 3 presents the particle size distributions recorded
for the four samples. The low values of the polydispersity
index (Z1 − PdI = 0.161, Z2 − PdI = 0.168, Z3 –
PdI = 0.127, and Z4 − PdI= 0.055) imply that the particles
have relatively high homogeneity and direct regular shapes
(confirmed in the SEM and TEM images, see Figure 2).
The particle size distributions display monomodal bands
covering narrow ranges of particle diameters. The smallest
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Figure 2: SEM and TEM images of zinc oxide structures: (a) sample Z1, (b) Z2, (c) Z3, and (d) Z4.
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Figure 3: Particle size distributions of precipitated ZnO powders.

size particles were obtained in sample Z1 (solids) and Z4
(flakes); their diameters varied in the range 164–955 nm
(sample Z1) and 220–712 nm (sample Z4). The maximum
volume contribution (close to 20%) came from particles of
396 nm diameter. The ellipsoid structures present in sample
Z4 had diameters in the range 459–2670 nm; the maximum
volume contribution of about 30% came from particles of
1110 nm diameter. The rod structures observed in sample Z3

had diameters in the range 396–825 nm, and the maximum
volume contribution of about 20% came from particles
of 815 nm diameter. By changing the precipitating agent
(KOH or NaOH) we can vary the resulting ZnO particle
structures. Using KOH results in two-dimensional shapes
(solids, ellipsoids, rods). However when NaOH is used, we
obtain particles in the form of flakes. The morphology is also
affected by the concentration of zinc acetate and the quantity
of the organic phase. It was observed in particular that as the
quantity of the organic phase increases, there is an increase in
the parameter reflecting the length of the resulting particles
(a powder in the form of nanorods is obtained).

3.2. Adsorption Properties. Nitrogen adsorption/desorption
isotherms and pore size distributions of the ZnO samples
obtained are shown in Figure 4. The isotherms were classified
as type IV and the hysteresis loops as type H3, which
points to the mesoporous structure of the ZnO samples. A
type IV isotherm is related to capillary condensation taking
place in mesopores. As can be seen in Figure 4, the ZnO
samples obtained in the manner described above have large
specific surface areas, the largest (23 m2/g) being recorded for
sample Z4 (flakes, Figure 4(d)). The pore volume and mean
pore diameter in this sample were 0.015 cm3/g and 2.6 nm,
respectively. The smallest specific surface area (8 m2/g) was
determined for sample Z1 (solids, Figure 4(a)), and the
pore volume and mean pore diameter in this sample were
0.006 cm3/g and 2.9 nm. The specific surface areas of sample
Z2 (ellipsoids, Figure 4(b)) and sample Z3 (rods, Figure 4(c))
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Figure 4: Nitrogen adsorption/desorption isotherms and pore size distributions of ZnO samples (a) Z1, (b) Z2, (c) Z3, and (d) Z4.

were 10.8 and 12.0 m2/g, while their pore volumes were
0.008 and 0.009 cm3/g and the mean pore diameters 2.7 and
2.9 nm, respectively. From analysis of the parameters of the
ZnO precipitation process it can be concluded that with an
increase in the concentration of zinc acetate and the quantity
of the organic phase (cyclohexane) there is an increase in the
specific surface area of the resulting samples. In addition the
type of precipitating agent used significantly influences on
the adsorption activity.

3.3. X-Ray Diffraction. The crystalline structure of the ob-
tained zinc oxide samples was resolved by the X-ray diffrac-
tion method (XRD). WAXS diffraction patterns (Figure 5)
confirmed the crystalline structure of the samples. All
diffraction maxima observed correspond to the hexagonal
structure of ZnO (JCPDS card number 36-1451 [4]). The
diffraction maxima observed at the 2θ angles 31.8, 34.5, 36.3,
47.6, and 56.6 correspond to the characteristic ZnO planes of
wurtzite structure: (100); (002); (101); (102); (110) [27, 28].

The average crystal size (Daverage) of the ZnO samples was
estimated from the width of lines in the XRD spectrum using
the Sherrer equation:

D = Kλ

β cos θ
, (2)

where K is a unitless constant taken as 0.9, λ is the X-ray
wavelength (1.5418 Å), β is the width of the line at half-
maximum intensity, and θ is half of the diffraction angle
[42]. The Daverage values were calculated for the three highest
intense peaks of the ZnO spectrum, which are (101), (002),
and (100). The calculated average crystal sizes are detailed in
Table 2.

3.4. Thermal Stability. The ZnO samples obtained were sub-
jected to thermogravimetric (TG) analysis, which provides
information on the chemical and physical transformations
taking place upon heating. The TG curves recorded are
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Figure 5: XRD diffraction patterns of zinc oxide structures.

Table 2: Calculated average crystal size of ZnO using the Scherrer
equation.

Sample
code

D(101) (nm) D(002) (nm) D(100) (nm) Daverage (nm)

Z1 38.1 76.9 46.2 53.7

Z2 57.0 76.9 57.7 63.8

Z3 45.9 76.9 76.8 66.5

Z4 32.7 76.9 57.7 41.3

presented in Figure 6. The greatest mass loss, of about 20%
was observed for samples Z1 (solids) and Z3 (rods). For Z1
this decrease occurred in the temperatures range 20–500◦C,
while for Z3 it occurred in the two ranges 20–400◦C and 400–
800◦C. A smaller mass loss of about 15% taking place in the
range 20–500◦C was noted for samples Z2 (ellipsoids) and Z4
(flakes). The mass loss in all samples is related to desorption
of physically adsorbed water molecules on the ZnO surface.
It follows that the degradation of samples Z1 and Z3 is faster
than that of Z2 and Z4. The mass loss is caused mainly by
thermal decomposition combined with water loss (water of
crystallisation and constitutional water).

3.5. Spectroscopic Studies. In order to identify the character-
istic groups present on the surface of the ZnO samples that
could react with the functional groups of other compounds,
the zinc oxides were subjected to spectroscopic analysis.
The FT-IR spectra taken for samples Z2 (ellipsoids) and Z4
(flakes) are presented in Figure 7.

The spectroscopic analysis confirmed previously pub-
lished results [43–45]. The spectra reveal the presence
of bands assigned to the oscillating vibrations νO–H
(∼3400 cm−1), symmetric and asymmetric valency bands
νC–H (∼3000; 1050 cm−1) and stretching vibrations νC=O
(∼1300; 1500 cm−1), νZn–OH (∼900 cm−1), and νZn–O
(∼450 cm−1). The spectroscopic studies indirectly provide
information about the surface character of the ZnO samples
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(intensity of hydroxyl group bands), which is of importance
in applications of zinc oxide in nonpolar systems.

3.6. Electrical Properties. Figure 8 presents the relation of
frequency versus permittivity ε′ measured for samples Z2
(ellipsoids) and Z4 (flakes). These two materials show
high dispersion (strong dependence of permittivity versus
frequency). The significant increase in permittivity in the
low frequency range (below 100 Hz) is related to the large
influence of conductivity. For frequencies above 10 kHz a
tendency towards stabilisation of permittivity is observed,
which is typical for dielectric materials at frequencies higher
than the range corresponding to reorientational and ionic
polarisation.
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Figure 9 presents the conductivity σ ′ of samples Z2 and
Z4 as a function of frequency.

The values of conductivity measured for samples Z2
and Z4 are typical for insulators. In the frequency range 1–
10000 kHz, the conductivity is described by relation (3):

σ ′ac(ω) ∝ ωP. (3)

In the entire frequency (ω) range studied, the exponent
P is 0.75 for Z4 (flakes) and 0.97 for Z2 (ellipsoids).
For sample Z2 the character of the frequency dependence
of conductivity is more gradual, while for Z4 it is more
diffusional. The nature of the graph of conductivity versus
frequency depends on the concentration of zinc acetate and
the precipitating agent used. A smaller concentration of
Zn(CH3COO)2 (0.9 M) and use of KOH make the curve
more gradual, while increasing the concentration (1.4 M)
and introducing NaOH produce a more diffusional curve. In
the lowest frequency range the dependence shows a plateau
characteristic of ohmic conductivity. The refractive index at
the optical frequencies satisfies the following relation:

n ≈ √ε. (4)

For the samples studied this index was determined by
approximation of the curves of frequency against permittiv-
ity. The values obtained are given in Table 3. The refractive
index is influenced significantly by the reaction parameters—
an increase in the concentration of zinc acetate and the use
of NaOH instead of KOH as the precipitating agent cause a
decrease in the value of this parameter.

4. Conclusions

Zinc oxide has been obtained in a number of different
structures using a large number of methods which has so
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samples Z2 and Z4.

Table 3: Refractive index of precipitated samples Z2 and Z4.

Sample symbol Refractive index n

Z2 2.42

Z4 1.95

far been proposed. The relatively simple method for ZnO
synthesis proposed in this paper makes it possible to obtain
ZnO with particles in the shape of solids, ellipsoids, rods
and flakes, and with very well-developed surface area. The
structures of the product particles were found to depend on
certain types of modification to the precipitation process.
The analysis shows that the results obtained are clearly
influenced by the parameters of the precipitation process.
The shape of the ZnO particles depends on the concentration
of zinc acetate, the type of precipitating agent, and the
quantity of the organic phase. The diameters of the ZnO
particles obtained varied in the range 164–2670 nm, while
the specific surface areas ranged from 8 to 24 m2/g. The
samples were found to display the crystalline structure
of hexagonal wurtzite. The high value of the refractive
index (close to 2.2), and high chemical resistance are very
important and attractive features for potential applications.
In summary, the proposed method of precipitation makes
it possible to obtain ZnO powders with various interesting
structures and properties, desirable for many applications.
The same method can be used for obtaining oxides of other
metals characterised by different nano- and microstructures.
In the next stage of this research the zinc oxide obtained will
be used as a photocatalyst.
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Phenol degradation was carried out in a photocatalytic pilot plant reactor equipped with a UV/vis mercury lamp. The total volume
of treated water was equal to 1.35 m3. TiO2 P25 was used as a photocatalyst and it was immobilized on two different supports: (i)
a steel mesh and (ii) a fiberglass cloth. Moreover, the performance of commercially available Photospheres-40 was examined. In
addition, an experiment in the absence of a photocatalyst was conducted. The commercially available Photospheres-40 were found
to be inadequate for the presented application due to their fragility, which in connection with vigorous mixing and pumping led to
their mechanical destruction and loss of floating abilities. The highest effectiveness of phenol decomposition and mineralization
was observed in the presence of TiO2 supported on the fiberglass cloth. After 15 h of the process, phenol and total organic carbon
concentrations decreased by ca. 80% and 50%, respectively.

1. Introduction

Nowadays significant contamination of surface water and
groundwater with various organic compounds coming from
both industry and agriculture is observed. A number of the
contaminants are resistant to biological degradation, and
they are not susceptible to removal in conventional water
treatment processes such as coagulation, flocculation, and
filtration [1]. Therefore, in many cases, novel, efficient and
cost-effective methods of water treatment should be applied.
The processes should assure complete mineralization of all
the toxic species present in the raw water without leaving
behind any hazardous residues [2, 3].

Advanced Oxidation Processes (AOPs) seem to be one of
the most promising methods for removal of various organic
contaminants. Among others, photocatalysis has been espe-
cially extensively investigated. The most commonly used
photocatalyst is titanium dioxide. This is due to many merits
revealed by the material such as relatively low cost, high
photocatalytic activity, and chemical stability [4–6]. One of
the major disadvantages of using TiO2 is its troublesome sep-
aration from purified medium after the photocatalytic pro-
cess. For that reason, attempts to immobilize the powdered

TiO2 on various supports have been undertaken. One of
the best known methods of photocatalyst immobilization is
deposition of TiO2 powder on a glass surface by the dip-
coating technique. TiO2 can firmly adhere to the glass surface
due to the difference in the electrostatic charge. Besides
various types of glass, other materials, including quartz,
sand, stainless steel, silica, activated carbon, alumina, and
polymers, zeolites, are used for TiO2 immobilization [7, 8].
These supports can be prepared in various forms and shapes,
such as cylinders, tubes, sheets or plates, and beads and mesh.
Both dip coating and sol-gel precipitation of TiO2 on the
support are the most common methods of photocatalyst
immobilization. However, other procedures such as direct
oxidation of titanium metal by both electrochemical or
thermal methods or electrophoretic coating of stainless steel
can be also applied [9, 10].

The presented studies were focused on application of
immobilized TiO2 for removal of phenol from water in a
pilot-scale photocatalytic reactor. Phenol was chosen as a
model contaminant since it is one of the serious pollutants
present in water. This compound exhibits high toxicity for
human beings and causes severe environmental problems.
Due to its hazardous properties, numerous investigations
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Figure 1: Schematic diagram (a) and photograph (b) of the pilot-scale photocatalytic installation: (1) photoreactor with UV/vis mercury
lamp, (2) water/wastewater tank, (3) pump; (4) air compressor.

are focused on phenol removal from water and wastewater
[7, 11–18]. The aim of the presented research was evaluation
of possibility of application of TiO2 immobilized on steel
mesh, fiberglass cloth, and microspheres (Photospheres-40,
Microspheres Technology) in a pilot plant photocatalytic
reactor. On a basis of the obtained results, the most beneficial
and efficient configuration of the system was proposed.

2. Experimental

2.1. Pilot-Scale Photocatalytic Reactor. In order to make the
system relocatable and thus easily reaching sources of the
polluted water, the pilot-scale photocatalytic installation
was built inside of a mobile container (Figure 1). The
main component of the installation was a photoreactor
(1) equipped with a UV/vis mercury lamp (Ultralight AG,
Germany). The lamp power was set at a level of 6 kW, and the
corresponding UV irradiation intensity was ca. 330 W/m2.
For safety reasons, the pilot-scale installation was grounded
because of high power usage. During the process, the phenol
solution was pumped from the wastewater tank (2) (total
volume of 1.5 m3) to the photoreactor (total volume of
0.6 m3, working volume of 0.06 m3) with a flow rate of
10 m3/h by means of an impeller pump (3). The effluent
water flowed out of the photoreactor gravitationally to the
tank. The process was realized in a batch mode with complete
recycle. The water in the tank (2) was continuously aerated
with use of an air compressor (4) with a flow rate of 40 m3/h.
A diffuser was mounted in the bottom of the tank (2) to
provide a uniform distribution of air bubbles. Inside the
photoreactor (1) a small amount of O3 was generated in the
presence of the UV lamp. The ozone concentration in water
was ∼30 μg/dm3.

Both the phenol solution and air flowed in a closed loop.
In this way, a release of volatile compounds outside the plant

could be avoided. Moreover, the undesirable volatile species
were decomposed in situ by ozone in the closed air loop,
which allowed reducing the formation of odors.

The installation was not equipped with any heat exchan-
ger, therefore the solution temperature was monitored. The
temperature during all experiments varied form 15◦C at the
beginning to 35◦C at the end of the process. To find out if
such changes affect the efficiency of phenol decomposition,
additional short-term (2 h) experiments were performed,
during which the temperature was maintained at 15, 25, or
35◦C. The results revealed that within the investigated range
the temperature had no noticeable influence on the process
performance.

At the beginning of each experiment, the wastewater tank
(2) was filled up with 1.35 m3 of a fresh tap water. Sub-
sequently, phenol was added to the tank to achieve initial
concentration of 25 mg/dm3. The resulting concentration of
total organic carbon (TOC) was 22 mg/dm3.

The experiments were realized in four different modes:

(i) mode 1: without photocatalyst addition;

(ii) mode 2: in the presence of Photospheres-40;

(iii) mode 3: in the presence of TiO2 P25 supported on a
steel mesh;

(iv) mode 4: in the presence of TiO2 P25 supported on a
fiberglass cloth.

The effectiveness of photodegradation was evaluated on
a basis of changes of phenol and TOC concentrations in the
treated water, with the time of the photocatalytic process.

2.2. Photocatalysts

2.2.1. Photospheres-40. The commercial Photospheres-40
were purchased from Microsphere Technology Ltd., Ireland.
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The Photospheres-40 are hollow silica microspheres coated
with titanium dioxide. Due to their low density (0.22 g/cm3),
the microspheres possess a floating ability [19]. According to
the manufacturer, the mean diameter of the spheres is 45 μm.
The X-ray fluorescence (XRF) analysis revealed that the TiO2

concentration in the sample used in the experiments was ca.
12.2 wt.%.

At the beginning of the experiment, 135 g (0.1 g/m3) of
the Photospheres-40 were added to 1.35 m3 of the phenol
solution.

2.2.2. Aeroxide TiO2 P25. The commercially available Aerox-
ide TiO2 P25 purchased from Evonik (Germany) was applied
in the experiments with a photocatalyst immobilized on
the steel mesh and fiberglass cloth. The physicochemical
characteristics of TiO2 P25 can be found elsewhere [20].

2.3. Photocatalyst Immobilization Procedure

2.3.1. Immobilization of TiO2 P25 on a Steel Mesh. A com-
mercially available steel grid (200 cm × 90 cm) with mesh
size of 1.25 cm × 1.25 cm was used as the support. TiO2

was immobilized on the grid according to the procedure
described in the patent application [21]. In brief, a mixture of
a defined amount of TiO2 P25 and the white photocatalytic
paint (TITANIUM FA, Pigment, Poland) was spread on the
mesh. Painting was repeated three times and after each stage
the wet surface of the paint was additionally powdered with
TiO2 P25 photocatalyst. Three units of the support were
prepared in the same way. Due to a large mesh size of the
applied support, the bottom of the photoreactor (1.8 m2)
was painted additionally using the same procedure. The steel
mesh covered with TiO2 was loosely mounted in the bottom
part of the photoreactor. Total amount of TiO2 utilized in
such a system was ca. 560 g.

2.3.2. Immobilization of TiO2 P25 on Fiberglass Cloth. The
photocatalyst was immobilized on a commercially available
fiberglass cloth (160 × 95 cm) by its immersion in a suspen-
sion of TiO2 in ethanol (50 g/dm3) and subsequent drying at
80◦C. The coating procedure was repeated three times. Such
obtained fiberglass cloth was placed on the bottom of the
photoreactor. Total amount of TiO2 P25 supported on the
fabric was ca. 23 g. During examination of the effectiveness of
phenol decomposition in the presence of TiO2 immobilized
on the fiberglass, the bottom of the photoreactor was not
covered with the photocatalytic layer.

2.4. Analytical Methods. Phenol concentration was deter-
mined by using UV-vis spectrophotometry (Jasco V630,
Japan, λmax = 270 nm). Total organic carbon (TOC) concen-
tration was measured with application of IL 505 TOC/TN
analyzer (Hach Lange Company). The ozone concentration
was monitored by 9185sc amperometric ozone sensor (Hach
Lange Company). Moreover, conductivity and pH of the
treated phenol solution were continuously registered.

The XRD diffraction patterns were recorded using the
Philips X’Pert PRO diffractometer with CuKα radiation.
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Figure 2: Changes of phenol and TOC concentration in time of UV
irradiation in the absence of a photocatalyst.

The XRF analysis was performed with application of the
Epsilon 3 spectrometer (PANalytical). The FTIR spectra were
measured using the Jasco FT-IR 430 (Japan) spectrometer,
equipped with a diffuse reflectance accessory from the
Harrick Company (USA). The SEM microphotographs and
SEM-EDS analysis were performed with application of the
Hitachi SU-70 FE-SEM scanning electron microscope.

3. Results and Discussion

3.1. Phenol Degradation in the Absence of a Photocatalyst
(Mode 1). In the first stage of the investigations, a reference
experiment in the absence of a photocatalyst was performed.
As was mentioned in Section 2.1 in the presence of the
mercury lamp used in the research an “in situ” generation of
ozone was observed. This was related to the fact that the lamp
emitted UV radiation at wavelengths below 210 nm, which is
of sufficient energy to convert atmospheric oxygen to ozone
[22]. However, the lamp emitted also radiation at 254 nm,
which is absorbed by ozone. For that reason, both generation
and destruction of O3 took place in the investigated system.
These two simultaneous phenomena affected the amount of
ozone in the photoreactor. The concentration of O3 in water
was found to be rather low (ca. 30 μg/dm3) but cannot be
regarded as negligible. Thus, degradation of phenol in the
absence of a photocatalyst can be attributed to both, action
of ozone and action of UV light.

Figure 2 presents changes of phenol and TOC concentra-
tions in water during the discussed experiments. It can be
observed that both phenol decomposition and mineraliza-
tion proceeded well. After 15 h almost 65% of phenol was
decomposed and 43% of total organic carbon was removed.
It should be also noted that mineralization of phenol started
about 5 h later compared to its decomposition. This suggests
occurrence of an initial stage of the process during which
only aromatic ring cleavage took place and it was followed
by formation of by-products with lower molecular weights.
Complete mineralization of these compounds started from
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Figure 3: Changes of phenol (a) and TOC (b) concentration in time in the presence of Photospheres-40.

the 6th hour of irradiation, as can be found from appropriate
changes of TOC concentrations.

During degradation of phenol, an increase of solution
conductivity from 539 μS/cm at the beginning to 871 μS/cm
at the end of the experiment was also observed. Electrical
conductivity corresponds to the ionic activity of a solution
in term of its capacity to transmit current. Thus, the increase
of the conductivity of the treated phenol solution could be
regarded as a measure of the increasing amount of ionic
products and by-products formed during photodegradation
of phenol.

Phenol degradation was also accompanied by a slight
increase of solution pH from pH 8.2 at the beginning to pH
8.4 at the end of the process. Such insignificant change of pH
might be attributed to the buffering properties of tap water
resulting from the bicarbonate/carbonate equilibrium [23].

The results presented in Figure 2 are consistent with the
literature data. It was already reported that the synergic
effect of the combined O3/UV system results in very effective
degradation of phenol [24]. Moreover, the efficiency of this
hybrid system was found to be significantly higher compared
to a separate action of O3 or UV [25].

3.2. Phenol Degradation in the Presence of Photospheres 40
(Mode 2). The second stage of the research was focused on
the effectiveness of phenol photodegradation in the presence
of the commercially available Photospheres-40. The process
was conducted for 15 h. In order to evaluate the possibility
of reusing the photocatalyst, 3 cycles of phenol removal
were realized. To avoid losses of Photospheres-40, water
was not removed from the installation during the whole
experiment. Therefore, before the 2nd and 3rd cycles, the
working solution was additionally irradiated until a complete
phenol degradation was achieved (typically for 25–30 h).
After that a defined amount of phenol was added to the tank
to attain the initial concentration of c0 = 25 mg/dm3 and
the next photodegradation cycle was started. The obtained
results are presented in Figures 3(a) and 3(b).

No significant difference between phenol decomposition
in the three cycles during the initial 5 h was observed
(Figure 3(a)). However, considering the final 5 h of the
process, the removal of phenol in the 2nd cycle proceeded
more efficiently compared to the 1st and 3rd ones. After
15 h of irradiation, the concentration of phenol decreased
by 55% and 57% in the 1st and 3rd cycles, respectively.
For comparison, nearly 76% decrease was found after the
2nd cycle. The mineralization proceeded less efficiently than
photodecomposition of the model compound (Figure 3(b)).
Moreover, the difference of the effectiveness of organic
carbon removal in the three cycles was not as significant as
in case of phenol decomposition. At the end of cycles 1–3,
the concentration of TOC decreased by ca. 37, 48, and 41%,
respectively.

Analogous to the experiment conducted in mode 1
(Section 3.1), certain increase of the solution conductivity
with time was observed. At the end of cycles 1–3, the
conductivity amounted to 846, 977 and 932 μS/cm, respec-
tively. Changes in pH of the treated water were found to be
insignificant, which remains in agreement with the results
attained in the absence of a photocatalyst. The pH increased
from pH 8.2 to pH 8.4-8.5, regardless of the cycle.

The difference in the effectiveness of phenol removal
during the subsequent cycles might be explained as follows.
The concentration of the photocatalyst in cycle 1 was exceed-
ing the critical value and therefore the so-called screening
effect took place [26–28]. This is a well-known phenomenon,
which results in hindering of light penetration. Since the
fresh Photospheres-40 possessed a floating ability, they
remained on the surface of the treated solution. Thus, a
shield which blocked UV light from entering to the deeper
parts of the solution was created. The amount of floating
spheres in the cycle 2 was lower than in the 1st cycle, due
to their partial damage (see the discussion below). As a
result, the UV light could be more efficiently utilized by
the photocatalyst and the degradation rate increased. The
low efficiency of phenol removal observed during the 3rd
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Figure 4: SEM microphotographs of Photospheres-40 before (a) and after (b) experiment.

cycle can be attributed to a significant destruction of the
Photospheres-40. The visual observation of the photocatalyst
in the installation revealed constant decrease in the amount
of the spheres floating on the surface, along with the time
of the process. Hence, the crushing of the Photospheres-
40 caused loss of their floating properties and led to their
settling on the bottom of the tank in cycle 3. The mechanical
damage was accompanied by a change of the color of the
spheres from white to brown. This may suggest formation
of deposits on their surface.

In order to confirm the rightness of the above explana-
tions concerning the changes of photocatalytic activity of
the Photospheres-40, the SEM, FTIR, and XRD analyses of
the spheres collected from the installation at the end of the
experiments were carried out.

Figure 4 presents SEM photographs of the fresh Pho-
tospheres-40 and the photocatalyst after 3 cycles of phe-
nol degradation. The as-received spheres (left photograph)
exhibit wide range of diameters, ranging from ca. 15 to
ca. 70 μm. Although these spheres were unused, it can be
observed that some of them were already crushed. This
suggests their high fragility.

The appearance of the Photospheres-40 after 3 cycles of
phenol degradation in the pilot-scale photoreactor is shown
in Figure 4(b). It can be clearly seen that all the spheres were
completely destroyed. This reliably explains the loss of their
floating abilities and a decrease of their activity, which were
discussed above.

Moreover, the XRD analysis revealed the presence of
calcium and magnesium carbonates in the sample collected
after the experiments. These deposits could be also responsi-
ble for the decrease of the photocatalyst activity in time.

In Figure 5 the FTIR/DRS spectra of Photospheres-40
before and after the experiments are presented. The higher
intensity of the bands corresponding to the –OH vibrations
(3300–3500 cm−1) in the spectrum of the exploited photo-
catalyst compared to the unused one might be attributed
to the increase of wettability of the destroyed spheres. The
bands observed at 1630–1640 cm−1 can be assigned to the
molecular water bending mode [20]. In the spectrum of
the used Photospheres-40, the additional bands at 1550–
1600 cm−1 and at 1780 cm−1 are observed and these can
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Figure 5: FTIR/DRS spectra of Photospheres-40 before and after
experiment.

be ascribed to C=O groups [29]. These groups could
be attributed to the presence of by-products of phenol
decomposition, adsorbed on the spheres surface. In a similar
way, the occurrence of new bands at 2950–2800 cm−1 can be
explained. The bands at 2940, 2975, and 2865 cm−1, could
be assigned to the stretching vibrations of aliphatic and
aromatic –CH3 and –CH2– groups. In the region of 1000–
1250 cm−1 the bands characteristic for Si–O–Si stretching
vibrations can be observed [29]. Moreover, a disappearance
of the sharp intensive band at 1275 cm−1 in case of the
used sample was found. The presence of this band in the
FTIR spectrum of the fresh spheres could be ascribed to
Si–CH3 vibrations. This suggests that the Photospheres-40
were contaminated with some organic compounds, whose
presence might be due to the applied procedure of TiO2

immobilization (probably the sol-gel method).
The analysis of the Photospheres-40 collected from the

photocatalytic pilot plant confirmed their complete damage
and explained the loss of photoactivity. The obtained results
revealed that the spheres should not be applied in photoreac-
tors in which they are exposed to a mechanical damage, such
as reactors equipped with pumps. The Photospheres-40 were
found to be very susceptible to crushing and, therefore, did
not fulfill their basic role, which is possibility of recovery and
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Figure 6: SEM microphotograph of the cross section of the steel
mesh wires covered with the photocatalytic layer.

reuse in subsequent runs. To apply the Photospheres-40 in a
large-scale photocatalytic installations, a special construction
of the photoreactors should be considered. The installations
should assure retaining of the spheres out of pumps and
other elements possibly contributing to their damage.

3.3. Phenol Degradation in the Presence of TiO2 P25 Sup-
ported on a Steel Mesh (Mode 3). The third stage of the
investigations was focused on the evaluation of the effec-
tiveness of phenol decomposition in the presence of TiO2

P25 immobilized on the steel mesh. Figure 6 shows SEM
microphotographs of the cross section of the wires covered
with the photocatalytic layer. It was found that the thickness
of the coating varied from ca. 0.01 to 0.5 mm. Higher
magnification of the layer (Figure 7(a)) revealed that its
structure was porous and nonuniform. The SEM-EDX color
mapping of the photocatalytic coating (Figures 7(b)–7(h))
showed that the small agglomerated particles contained Ti,
whereas the larger species with various shapes contained Ca
and Mg. Ground limestone (CaCO3) is a commonly used
paint additive, thus the presence of Ca can be attributed to
the applied paint composition. In a similar way, the presence
of Mg, which in the form of MgCO3 is often present as
limestone impurity, can be explained. The coating contained
also Si and C also originating from the photocatalytic paint
used for TiO2 immobilization.

The steel mesh covered with the photocatalytic layer
was mounted in the photoreactor and applied for phenol
decomposition. The experiments realized in mode 3 were
conducted for 15 h. Differently from the mode 2, the treated
phenol solution was removed from the tank after the cycle 1
and a fresh tap water was introduced to the system. Subse-
quently, phenol was added to water in amount sufficient to
achieve initial concentration of 25 mg/dm3. Concentrations
of phenol and TOC in the treated water were measured every
1 hour, and the collected results are presented in Figures 8(a)
and 8(b), respectively.

Efficiencies of phenol decomposition in both cycles were
comparable (Figure 8(a)) and after 15 hours of irradiation
concentration of the contaminant was reduced by ca. 56%.

However, the extent of mineralization observed during cycle
1 was lower compared to the cycle 2. The decrease of
TOC concentration after termination of the cycles was ca.
24 and 44%, respectively (Figure 8(b)). These observations
allowed us to assume that during the first cycle the organic
ingredients of the used paint were washed out by the
treated phenol solution and thus contributed to the overall
TOC concentration. As a consequence, the mineralization
proceeded slower in the first cycle than in the second one.

After 15 h of irradiation, conductivity increased to
922 μS/cm during the cycle 1 and to 942 μS/cm during the
cycle 2. The pH increased by 0.2 pH units, which is consistent
with the previously described experiments.

No visual changes were observed in the structure of the
photocatalytic layer after exposing it to the photodegradation
cycles. Since the rate of phenol decomposition in the two
runs was almost the same, it can be concluded that the pro-
posed procedure can be successfully applied for photocatalyst
immobilization.

3.4. Degradation of Phenol in the Presence of TiO2 P25 Sup-
ported on a Fiberglass Cloth (Mode 4). During the last stage
of the research, the fiberglass cloth coated with TiO2 P25
particles was used. Figure 9 shows SEM microphotographs
of this material. The structure of the coating differed
significantly from the structure of the layer prepared with
application of the photocatalytic paint. In the former case,
the thickness of the photocatalytic layer did not exceed 2 μm,
but in most analyzed samples it was below 1 μm. Moreover,
the porosity of the photocatalytic coating was very low. It
should be also emphasized that TiO2 particles in case of the
coating on the fiberglass cloth were not covered with any
additional layers, as it was in case of the photocatalytic layer
prepared with the paint addition.

The TiO2 immobilized on the fiber glass cloth was
applied in two 15 hours—long cycles of phenol degradation
and mineralization. Similarly as in the mode 3, the system
was emptied after the first cycle and subsequently the tank
was refilled with a fresh tap water containing phenol. The
results collected during these experiments are presented in
Figures 10(a) and 10(b).

During both cycles, decomposition and mineralization
of phenol proceeded with a comparable efficiency. The 15-
hour-long irradiation caused significant decrease, by ca.
80%, in phenol concentration. At the same time, TOC
amount was lowered to ca. 50% of the initial level. As distinct
from the mode 3, no elution of organic carbon from the
photocatalyst support was observed. This may be concluded
on a basis of the changes in the concentration of total organic
carbon in both cycles. From this point of view, the procedure
of TiO2 immobilization on the glass fabric seems to be more
beneficial.

Changes of pH and conductivity during the process runs
were similar to those found during experiments carried out
according to the other modes. Hence, conductivity did not
exceed 852 μS/cm, whereas pH increased from pH 8.1 to 8.5.

The visual observation of the fiberglass cloth after
the experiment revealed certain deformation (folding) of
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Figure 7: SEM microphotograph of the cross section of the photocatalytic layer coated on the steel mesh (a) and SEM-EDX color mapping
of selected inorganic elements detected in the coated mesh (b–f); (b) Fe, (c) Ca, (d) Ti, (e) Mg, (f) Si, (g) O, (h) C.
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Figure 8: Changes of phenol (a) and TOC (b) concentration in time in the presence of TiO2 P25 immobilized on steel mesh.
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Figure 9: SEM microphotographs of the cross sections of the glass fibers covered with the photocatalytic layer; (a) lateral cross section and
(b) longitudinal cross section.
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Figure 10: Changes of phenol (a) and TOC (b) concentration in time in the presence of TiO2 P25 immobilized on a fiberglass cloth.

the mat. This resulted from a high flexibility of the material.
However, it should be stressed that changes in the cloth shape
did not affect the efficiency of phenol removal. The results
shown in Figure 10 reliably support this statement.

3.5. Degradation of Phenol in Different Modes—Comparative
Considerations. In order to compare the effectiveness of
phenol decomposition in different modes investigated in
this work, the initial reaction rates (r0) were calculated.
The results obtained within the initial 5 h in the first cycles
were taken into account. The r0 values (in g/h) were as
follows: mode 1: 0.97; mode 2: 1.15; mode 3: 1.31; mode 4:
1.61. Apparently the highest rate of phenol decomposition
was determined in the system operating in the mode 4,
employing TiO2 P25 immobilized on a fiberglass cloth. For
comparison, the lowest r0 value was calculated for the degra-
dation conducted in the absence of a photocatalyst (mode
1). The initial degradation rate obtained in the presence of
the commercially available Photospheres-40 was higher than
the rate in mode 1; however, it was lower compared to the r0

values calculated for the modes employing TiO2 P25.

Additionally, the effectiveness of phenol decomposition
and mineralization after 15 h of experiments realized in
different modes, was compared (Figure 11). In general,
the values obtained in the first cycles were taken into
account. Exception is mode 3, where the second cycle was
considered for TOC degradation. This is because the TOC
removal in the first cycle of mode 3 was not reflected by
the mineralization of phenol. The reason for that was the
secondary contamination with organic compounds washed
out from the paint explained in earlier sections of this work.

The presented results confirm the highest effectiveness of
phenol removal during experiments carried out in the mode
4. This well correlates with the r0 values given above. The 15-
hour-long process conducted in this mode resulted in 80%
reduction in phenol concentration and 50% removal of TOC
from the treated water.

Elimination of phenol during 15 h of the process realized
in the absence of a photocatalyst (mode 1) appeared to
proceed more efficiently than during experiments conducted
in modes 2 and 3. Furthermore, removal of phenol in the
presence of either the Photospheres-40 (mode 2) or the
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Figure 11: Comparison of the effectiveness of photodegradation
and mineralization of phenol after 15 h of irradiation. Legend:
mode 1—without photocatalyst addition; mode 2—in the pres-
ence of Photospheres-40; mode 3—in the presence of TiO2 P25
supported on a steel mesh; mode 4—in the presence of TiO2 P25
supported on a fiberglass cloth.

photocatalyst immobilized on the steel mesh (mode 3) was
comparable.

Considering results shown in Figure 11, the efficiency
of phenol degradation could be put in the following order:
mode 4 > mode 1 > mode 3 > mode 2. However, this remains
in disagreement with the r0 values, which tend to decrease in
the following order: mode 4 > mode 3 > mode 2 > mode
1. The difference refers to the mode 1. This mode was the
least effective when the initial 5 h of the experiments were
considered, but more efficient when the entire process was
taken into account. These results might suggest that the
effectiveness of phenol decomposition in case of mode 1
increased with a progress of the process.

No significant difference in the mineralization degree
was observed during conducting experiments according to
modes 1 and 3 (Figure 11). The least efficient configuration
turned out to be the one in which commercial Photospheres-
40 were used.

4. Conclusions

The photocatalytic degradation and mineralization of phe-
nol in a pilot-scale photoreactor was investigated. Four dif-
ferent process modes were analyzed and compared. As found,
straight application of a high voltage UV lamp accompanied
by ozone generation (mode 1) allows to achieve a relatively
high degree of phenol degradation and mineralization.
After 15 h of irradiation, phenol and TOC concentrations
decreased for about 65% and 43%, respectively.

Efficiency of phenol degradation can be significantly
improved by application of TiO2 P25 immobilized on the
fiberglass cloth (mode 4). The initial rate r0 of phenol decom-
position in this mode was for ca. 65% higher compared to
mode 1 (1.61 versus 0.97 g/h).

Application of TiO2 P25 immobilized on a steel mesh
(mode 3) was found to be less beneficial compared to the
photocatalyst supported on a fiberglass cloth. The main
disadvantage of this configuration was washing out of some
organic ingredients of the photocatalytic paint used for
immobilization of a photocatalyst. As a result, TOC removal
in the first cycle was ineffective (24%). However, the efficien-
cy of mineralization in the subsequent cycle was significantly
higher (44%). Nonetheless, phenol removal was still lower
compared to that attained using the most efficient mode 4
(56% versus 80%).

The obtained results revealed that fragile structures, such
as Photospheres-40, are not promising materials for appli-
cation in the pilot plant photocatalytic reactor used in the
experiments. Vigorous mixing of water and application of an
impeller pump contributed to severe mechanical destruction
of the spheres and loss of their floating abilities.

In view of the above, TiO2 supported on a fiberglass cloth
reveals the highest potential for application in the pilot scale
photoreactor.
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Bismuth vanadate (BiVO4) was synthesized from a mixture of aqueous Bi(NO3)3 and NH4VO3 solutions by using hydrothermal
method. Via conducting the orthogonal experiments and single-factor experiments, the best synthetic parameters were
determined. The physical and photophysical properties of the as-obtained samples were characterized by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), and UV-Vis diffusion reflectance
spectroscopy (UV-Vis). The result showed that the best experimental parameters of monoclinic BiVO4 were pH = 7, T = 195 ◦C,
and t = 6 h. The catalytic performance of BiVO4 was evaluated by reducing carbon dioxide to methane under visible light
irradiation. It was found that the methane production reached 145 μg/g-cat after 5 h irradiation with the catalyst dosage of 0.15 g
in 200 mL mixed solution of 0.1 M NaOH and 0.1 M Na2SO3.

1. Introduction

Because of the increasing energy crisis and environment
problems, more and more scientific research has focused on
the utilization of solar light, especially the part of visible light
to split water [1, 2], reduce carbon dioxide (CO2) [3, 4],
and degrade pollutants [5–8]. Bismuth vanadate (BiVO4), an
effective photocatalyst for water splitting and pollutant pho-
todegradation under visible light irradiation, has attracted
increasing attention in recent years [9–11]. BiVO4 has three
main crystalline structures, the tetragonal zircon, monoclinic
scheelite, and tetragonal scheelite structure. Among them,
however, only monoclinic scheelite BiVO4 has the best
photocatalytic activity under visible light irradiation [12, 13].

Various methods have been employed to prepare BiVO4

such as solid-state reactions, sonochemical routes, room-
temperature aqueous process, molten salt method, and
hydrothermal process [14–17]. Among these methods,
hydrothermal synthesis, which is a facile, cost-effective,
and controllable synthetic process, has been widely used
in preparation of many kinds of functional materials. A.
P. Zhang and J. Z. Zhang [18] reported the synthesis
of monoclinic BiVO4 nanosheet by hydrothermal method

which exhibits much high photocatalytic activity for solar
photodegradation of methyl orange. Xi and Ye [19] proposed
a novel hydrothermal synthetic procedure to obtain mono-
clinic BiVO4 nanoplates showing preferential exposition of
[001] facets. Zhou et al. [20] reported the preparation of
monoclinic BiVO4 microtubes with flowerlike structures by
hydrothermal method, and the catalyst exhibited a promi-
nent improvement in the photocatalytic activity. Thus, as
well as the crystalline structures, the photocatalytic property
also strongly depends on the surface structure, which is
closely related to the synthetic method.

In the present paper, the preparation of BiVO4 with
different structures by the hydrothermal method was
reported. The influences of the preparation parameters
on the properties of BiVO4, including pH, hydrothermal
temperature, and hydrothermal time, were discussed inten-
sively. The photocatalytic activity was evaluated by reducing
carbon dioxide to methane under visible light irradiation.

2. Experimental

2.1. Synthesis of Photocatalysts. A series of BiVO4 were syn-
thesized by the following process: stoichiometric amount of
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Bi(NO3)3·5H2O and NH4VO3 were dissolved in the dilute
HNO3 solution and NaOH aqueous solution, separately.
Then these two solutions were mixed under magnetic
stirring. The NaOH and HNO3 solutions were used to adjust
the pH values to be 6, 7, 8. After stirring for 30 min, the well-
mixed mixture was transferred into a Teflon-lined stainless
autoclave and sealed. The autoclave was finally put into an
oven which was maintained at a certain temperature for a
period (2 h, 6 h, 16 h), then was cooled down to the room
temperature. The as-obtained samples were centrifuged and
washed with deionized water and absolute ethanol for several
times and finally dried at 100◦C for 2 h.

2.2. Characterization. The X-ray diffraction (XRD) patterns
were recorded by a Panalytic X’pert Pro X-ray diffractometer
equipped with CuKa irradiation at a scan rate of 0.02◦s−1.
The accelerating voltage and the applied current were 40 kV
and 40 mA, respectively. The morphology and microstruc-
ture of the samples were determined by field emission
scanning electron microscope (SEM, JEOL JSM-6700F) and
transmission electron microscope (TEM, JEM-2100). The
UV-Vis absorption spectra were measured by a Hitachi UV-
4100 spectrometer, with the scanning range from 300 nm to
800 nm.

2.3. Photocatalytic Activity. Photocatalytic reaction was car-
ried out in a side-irradiation Pyrex cell. The effective
irradiation area for the cell is 12.56 cm2. 0.15 g photocatalyst
powder was dispersed by a stirrer in an aqueous solution
(200 mL) consisting of 0.1 M Na2SO3 as sacrificial agent,
and CO2 was continuously bubbled into the solution at the
rate of 0.1 L/min. Oxygen in Pyrex cell was exhausted by
nitrogen bubbling. The photocatalysts were irradiated with
visible light through a cutoff filter (λ > 430 nm, T = 65%)
from a 300 W Xe lamp. The amount of methane gas was
determined by an online gas chromatograph equipped with
a thermal conductivity detector (TCD) (NaX zeolite column,
nitrogen as a carrier gas).

3. Results and Discussion

3.1. Orthogonal Experiments

3.1.1. Taguchi Design. Taguchi’s optimization technique is a
powerful method to optimize the experimental parameters
with minimum number of experiments. We applied Taguchi
orthogonal array [21] to study the effect of three important
parameters including pH, temperature, and hydrothermal
reaction time. And each parameter was tested at three levels
(Table 1) with respect to the hydrothermal process. The OA9

(33) matrix employed is shown in Table 2.

3.1.2. Effect of Parameter on the Crystalline Structures of
BiVO4. The XRD patterns of the as-obtained BiVO4 are
shown in Figure 1. From Figure 1, we can see that these three
parameters have great effect on the crystalline structures of
BiVO4. As is well known, the major diffraction peaks of
monoclinic structure (JCPDS NO.14-0688) are 28.6◦, 28.8◦,

Table 1: Parameters and levels of an orthogonal design (A–C are
the respective code for each parameter).

Levels
Parameters

A/time (h) B/pH C/temperature (◦C)

1 2 6 160

2 6 7 180

3 16 8 195

Table 2: Design of orthogonal tests.

Test A/time (h) B/(pH) C/temperature (◦C)

1 2 6 195

2 2 7 160

3 2 8 180

4 6 6 160

5 6 7 180

6 6 8 195

7 16 6 180

8 16 7 195

9 16 8 160

and 28.9◦, which can easily combine to a strong peak around
28.8◦, and the major diffraction peak of tetragonal structure
(JCPDS NO.14-013) is 24.4◦. The other characteristic peaks
of monoclinic structure are 30.5◦, 34.5◦, 47.3◦, and 50.0◦

and those of tetragonal structure are 32.7◦ and 48.4◦. As is
shown in Figure 1(a), the XRD pattern of test no. 2 matches
well with the pure tetragonal structure according to JCPDS
no. 14-013. The others are mixed phases of both monoclinic
and tetragonal structure because of peaks appearing in 24.4◦

and 28.8◦. As is exhibited clearly in Figure 1(b), no. 6 and
no. 9 are also mixed phases, while no. 5, no. 8 and no.
7 are pure monoclinic structure which are in conformity
with JCPDS no. 14-0688. The crystalline structures of BiVO4

are influenced by these three parameters. Nevertheless, its
obvious to see the intensity of the peaks between no. 5 (pH =
7) and no. 8 (pH = 7) are almost the same, while no. 7
(pH = 6) is a little weaker compared with no. 5 and
no. 8. Thus the pH value has the great effect on the degree
of crystallinity. It seems that the pure monoclinic structure
could be synthesized when pH is 7.

3.1.3. Effect of Parameter on the Optical Property of BiVO4.
The optical absorption spectra of the as-obtained samples are
shown in Figure 2. Their strong absorption lies in visible light
region from 400 nm to 550 nm. From Figure 2(a), compared
to other samples, a blue shift can be observed in no. 2’s
absorption edge, whose absorption region is mainly between
400 nm and 450 nm. While the absorption regions of other
samples are mainly from 480 nm to 550 nm. It suggests that
BiVO4 which has monoclinic structure has better visible
light adsorption. In addition, the absorption region of no. 2
appears a trailing peak at wavelength larger than 450 nm
which is caused by the crystalline defects. And there is a small
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Figure 1: XRD patterns of the as-obtained BiVO4.
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Figure 2: UV-Vis spectra of the as-obtained BiVO4.

absorption edge at about 460 nm for no. 1, no. 3, no. 4, and
no. 6, revealing their tetragonal phase which is in agreement
with that of the XRD analysis.

3.2. Single-Factor Experiments. As discussed above, the pure
monoclinic structure was synthesized at pH 7. Then the
single-factor experiments were carried out to decide the
effect of hydrothermal temperature and hydrothermal reac-
tion time. Figure 3 shows XRD patterns of the as-obtained
BiVO4 synthesized as the function of temperature and time.
As shown in Figure 3(a), the diffraction peaks of BiVO4

prepared at pH 7 and time 16 h, match well with pure
monoclinic phase BiVO4, and the peaks intensity of them

could be arranged in order: 195◦C > 180◦C > 160◦C. So
the best reaction temperature would be 195◦C. Fixing pH 7
and temperature 195◦C, BiVO4 was prepared with different
hydrothermal reaction time, and the results are shown in
Figure 3(b). It is obvious that the pure monoclinic structure
was obtained when hydrothermal treated 6 h and 16 h. The
XRD intensity for monoclinic structure by treating for 6 h is
the strongest. Therefore, the best monoclinic BiVO4 could be
obtained by hydrothermal method at 195◦C for 6 h when the
pH is 7 in this study.

Figure 4 shows the SEM and TEM images of the as-
obtained BiVO4 as the function of time. Obviously, the
morphology of BiVO4 is notably affected by the hydrother-
mal time. The BiVO4 synthesized at 2 h has the regular
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Figure 3: XRD patterns of the as-obtained BiVO4 as the function of (a) temperature and (b) hydrothermal reaction time.
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Figure 4: SEM images of as-obtained BiVO4 as the function of hydrothermal reaction time at pH 7 and temperature 195◦C: (a) 2 h, (b) 6 h,
and (c) 16 h; (d) TEM image of (b).

and complete rodlike morphology as shown in Figure 4(a).
Increasing time to 6 h, the as-obtained BiVO4 is composed
of elliptic flake, and the flakes are aggregated to the flower
shape as shown in Figure 4(b). At longer hydrothermal time,
the flakes seem to collapse and pyramid shape was formed

with defects on the surface as shown in Figure 4(c). This
can explain the weakness of its diffraction peak intensity in
XRD patterns. In addition, from Figure 4(d), we can see
that the flakes are composed of crystal cells of about 5 nm.
The difference observed in the morphology can be corrected
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by the XRD pattern. Thus, the samples prepared at pH 7,
temperature 195◦C, and hydrothermal 6 h may have the best
photoactivity, which is verified by the reduction of CO2.

3.3. Verification Tests. Controlled blank experiments were
carried out to eliminate inference and improve the precision
of analysis. In this case, the blank experiments are divided
into four: first, carbon dioxide gas was bubbled into the
aqueous solution consisting of 0.1 M Na2SO3 and 0.1 M
NaOH without photocatalyst under visible light irradiation;
second, carbon dioxide gas was bubbled into the aqueous
solution consisting of 0.1 M Na2SO3 and 0.1 M NaOH with
photocatalyst under dark; third, carbon dioxide gas was
bubbled into the aqueous solution consisting of only 0.1 M
Na2SO3 with photocatalyst under visible light irradiation;
fourth, nitrogen gas instead of carbon dioxide gas was bub-
bled into the aqueous solution consisting of 0.1 M Na2SO3

and 0.1 M NaOH with photocatalyst under visible light
irradiation. Unfortunately, methane, formic acid, methanol,
formaldehyde, and formic acid were not detected by liquid
chromatogram and gas chromatogram in all the blank
experiments. It suggests that CO2 was not reduced. In this
case, only the as-obtained BiVO4 with monoclinic scheelite
structure shows the photoactivity for methane evolution, and
the results are shown in Figure 5. Other samples produce
much less methane under visible light irradiation. From
Figure 5, it can be seen that the amount of methane evolution
increases linearly with time but displays a smaller increase
after 20 h which may be affected by the concentration of
NaOH. Then the effect of NaOH concentration on the
amount of methane evolution was studied, and the results
are shown in Figure 6.

From Figure 6, we can see that the amount of methane is
largest when NaOH concentration is 0.1 M. With the increase
of NaOH concentration, the methane evolution reduced. As
we know, CO2 can react with OH− to form CO3

2− and CO3
2−

can change to HCO3
− with supersaturation of CO2. In this

case, three forms, as molecular state of CO2, CO3
2− and

HCO3
−, coexist and affect each other, resulting in the photo-

reduction product of the different amount of methane. It
was reported that BiVO4 could be used to reduce CO2 to
ethanol in water [22]. During the photoreduction of CO2 to
ethanol, many C1 intermediates were generated under visible
light irradiation. In our case, due to the existing of sacrificial
reagent, the C1 intermediates may be converted to methane
directly. Obviously, BiVO4 has the potential for use in CO2

reduction. However, the photocatalytic mechanism of the as-
obtained BiVO4 is too complex to be clarified in the present
work, and more research needs to be conducted in future.

4. Conclusion

A series of BiVO4 were synthesized by hydrothermal method.
The optimal parameters for monoclinic scheelite BiVO4

preparation were pH 7.0, hydrothermal temperature 195◦C,
and time 6 h. Photocatalytic methane evolution by car-
bon oxide reduction can take place on the as-obtained
monoclinic scheelite BiVO4 under visible light irradiation.
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Figure 5: Amount of methane evolution over BiVO4 prepared
under the optimized conditions.

0 0.05 0.1 0.15 0.2

0

40

80

120

160

Concentration of NaOH (mol/L)

C
H

4
(μ

g/
g-

ca
t)

Figure 6: Amount of methane evolution over BiVO4 irradiated for
5 h as the function of concentration of NaOH.

Methane evolution reached to 145 μg/g-cat after 5 h irradi-
ation with the catalyst dosage of 0.15 g in 200 mL mixed
solution with 0.1 M NaOH and 0.1 M Na2SO3. This as-
obtained BiVO4 is a potential photocatalyst for carbon
dioxide reduction under visible light irradiation. However,
the photocatalytic mechanism of the as-obtained BiVO4 is
still unclear, and further research needs to be conducted.
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The paper reports on characterisation of titanium dioxide and coprecipitated TiO2–SiO2 composite material functionalised with
selected alkoxysilanes. Synthetic composite material was obtained by an emulsion method with cyclohexane as the organic
phase, titanium sulfate as titanium precursor, and sodium silicate solution as precipitating agent were applied. Structures of
titania and composite material samples were studied by the wide angle X-ray scattering method. The chemical composition
of TiO2–SiO2 composite material precipitated was evaluated based on the energy dispersive X-ray spectroscopy technique. The
functionalised TiO2 and TiO2–SiO2 composite material were thoroughly characterised to determine the yield of functionalisation
with silanes. The characterisation included determination of dispersion and morphology of the systems (particle size distribution,
scanning electron microscope images), adsorption properties (nitrogen adsorption isotherms), and electrokinetic properties (zeta
potential).

1. Introduction

An increased interest in inorganic oxide systems has
prompted the dynamic development of methods for their
synthesis and functionalisation. This interest stems from
their specific physicochemical properties such as specific
surface area or stability, which are vital for the production of
composite systems, for example, TiO2–SiO2 composite mate-
rials [1–5]. The stability of unmodified and modified com-
mercial and synthetic oxide systems depends significantly on
the character of their surface (especially the surface groups).
Changes in the chemical structure depend mainly on the type
of functional group introduced on the surface of the support
and are mainly responsible for the nature of chemical inter-
actions [6, 7]. Specific applications of such oxide systems
or their derivatives require well-defined physicochemical
parameters, especially electrokinetic behaviour (zeta poten-
tial), specific surface area, low tendency to form agglomerate
structures, and hydrophobic/hydrophilic surface character

[8–10]. The physicochemical properties of the functionalised
commercial and synthetic oxide systems depend mainly
on the effectiveness of the modification process and its
implementation [11, 12]. The effectiveness of inorganic
oxide systems’ surface functionalisation is evaluated on the
basis of adsorption properties, dispersion and morphological
characterisation, hydrophobic/hydrophilic properties, and
chemical interactions, as well as electrokinetic measurements
[8–14].

Titanium dioxide is mainly used as a pigment, adsorbent,
semiconductor, ceramic material, and catalytic support [2].
Titania is regarded as the best photocatalyst for the oxidation
of organic pollutants in water and air [15–18]. The photo-
catalytic properties of titania are affected by several factors,
such as crystal structure, morphology, specific surface area,
and porosity [19]. It is well known that titania occurs in
three different types of crystal phases: anatase, rutile and
brookite. Anatase has the highest photoactivity. However, the
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photocatalytic properties of TiO2 occurred as a mixture of
anatase and, rutile, with appropriate ratio are higher than
that of the pure anatase [20–22].

Titanium dioxide can be synthesised by various methods,
such as solvothermal [23–26], hydrothermal technique [27],
precipitation [28, 29], reverse micelle or microemulsion
systems [30, 31], sol-gel [2, 32–35], and thermal decompo-
sition of alkoxides [36]. The properties of TiO2 synthesised
by different methods vary in terms of crystal structure,
chemical composition, surface morphology, crystal defects,
and specific surface area [37]. The sol-gel method is
widely used to prepare nanosized TiO2; the precipitated
powders obtained are amorphous in nature and further
heat treatment is required for their crystallisation. This
calcination process will inevitably cause grain growth and
reduction in surface area of particles, and even induce
phase transition. Hydrothermal synthesis, in which chemical
reactions can occur in aqueous or organic media under
self-produced pressure at low temperature (usually lower
than 250◦C), can solve the problems encountered during
the sol-gel process. This automatically raises the effective
boiling point of the solvent, which in a decisive manner
helps manage the entire process. This technique is also
called solvothermal [24, 38, 39], while in the special case
where the solvent is water, it is often called hydrothermal.
The solvothermal method is an alternative route for one-
step synthesis of pure nanosized anatase [40]. Particle mor-
phology, grain size, crystalline phase, and surface chemistry
of the solvothermal-derived TiO2 can be easily controlled
by regulating precursor composition, reaction temperature,
pressure, solvent properties, and aging time [40]. Preparation
of inorganic composite materials on laboratory scale allowed
control of their physicochemical properties and also gives
a possibility of their surface functionalisation with selected
organic compounds [41, 42].

The stability of inorganic particles in the aqueous phase
is of significant importance for their applications. Physical
properties of particle suspensions depend on the behaviour
of aqueous dispersions, which is especially sensitive to the
electrical and ionic structure of the particle/liquid interface.
Relationships between surface charge or zeta potential and
stability of nanoparticles in water have been studied in a
variety of systems. However, the role of ions specifically
adsorbed on nanoparticles is not yet well understood. For
a suspension, zeta potential is an important parameter
which reflects the intensity of repulsive force among particles
and stability of dispersion [43]. Zeta potential is crucial
for stability control of TiO2 nanoparticles in suspensions
and for the adsorption properties of TiO2 nanoparticle
surfaces. Many authors have shown that the zeta potential
of particles depends on several factors, such as the chemical
composition of particle surfaces, the composition of the
surrounding solvent, pH value, and the presence of ions in
the suspension [44–50]. Titania nanoparticles show a wide
range of surface adsorption and optical properties which
depend on their shapes and sizes and which correlate to pho-
tocatalytic activity [51–55]. Determination of zeta potential
will help establish the effect of preparation conditions on the
electrokinetic behaviour of TiO2 nanoparticles [56].

Knowledge of the oxide/water interface structure is
important to understand a large number of properties of
oxide-rich porous media and colloid suspensions of oxides
[43–49, 57]. Electrokinetic properties of fine particles in
an aqueous solution, such as the isoelectric point (IEP)
and potential determining ions (PDI), are essential in
order to understand the adsorption mechanism of inorganic
and organic species at the oxide/solution interface. They
also govern the phenomena of flotation, coagulation, and
dispersion in suspensions [58].

Electrochemical properties are frequently characterised
in terms of zeta potential and isoelectric point [48, 59]. The
zeta potential is the potential at the shear plane (located
approximately between the compact and diffuse layers)
between a charged surface and liquid moving with respect to
each other. The isoelectric point is the pH at which the zeta
potential is zero, that is, the pH value at which the net charge
of the membrane is globally zero. There are several proce-
dures, including microelectrophoresis, streaming potential
measurements, and electroosmosis, that allow determination
of the zeta potential [60].

The most important problem studied was the surface
functionalisation of commercial titanium dioxide and TiO2–
SiO2 composite material with selected alkoxysilanes. The
silane-grafted titanium dioxide and TiO2–SiO2 were thor-
oughly characterised to determine the yield of function-
alisation with silanes. The study was undertaken mainly
to evaluate the effectiveness of surface character changes
on the basis of measurements of dispersion, morphology,
adsorption capacity, and zeta potential of the functionalised
titania and, TiO2–SiO2 composite material.

2. Experimental Section

2.1. Materials. The materials studied were commercial
pigments of titanium dioxide under the name Tytanpol,
made by Chemical Works Police SA: A11—anatase with
untreated surface, R001—rutile with surface treated with
aluminium compounds (3% Al2O3) and hydrophilic organic
compounds, R213—rutile with surface deeply grafted with
alumina and silica (4.7% Al2O3, and 8.3% SiO2), and
hydrophilic organic compounds, produced by the sulfate
process. In the sulfate method TiO2 is obtained from
ilmenite ore treated with a concentrated solution of sulfuric
acid. Another material studied was TiO2–SiO2 composite
material. The composite material was coprecipitated, using
a method proposed by the authors, in the emulsion system
with the use of cyclohexane (made by POCh SA, analytical
grade) as the organic phase. The titanium precursor was
titanium sulfate (made by Chemical Works Police SA) with
the following physicochemical parameters: concentration
80–90 g TiO2/dm3, density 1250–1270 g/dm3, and pH <
1. The precursor of SiO2 was a 5% aqueous solution of
sodium silicate (technically filtered water/glass, Vitrosilicon
SA) containing 27.18% SiO2 and 8.5% Na2O and 1390
g/dm3 in density. The emulsifiers were nonylphenylpoly-
oxyethyleneglycol ethers (C9H19PhO(CH2CH2O)nH) with
mean oxyethylenation extent 3 (NP3) and 6 (NP6) purchased
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Table 1: The alkoxysilanes used.

Silane coupling agents Symbol Chemical structure CAS number
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Figure 1: Preparation of TiO2–SiO2 composite material.

from Sigma-Aldrich. These pigments were subjected to
surface modification with selected alkoxysilanes, see Table 1,
(purchased from Unisil) in the amounts of 0.5, 1, or 3 weight
parts by mass of TiO2 or TiO2–SiO2.

2.2. TiO2–SiO2 Composite Material Precipitation. Two emul-
sions intended as substrates for the synthesis of TiO2–SiO2

oxide composite (sample TP10) were prepared. Emulsion
E1 (alkaline) was obtained from a 5% (expressed in terms
of SiO2 content) aqueous solution of sodium silicate. Water
solution of sodium silicate (in the amount of 400 cm3) was
introduced to the organic phase (cyclohexane—440 cm3).
The emulsifiers were the nonylphenylpolyoxyethyleneglycol
ethers NP3 and NP6. The amounts of the emulsifiers applied
were 4.2 g of NP3 and 6.6 g of NP6. Emulsion E2 (the
acidic one) contained titanium sulfate. The organic phase
was formed also by cyclohexane (titanium sulfate (400 cm3)
was introduced to cyclohexane (480 cm3)). A similar mixture
of NPs, but in different proportions (NP3—5.8 g, NP6—
5.0 g), was used as an emulsifier. Prior to the introduction

of titanium sulfate, the solution was centrifuged by a high-
speed Eppendorf Centrifuge 5804. Emulsion E2 was placed
in the reactor, into which emulsion E1 was added in doses.
The emulsion E2 was vigorously stirred by a homogeniser
T25 Basic type (IKA Werke GmbH), working at the rate
of 16000 rpm for 20 minutes. Upon homogenisation the
precipitating agent—sodium silicate in emulsion E1—was
introduced into the reactor at a constant rate of 5 cm3/min
by a peristaltic pump ISM833A (Ismatec). When dosing
of emulsion E1 was terminated, the reactive mixture was
heated to a temperature of 80◦C for 30 minutes to destabilise
the emulsion. Subsequently the solvent (cyclohexane) was
distilled off. The subsequent stage involved filtration of the
mixture under reduced pressure. The sample obtained in
this way was washed with distilled water. At the terminal
stage, the sample was dried at a temperature of 105◦C for
18 hours. Then sample was calcined at 1000◦C for 1 hour
(Lenton Furnaces type AWF 115/5). The proposed method
of preparation of TiO2–SiO2 composite material is presented
schematically in Figure 1.
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Figure 2: Mechanism of condensation reaction between hydrolysed aminosilane and the surface of the unmodified support.

2.3. Titanium Dioxide and TiO2–SiO2 Composite Material
Modification. Functionalisation of TiO2 and TiO2–SiO2 was
performed using the so-called dry technique [41, 42, 61].
Surface modification of titanium dioxide and TiO2–SiO2

composite material was carried out in a reactor of 500 dm3

in capacity. The silane coupling agents were hydrolysed in
the methanol/water system (4/1 v/v) and from this solution
they were deposited directly onto the surface of titanium
dioxide and TiO2–SiO2. The solution contained a given
silane coupling agent in the amount of 0.5, 1, or 3 weight
parts by mass of TiO2 or TiO2–SiO2 (100.0 g). Then the
system was stirred for 1 hour to homogenise the sample
with the solution of the modifying agent, and the solvent
was distilled off. The silane-grafted samples were dried at
105◦C for 2 hours. The obtained samples were subjected
to characterisation. On the surface of the TiO2 or TiO2–
SiO2 support modified with aminosilane, a condensation
reaction takes place between hydrolised ≡Si–OH groups of
the aminosilane and the silanol, aluminol or ≡Ti–OH from
the inorganic support see Figure 2.

2.4. Determination of Physicochemical Properties. Determi-
nation of certain physicochemical parameters was under-
taken to verify the effectiveness of TiO2 or TiO2–SiO2 surface
modification with selected alkoxysilanes. For the TiO2 and
TiO2–SiO2 composite material samples, the particle size dis-
tributions were determined using a Zetasizer Nano ZS, made
by Malvern Instruments Ltd., permitting measurements of
particle diameters in the range of 0.6–6000 nm (nonin-
vasive backscattering technique—NIBS). The measurement
involves passing through the material a red laser beam of
wavelength 663 nm. During measurement the intensity of
fluctuations of scattered light is identified, these representing
illuminated particles of the sample. The particles within the
fluid exhibit Brownian motion, which makes the measure-
ment possible. Each sample was prepared by dispersing 0.01 g
of the tested product in 25 cm3 of isopropanol. The system
was stabilised in an ultrasonic bath for 15 minutes, and then
it was placed in a cuvette and analysed. Cumulant analysis

gives a width parameter known as the polydispersity, or the
polydispersity index (PdI). The cumulant analysis is actually
the fit of a polynomial to the log of the G1 correlation
function [62]:

ln[G1] = a + bt + ct2 + dt3 + et4 + · · · . (1)

The value of b is known as the second order cumulant, or the
z-average diffusion coefficient. The coefficient of the squared
term, c, when scaled as 2c/b2, is known as the polydispersity.

The surface morphology and microstructure of the TiO2

or TiO2–SiO2 samples were examined on the basis of the
SEM images recorded from an EVO40 scanning electron
microscope made by Zeiss. Before testing, the samples were
coated with Au over a period of 1 minute using a Balzers
PV205P coater.

In order to characterise the adsorption properties, nitro-
gen adsorption/desorption isotherms at 77 K and parameters
such as surface area (ABET), total volume (Vp), and mean
size (Sp) of pores were determined using an ASAP 2020
instrument (Accelerated Surface Area and Porosimetry–
Micromeritics Instrument Co.). All samples were degassed
at 120◦C for 4 hours prior to measurement. The surface area
was determined by the multipoint Brunauer-Emmett-Teller
method using the adsorption data as a function of relative
pressure (p/p0). The Barrett-Joyner-Halenda method was
applied to determine the pore volume and the average pore
size.

The TiO2 and TiO2–SiO2 composite material were also
subjected to crystalline structure determination using a wide
angle X-ray scattering method. The results were analysed
employing XRAYAN software. The diffraction patterns were
taken using a TUR-M62 horizontal diffractometer, equipped
with an HZG-3 type goniometer. Nickel-filtered Cu Kα
radiation (λ = 1.5418Å) was used in the measurements.
The measurement conditions were as follows: anode voltage
30 kV, anode current 15 mA. The samples were scanned at a
rate of 0.04◦ over an angular range of 3–60◦.

Moreover, the surface composition of TiO2–SiO2 (con-
tents of Ti and Si) was analysed by energy dispersive X-
ray spectroscopy (EDS) using a Princeton Gamma-Tech unit
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equipped with a prism digital spectrometer. Representative
parts (500μm2) were analysed for proper surface composi-
tion evaluation. EDS technique is based on an analysis of X-
ray energy values using semiconductor. Before the analysis,
samples were placed on the ground, with a carbon paste or
tape. The presence of carbon materials is needed to create a
conductive layer which ensure the delivery of electric charge
from the sample.

Selected samples of TiO2 and TiO2–SiO2 composite
material were subjected to elemental analysis using an Vario
EL Cube apparatus made by Elementar Analysensysteme
GmbH. A 10 mg portion of the sample was placed in an
80-position autosampler. After that the sample was moved
to the instrument in which it was combusted in an oxygen
atmosphere. After passing through appropriate catalysts in
a helium stream, the resulting gases were separated in a
adsorption column, and then recorded using a katharometer.
The results are given as an average of three measurements
with ±0.001% each.

Dependences of the zeta potential versus pH for TiO2

and TiO2–SiO2 samples, both unmodified and subjected to
surface modification with selected alkoxysilanes, were estab-
lished to check the effect of the modifier and its quantity on
the zeta potential. Using a Zetasizer Nano ZS equipped with
an autotitrator (Malvern Instruments Ltd.) it was also pos-
sible to measure electrophoretic mobility and indirectly the
zeta potential, using laser Doppler velocimetry (LDV). The
electrokinetic potential was measured in the presence of a
0.001 M NaCl electrolyte over the whole considered pH range
(2–11), which enabled determination of the electrokinetic
curves. To perform the measurements, 0.01 g of a sample
was dispersed in 25 cm3 of electrolyte. Then 10 cm3 of the so
prepared sample was placed in a titrator enabling automatic
titration of the system either with an acid (0.2M HCl) or
with a base (0.2M NaOH). The measurements gave the
dependence of the zeta potential versus pH. The accuracies of
the measurements were±0.01 mV (zeta potential) and±0.01
(pH). To avoid possible measurement errors, every sample
was measured three times. The standard deviation of the zeta
potential at a given pH was ±1.7 mV or less, and the error in
the pH was estimated to be 0.03 pH units or lower.

3. Results and Discussion

3.1. Dispersive and Morphological Properties of Unmodified
Titania and TiO2–SiO2 Composite Material. The aim of
the first stage of the study was the characterisation of
morphology and dispersive properties of the pigments based
on commercial TiO2 and synthetic TiO2–SiO2 composite
material. The particle size distribution according to volume
contribution obtained for Tytanpol A11 is presented in
Figure 3(a), and shows one band covering the particle
diameters from 342 to 6440 nm; the maximum volume
contribution of 10.6% comes from particles of 825 nm
diameter. The polydispersity index of this pigment is 0.218.
The particle size distribution of Tytanpol R001, Figure 3(b),
reveals one band corresponding to primary particles and
secondary agglomerates of diameters from 255 to 6440 nm.

The maximum volume contribution of 12.3% comes from
agglomerates of 5560 nm diameter. As follows from this
distribution, primary particles and aggregates account for
32.5%, and secondary agglomerates 67.5%, of the sample
volume. The polydispersity index of this sample is 0.242.
The particle size distribution of Tytanpol R213 (Figure 3(c))
shows one broad band, corresponding to primary and
secondary agglomerates with diameters ranging from 190
to 6440 nm (the maximum volume contribution of 10.2%
corresponds to agglomerates of 5560 nm diameter). The
polydispersity index of this pigment is 0.233. The particle size
distribution of the TiO2–SiO2 composite material, sample
TP10 (see Figure 3(d)), shows one relatively narrow band
covering the diameters from 342 to 1110 nm, with the maxi-
mum volume contribution of 22.8% coming from aggregates
712 nm in diameter. The polydispersity index of TP10 is
0.197, which means that this sample is rather homogeneous.

The results presented prove that all the samples studied
have similar homogeneities (almost the same polydispersity
index values). It is worth noting that the synthetic composite
material sample contains particles of smaller diameter than
those in the commercial TiO2. The SEM microphotographs
of the samples studied presented in Figure 4 confirm the
presence of particles of small diameter (corresponding to
those indicated in particle size distributions), high homo-
geneity, almost spherical shape, and showing little tendency
to form agglomerate structures.

3.2. Structural Characteristic of Unmodified Titania and
TiO2–SiO2 Composite Material. Characterisation of the
adsorption properties of TiO2- and TiO2–SiO2-based pig-
ments included determination of the nitrogen adsorp-
tion/desorption isotherms and calculation of the surface
area, pore size and volume. The isotherms measured for TiO2

pigments and TiO2–SiO2 composite material were classified
as type II with hysteresis loops type H3 (R213) and type
H4 (A11, R001, and TP10), indicating the nonporous solids,
with large secondary slit-like pores formed between small
particles aggregates [63]; see Figure 5. The greatest surface
areas (BET), of 35 and 36 m2/g, were found for Tytanpol
R213 and TiO2–SiO2 (sample TP10), respectively. In few
papers has been reported that the addition of silica or alu-
mina to titanium dioxide not only improves the mechanical
properties, as well as abrasion resistance of the system,
but gives products of highly developed specific surface area
[64–74]. For TP10 this observation can be explained by
the dominant contribution of SiO2 (70.16%), as proved
by chemical composition analysis by the EDS method, see
Figure 6. This analysis also confirmed that the content of
titanium dioxide in the composite material obtained reached
almost 29.84%. For the R213 sample the large surface area
is related to the surface modification with alumina and
silica, that is, Al2O3 4.7%, and SiO2 8.3%. The inorganic
treatment with aluminium oxide and silica considerably
increases the surface area as both these substances, and silica
in particular, have a well-developed surface. The influence
of silica on the surface area of titanium dioxide depends on
its physicochemical properties. The hysteresis loop of R213
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Figure 3: Particle size distributions by volume of (a) Tytanpol A11, (b) Tytanpol R001, (c) Tytanpol R213, and (d) TiO2–SiO2 composite
material TP10.

TiO2 covers the relative pressure range p/p0 = 0.6–0.99. The
mean pore diameter of this substance is 9.8 nm and the total
pore volume is 0.09 cm3/g. The nitrogen volume adsorbed on
R213 titania reaches 75 cm3/g at p/p0 = 0.99. For TiO2–SiO2

composite material, the nitrogen volume adsorbed at p/p0 =
0.99 is much lower (36 cm3/g), its mean pore diameter is
4.6 nm, while the total pore volume is 0.04 cm3/g, much
lower than for sample R213. The samples Tytanpol A11 and
R001 show low specific surface area; their surface areas (BET)
are 10 and 14 m2/g, respectively. For these two samples the
amount of nitrogen adsorbed for relative pressure in the
range p/p0 = 0–0.8 slowly increases; above p/p0 = 0.8 the
amount of nitrogen adsorbed rapidly increases to reach a
maximum value of 26 cm3/g at p/p0 = 0.99. For A11 the
mean pore diameter is 7.6 nm and the total pore volume
is 0.02 cm3/g, while for R001 these parameters are 7.6 nm
and 0.03 cm3/g respectively. In contrast to the results of
dispersive characteristics, determination of the adsorption

properties confirmed that specific surface areas increase with
the corresponding increase in volume contribution of the
primary particles in the sample. Parameters, such as the
specific surface area of inorganic oxide systems, play an
important role in the adsorption of selected organic com-
pounds (functionalisation of TiO2 surface with inorganic
oxides and its effectiveness).

The crystalline structures of selected samples were stud-
ied by the WAXS method. The structural character of pig-
ments determines their suitability for particular applications
(e.g., photocatalysis, paints and lacquers industry). Titanium
dioxide of a given crystalline structure can be identified by
the WAXS for certain values of 2Θ. Figure 7 presents the
WAXS patterns of selected samples showing that A11 has the
anatase structure, while R213 has the rutile structure. WAXS
analysis of synthetic composite material (TP10) confirmed
that titanium dioxide occurs mainly as the rutile form, with
a small contribution of anatase.
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Figure 4: SEM microphotographs of (a) Tytanpol A11, (b) Tytanpol R001, (c) Tytanpol R213, and (d) TiO2–SiO2 composite material TP10.
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SiO2 composite material.

3.3. Electrokinetic Behaviour of TiO2 and TiO2–SiO2 Com-
posite Material. After the preliminary characterisation des-
cribed above, the samples of titanium dioxide and TiO2–
SiO2 composite material were subjected to electrokinetic
tests. Zeta potential provides information on changes in the

O
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Figure 6: EDS spectrum of TiO2–SiO2 composite material.

surface properties and stability of dispersion. Changes in
the zeta potential with pH and the isoelectric point values
strongly depend on the type and amounts of inorganic
substances used for surface modification. In many papers has
been noted that the isoelectric point for unmodified titanium
dioxide is at pH 4, for silica it is pH 2 [48, 75–77], while for
aluminium oxide it is pH 9 [48, 77, 78]. The plots of zeta
potential versus pH determined for the commercial titanium
dioxide pigments and TiO2–SiO2 composite material are
shown in Figure 8.

Wilhelm and Stephan [79] mentioned that the isoelectric
point of the titania particles appears at 4.4–7.0, depending
on the method of synthesis. The IEP of A11 sample occurs at
a pH of 3.42, its maximum zeta potential is 39.0 mV, while
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Figure 7: WAXS patterns of selected TiO2 and TiO2–SiO2 compos-
ite material.

the minimum one is −56.0 mV. For R001, whose surface is
modified with aluminium oxide, IEP is shifted towards a
higher pH (7.78). The maximum zeta potential is 53.4 mV
at pH 1.67, while its minimum value is−51.8 mV at pH 11.8.
The electrokinetic curve for R213 has a different character.
Its IEP occurs at pH 5.07, its maximum zeta potential is
23.2 mV, while the minimum one is −49.7 mV. For R213
with surface modified with aluminium oxide and silica (4.7%
Al2O3 and 8.3% SiO2) the IEP is shifted towards a lower pH
than the IEP of R001 sample. Synthetic TiO2–SiO2 composite
material (TP10) composed of 70.16% silica has the IEP value
shifted towards 2.16 (confirmed by Urbanus et al. [80], who
demonstrated that the IEP of TiO2–SiO2 is approximately
2.5), its maximum zeta potential value is 4.2 mV, while
the minimum one is –60.5 mV. TiO2 nanoparticles with
different surface properties were obtained by Liao et al.
[56] by a method in which surfactants were introduced
during synthesis. They confirmed that the zeta potential
values of TiO2 nanoparticles differed depending on the use
of different titanium precursors and introduction of different
surfactants.

3.4. Dispersive and Morphological Properties of Modified
Titania and TiO2–SiO2 Composite Material. At the next stage
of the study, the physicochemical properties of titanium
dioxide and TiO2–SiO2 composite material functionalised
with selected alkoxysilanes were characterised. The main
aim of the study was to evaluate the efficiency of the
functionalisation process of commercial titanium dioxide as
well as TiO2–SiO2 composite materials and determination of
the effect of this process on the fundamental physicochemical
properties of the systems obtained. Table 2 gives the disper-
sive characterisation of the modified TiO2 and TiO2–SiO2

samples.
The substantial differences in the mean diameters of TiO2

particles modified with three different modifying agents in
different amounts imply that the silanes used have a great
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Figure 8: Electrokinetic curves of the examined TiO2 and TiO2–
SiO2 powders.

effect on the dispersive parameters of the final products.
The dispersive characteristics (Table 2) show that noticeable
changes in the particle size of modified TiO2 appear
independently of the type and quantity of the modifying
agent. According to the results, by far the best dispersive
properties are shown by TiO2–SiO2 composite material
functionalised with selected alkoxysilanes (irrespective of the
quantity of silane used for functionalisation). All samples
of the silane grafted composite material had particles of
smaller diameter than those determined in the samples based
on the commercial titanium dioxide. TiO2 and TiO2–SiO2

surface functionalisation with selected alkoxysilanes was not
observed to have any significant influence on the dispersive
characteristics of the composite systems obtained.

Surface modification of A11 titanium dioxide with the
silanes significantly enhanced the tendency of the sample
particles to agglomerate, manifested by an increased volume
contribution from secondary agglomerates. In most samples,
the functionalisation of inorganic support with selected
silane coupling agents (in relation to the amount of silane
used) contributed to a decrease in the sample’s homogeneity
(higher polydispersity index)—see Table 2—compared to
that of unmodified support.

Figures 9 and 10 present selected particle size distribu-
tions and SEM microphotographs of TiO2 and TiO2–SiO2

composite material functionalised with different silanes,
confirming the data presented in Table 2.

3.5. Structural Characteristic of Functionalised Titania and
TiO2–SiO2 Composite Material. At the next stage of the
study, the adsorption properties of the modified titanium
dioxide and TiO2–SiO2 samples were characterised. The
fundamental parameters determining the surface activity of
the modified samples, specific surface area (BET) and pore
size distribution, are given in Table 3. Analysis of the data
presented in Table 3 inform that the greater the amount of
the modifying agent, the smaller the surface area (BET).
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Table 2: Dispersive properties of TiO2 and TiO2–SiO2 samples modified with different silane coupling agents.

Sample Modifying agent
Amount of modifying

agent (wt./wt.)
Particle size distributions by volume (nm)
and maximum volume contribution (%)

Polydispersity index

A11

— 342–6440 (825 nm-10.6) 0.218

U-511 silane
0.5 122–6440 (5560 nm-12.0) 0.244

1 255–6440 (4800 nm-12.2) 0.319

3 255–6440 (4800 nm-19.1) 0.429

— 342–6440 (825 nm-10.6) 0.218

U-611 silane
0.5 142–6440 (5560 nm-11.8) 0.398

1
164–1110; 3090–6440 (342 nm-17.6;

5560 nm-6.0)
0.157

3
122–1720; 2300–6440 (342 nm-5.1;

5560 nm-16.7)
0.437

— 342-6440 (825 nm-10.6) 0.218

U-15D silane
0.5 255–6440 (825 nm-11.3) 0.224

1 164–6440 (5560 nm-13.5) 0.237

3 459–6440 (4800 nm-24.1) 0.403

R001

— 255–6440 (5560 nm-12.3) 0.242

U-511 silane
0.5 220–6440 (342 nm-8.3) 0.354

1 106–6440 (4800 nm-7.8) 0.269

3 164–1280 (342 nm-18.7) 0.114

— 255–6440 (5560 nm-12.3) 0.242

U-611 silane
0.5 342–6440 (4800 nm-13.6) 0.410

1 295–6440 (4880 nm-17.6) 0.387

3 342–6440 (4800 nm-16.2) 0.396

— 255–6440 (5560 nm-12.3) 0.242

U-15D silane
0.5 615–6440 (5560 nm-29.2) 0.491

1 220–6440 (955 nm-9.3) 0.221

3 190–5560 (4150 nm-14) 0.357

R213

— 190–6440 (5560 nm-10.2) 0.233

U-511 silane
0.5 396–6440 (4800 nm-16.2) 0.107

1 164–6440 (4800 nm-17.9) 0.411

3 190–6440 (396 nm-13.2) 0.295

— 190–6440 (5560 nm-10.2) 0.233

U-611 silane
0.5 342–3090 (1110 nm-11.6) 0.305

1 122–6440 (1280,1480 nm-8.2) 0.372

3 220–6440 (615 nm-8.9) 0.419

— 190–6440 (5560 nm-10.2) 0.233

U-15D silane
0.5 295–6440 (4800 nm-16.0) 0.171

1 190–6440 (5560 nm-19.2) 0.170

3 255–6440 (4800 nm-10.5) 0.259
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Table 2: Continued.

Sample Modifying agent
Amount of modifying

agent (wt./wt.)
Particle size distributions by volume (nm)
and maximum volume contribution (%)

Polydispersity index

TP10

— 342–1110 (712 nm-22.8) 0.197

U-511 silane
0.5 255–531 (396 nm-32.9) 0.325

1 342–825 (531 nm-29.8) 0.289

3 396–1110 (615 nm-26.2) 0.453

— 342–1110 (712 nm-22.8) 0.197

U-611 silane
0.5 459–1280 (825 nm-29.0) 0.193

1 396–1110 (712 nm-27.9) 0.220

3 342–825 (531 nm-30.3) 0.348

— 342–1110 (712 nm-22.8) 0.197

U-15D silane
0.5 296–1280 (615 nm-20.7) 0.260

1 342–955 (531 nm-28.6) 0.217

3 342–955 (615 nm-27.1) 0.179

Table 3: Adsorption properties of modified TiO2 and TiO2–SiO2 composite material.

Sample Modifying agent Amount of modifying agent (wt./wt.) ABET (m2/g) Vp (cm3/g) Sp (nm)

A11

— — 10.0 0.020 7.6

U-511 silane 0.5 8.5 0.001 5.8

3 7.1 0.005 3.0

U-611 silane 0.5 9.0 0.004 2.0

3 7.4 0.004 1.6

U-15D silane 0.5 5.6 0.004 3.0

3 4.9 0.004 3.1

R001

— — 14.0 0.030 7.6

U-511 silane 0.5 8.2 0.006 3.0

3 5.3 0.004 3.0

U-611 silane 0.5 9.6 0.007 2.8

3 9.3 0.006 2.4

U-15D silane 0.5 8.3 0.006 2.9

3 5.6 0.004 3.0

R213

— — 35.0 0.090 9.8

U-511 silane 0.5 25.2 0.017 2.8

3 21.0 0.015 2.8

U-611 silane 0.5 25.7 0.018 2.9

3 23.6 0.017 2.8

U-15D silane 0.5 25.1 0.018 2.8

3 20.8 0.014 2.6

TP10

— — 36.0 0.040 4.6

U-511 silane 0.5 27.3 0.018 2.0

3 23.2 0.016 1.8

U-611 silane 0.5 26.9 0.016 2.0

3 24.1 0.013 1.9

U-15D silane 0.5 25.8 0.014 2.0

3 21.6 0.011 1.8
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Table 4: The degree of surface coverage of TiO2 and TiO2–SiO2 modified with selected modifying agent.

Sample Modifying agent Amount of modifying agent (wt./wt.)
Elemental analysis (%) NR (nm−2) P (μmol/m2)

N C H

A11

— — — 0.024 0.014 — —

U-511 silane 0.5 — 0.216 0.117 1.83 1.81

3 — 0.816 0.136 8.30 6.92

U-611 silane 0.5 — 0.055 0.008 1.53 0.92

3 — 0.173 0.012 5.90 2.90

U-15D silane 0.5 0.068 0.181 0.032 4.03 2.17

3 0.341 0.825 0.186 21.10 10.04

R001

— — — 0.207 0.173 — —

U-511 silane 0.5 — 0.392 0.166 3.44 2.35

3 — 0.985 0.244 13.45 5.98

U-611 silane 0.5 — 0.187 0.158 2.45 2.24

3 — 0.363 0.166 4.91 4.36

U-15D silane 0.5 0.061 0.270 0.166 4.11 2.31

3 0.285 0.841 0.276 18.71 7.31

R213

— — — 0.162 0.440 — —

U-511 silane 0.5 — 0.400 0.440 1.14 0.96

3 — 1.133 0.507 3.86 2.76

U-611 silane 0.5 — 0.241 0.426 1.18 1.15

3 — 0.366 0.430 1.95 1.75

U-15D silane 0.5 0.072 0.315 0.450 1.58 1.08

3 0.334 0.896 0.529 5.42 3.12

TP10

— — — 0.158 0.429 — —

U-511 silane 0.5 — 0.379 0.448 1.00 0.88

3 — 1.045 0.512 3.23 2.47

U-611 silane 0.5 — 0.235 0.412 1.10 1.09

3 — 0.391 0.422 2.03 1.83

U-15D silane 0.5 0.083 0.327 0.437 1.59 1.09

3 0.356 0.905 0.541 5.26 3.07

Most probably it is a consequence of the fact that the
active centres (silanol, aluminol, ≡Ti–OH groups) on the
surface of TiO2 and TiO2–SiO2 are blocked by the modifier
molecules. A considerable decrease in the surface area relative
to that of the unmodified sample was observed for all
modified samples. Modification with N-2-(aminoethyl)-3-
aminopropyltrimethoxysilane (U-15D) was more effective
compared with samples modified with U-511 and U-611.
Addition of any of the modifiers resulted in a decrease in
the pore diameters relative to those in unmodified TiO2

and TiO2–SiO2, irrespective of the quantity of modifier.
In contrast to the results for dispersive characteristics,
determination of the adsorption properties confirmed the
effectiveness of modification and revealed that modification
induced changes in the character of the samples’ surfaces.

Direct evidence of the efficiency of the modification
process comes from elemental analysis, which results in
permitted estimation of the coverage degree of TiO2 and
TiO2–SiO2 samples with selected alkoxysilanes. The number
of surface functional groups NR (nm−2), which informs us
about the density of modifier grafted on the TiO2 or TiO2–
SiO2 surface, was calculated from the results of elemental

analysis and BET measurement. NR is defined as the number
of methacryloxy, vinyl, propyl, aminoethyl, or aminopropyl
groups on TiO2 or, TiO2–SiO2, surface per 1 nm−2 and is
expressed using (2) presented below:

NR = C ×NA

12× n× 100× S

(
nm−2), (2)

where C is the carbon content obtained from the result of
elemental analysis for the analysis sample, n is the number of
carbon in the silane coupling agents except methoxy groups,
NA is Avogadro’s number, and S is the specific surface area of
the analysed sample [81].

Table 4 gives the concentration of the modifier and
the results obtained from elemental analysis and BET
measurement. The content of carbon, hydrogen, and nitro-
gen increased and surface area decreased, with increasing
concentration of the modifier.

For the samples modified with U-15D silane, the C/N
values, defined as molar ratio of carbon to nitrogen,
were close to 3. This indicates that most of the methoxy
groups in U-15D have hydrolysed and the aminopropyl
groups remain on the TiO2 or TiO2–SiO2 surface. The
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Figure 9: Particle size distributions by volume of (a) Tytanpol A11, (b) R001, (c) R213, and (d) TiO2–SiO2 composite material samples,
modified with 0.5, 1, and 3 wt./wt. of N-2-(aminoethyl)-3-aminopropyltrimethoxysilane.

value of NR for samples R001 and A11 modified with U-
15D increased to 19 and 21, respectively, while that of
samples R213 and TP10 increased to 5. The NR value
of the samples modified with U-15D was different from
those of samples modified with U-511 and U-611 at the
same concentration of modifier, because of the different
reaction mechanisms. It is well known that silane coupling
agents are first hydrolysed to silanols, and then condensation
reactions between the silanols and surface hydroxyl groups
on the substrate take place. However, special interaction
between aminosilane and the TiO2 or TiO2–SiO2 surface
also occurs, causing this higher reactivity than in the
U-511 and U-611 case, observed in the NR value, see
Table 4. Various types of interactions between aminosilane
and the TiO2 surface have been proposed in the literature
[82, 83].

The degrees of coverage of the TiO2 or TiO2–SiO2 with
modifiers were also evaluated on the basis of the Berendsen
and de Golan equation [84], using the results of elemental
analysis:

P = 106 · C
[1200 ·NC − C(M − 1)] · A , (3)

where P is the degree of coverage, C the carbon content of
the sample, NC the number of carbon atoms in the attached
molecule, M the molar mass of the attached compound, and
A the specific surface area of the support.

With increasing amount of appropriate silane used for
the modification the increase in the elemental content of the
analysed elements was noted along with a significant increase
in the degree of coverage values. The greatest degrees of
coverage were found for the samples modified with U-15D.
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Figure 10: SEM microphotographs of (a) Tytanpol A11, (b) Tytanpol R001, (c) Tytanpol R213, and (d) TiO2–SiO2 composite material
samples, modified with 1 wt./wt. of N-2-(aminoethyl)-3-aminopropyltrimethoxysilane.

The degree of coverage values for the samples modified with
U-611 were lower from those of samples modified with U-
15D and U-511, at the same amount of modifier.

3.6. Electrokinetic Properties of Modified TiO2 and TiO2–
SiO2 Composite Material. The efficiency of inorganic oxides
surface modification with selected organic compounds can
be readily estimated by electrokinetic tests, that is, mea-
surements of zeta potential versus pH. Thus in the next
step samples of titanium dioxide and TiO2–SiO2 composite
material functionalised with alkoxysilanes were subjected to
tests of their electrokinetic properties. Figures 11 and 12
present the zeta potential versus pH dependencies evaluated
for composite systems prepared using titanium dioxide or
TiO2–SiO2.

Figure 11 presents the electrokinetic curves estimated for
aminosilane-grafted commercial titanium dioxide.

Surface modification of A11 titanium dioxide with dif-
ferent amounts of N-2-(aminoethyl)-3-aminopropyltrim-
ethoxysilane (U-15D) (see Figure 11(a)) resulted in signif-
icant changes in the character of the electrokinetic curves.
These plots differ considerably from the reference plot
obtained for unmodified titanium dioxide A11 (its IEP is
3.42, Roessler et al. [85] reported that IEPs for anatase
vary between 3 and 6.6). After modification with 0.5, 1,
and 3 wt./wt. of U-15D silane, the isoelectric points were
5.12, 6.72, and 9.40, respectively, so the IEP values increased

with an increasing amount of the modifying agent used for
surface functionalisation. This significant increase in IEP
values is attributed to the strong ionisation effect of –NH2

groups. Ionisation of these groups also plays an important
role in changes in the surface charge of TiO2. When the
density of H+ ions is high, NH3

+ groups start to form
and hence the positive charge of modified TiO2 appears.
With increasing concentration of H+ ions, the process of
ionisation is restricted and the surface charge decreases.
For the A11 sample modified with U-15D silane, the zeta
potential takes positive values in almost the entire acidic
pH range. Cai et al. [86] confirmed the isoelectric point of
pH = 7 for titania film functionalised with (3-aminopropyl)
triethoxysilane.

Modification of anatase surface with the other two
silanes studied did not result in considerable changes in
the character of the relevant electrokinetic curves; they were
similar to that recorded for the unmodified sample. This
observation was confirmed by the isoelectric points of the
modified samples. For A11 modified with 0.5, 1, and 3
wt./wt. of U-511 silane, the IEP takes the values of 3.21, 3.30,
and 3.63, and for titanium dioxide modified with 0.5, 1, and
3 wt./wt. of U-611 silane the isoelectric points occur at lower
pH, that is, at 3.42, 3.22, and 4.75, respectively.

Figure 11(b) presents the zeta potential versus pH for
TiO2 samples (R001) modified with U-15D silane. The
reference sample was the unmodified TiO2 sample—R001—
with IEP at pH = 7.78. Similarly as for A11 titanium dioxide,
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Figure 11: Zeta potential versus pH for (a) Tytanpol A11, (b) Tytanpol R001, and (c) Tytanpol R213 samples, modified with 0.5, 1, or
3 wt./wt. of N-2-(aminoethyl)-3-aminopropyltrimethoxysilane.

also for the R001 sample modified with N-2-(aminoethyl)-3-
aminopropyltrimethoxysilane the electrokinetic curves were
shifted towards higher pH values. The isoelectric point
of TiO2 modified with 0.5 wt./wt. of U-15D silane is
7.92, while its values for the samples modified with 1
and 3 wt./wt. are 8.42 and 9.56, respectively. The shift of
IEP towards higher pH is caused by a strong ionisation
effect of –NH2 groups coming from the modifying agent.
Again the other silanes did not cause significant changes
in the surface charge of the composite systems obtained.
Functionalisation of R001 titanium dioxide surface with
3-methacryloxypropyltrimethoxysilane caused a small shift
of the electrokinetic curves towards more acidic pH. For
R001 modified with 0.5 and 1 wt./wt. of U-511, the iso-
electric points are at 7.00 and 6.40, respectively, whereas

for R001 sample modified with 3 wt./wt. of U-511 silane
the IEP is at 5.15. Such differences were not observed if
vinyltrimethoxysilane (U-611) was used for TiO2 surface
modification. For TiO2 which surface was functionalised
with this silane in the amounts of 0.5, 1, and 3 wt./wt., the
isoelectric points occur at 7.39, 7.98, and 6.72, respectively.

Similar observations were made analysing the elec-
trokinetic results for R213 titanium dioxide modified with
selected alkoxysilanes. For titanium dioxide R213 modified
with N-2-(aminoethyl)-3-aminopropyltrimethoxysilane in
different amounts, the electrokinetic curves were observed to
be shifted towards higher pH (see Figure 11(c)). The IEP of
the unmodified R213 sample occurs at a pH of 5.07. For R213
modified with 0.5, 1 and 3 wt./wt. of U-15D silane, the IEP is
observed at 6.53, 7.56, and 9.32, respectively.
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Surface modification of R213 titanium dioxide with U-
511 silane, similarly as that of R001, caused a shift of the
electrokinetic curve towards lower pH, with respect to that
recorded for unmodified TiO2. The shift was also confirmed
by changes in IEP, which for R213 sample modified with
0.5 wt./wt. of U-511 was at pH 4.79, for R213 modified
with 1 wt./wt. of U-511 was at 4.66, and for R213 modified
with 3 wt./wt. of U-511 was at 2.68. Again, application of
vinyltrimethoxysilane for TiO2 surface modification did not
cause significant changes in the electrokinetic character of
the products obtained. When the R213 sample was modified
with 0.5, 1, and 3 wt./wt. of U-611 silane, the IEP occurred at
pH 4.83, 5.04, and 4.39, respectively.

At the subsequent stage of the study, zeta potential
was measured for TiO2–SiO2 composite material modified
with three different alkoxysilanes in different amounts.
Figure 12 presents the electrokinetic curves of TiO2–SiO2

composite material modified with U-15D silane. The IEP
of unmodified TiO2–SiO2 is at 2.16. Surface modification
of synthetic composite material with this silane caused
significant changes in its electrokinetic properties, observed
also for A11 titanium dioxide. The changes were manifested
as the electrokinetic curves and IEP shifts towards higher
pH in comparison to those of the unmodified TiO2–SiO2

sample. For TiO2–SiO2 modified with 0.5, 1, and 3 wt./wt. of
U-15D, the IEPs appear at 6.02, 7.78, and 9.81, respectively.
This significant shift of IEP towards higher pH values is
caused by the strong ionisation effect of –NH2 groups
originating from the modifying agent (U-15D). It is worth
mentioning that for TiO2–SiO2 modified with 0.5 wt./wt.
of U-511 silane the isoelectric point is at 1.88, but for the
samples modified with 1 and 3 wt./wt. of U-511, IEP was not
obtained as the measurements of zeta potential versus pH in
0.001 M NaCl for the TiO2–SiO2 modified with U-611 silane
in different amounts did not permit exact determination of
IEP. The other silanes do not contain in their structure the
functional groups that are able to change the surface charge
of the composite systems obtained and hence influence the
electrokinetic characteristics.

The probable mechanism of surface charge changes of
TiO2 or TiO2–SiO2 surface modified with U-15D silane as
a function of pH of the medium is presented in Figure 13.

4. Conclusions

According to the results presented and discussed above,
the character of the surface of inorganic oxide systems like
TiO2 or TiO2–SiO2 can be modified by simple chemical
methods. No significant effect of the silanes used on the
dispersive characteristics and morphology of the composite
materials obtained was noted. However, significant changes
were found in the adsorption properties of the modified
samples. The specific surface areas of TiO2 and TiO2–
SiO2 composite material, modified with the selected silanes,
decreased with increasing amount of the silane deposited.
The smallest was the specific surface area of TiO2 (Tytanpol
A11 and R001) modified with 3 weight parts by mass of
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Figure 12: Zeta potential versus pH for TP10 modified with 0.5, 1
or 3 wt./wt. of N-2-(aminoethyl)-3-aminopropyltrimethoxysilane.

aminosilane U-15D. Specific surface areas of the all samples
varied from 4.91 m2/g to 5.64 m2/g.

The greatest specific surface areas of 35 and 36 m2/g were
determined for the Tytanpol R213, commercial TiO2 and
unmodified sample TP10 (TiO2–SiO2 synthetic composite
material), respectively.

The efficiency of selected alkoxysilanes’ grafted onto tita-
nia or TiO2–SiO2 synthetic composite support was indirectly
confirmed by elemental analysis, proving that the degree
of surface coverage with a modifying agent increases with
increasing concentrations of the silanes used for inorganic
surface functionalisation.

The zeta potential changes as a function of pH as well
as the IEP values of the commercially available titanium
dioxides strongly depend on the type and amount of the
inorganic agents used for modification of their surfaces,
as well as on the amount and type of alkoxysilane used.
For titanium dioxide and TiO2–SiO2 composite material
modified with 3-methacryloxypropyltrimethoxysilane (U-
511) and vinyltrimethoxysilane (U-611), the IEP values
showed a tendency to shift towards lower pH with increasing
amount of the modifying agent used. For the samples
modified with N-2-(aminoethyl)-3–aminopropyltrimetho-
xysilane (U-15D) the reverse tendency was noted. The
most pronounced changes in the electrokinetic properties
were observed for titanium dioxide and TiO2–SiO2 com-
posite material modified with N-2-(aminoethyl)-3-amino-
propyltrimethoxysilane. These changes were attributed to
specific interactions of –NH2 groups in acidic or alkaline
enviroment, that is, to their ability to attach or abstract
potential forming ions, such as H+.

According to the above presented and discussed results,
the surface character of titanium dioxide and TiO2–SiO2 can
be modified by simple chemical method, which extends the
spectrum of their applications.
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Ag-TiO2 nanostructured thin films with silver content of 5 vol% have been deposited on silicon, glass, and quartz substrates by
RF magnetron sputtering and annealed in ambient air at 900◦C for 15, 30, 60, 90, and 120 min. Their crystal structure, surface
morphology, and hydrophilicity have been characterized by X-ray diffractometer, atomic force microscope, and water contact angle
apparatus, respectively. The influence of annealing time and UV irradiation time on hydrophilic property of Ag-TiO2 thin films
have been studied in detail. It is shown that annealing time influences crystal structure of Ag-TiO2 thin films. The unannealed
film is amorphous and shows poor hydrophilicity. With the increase of annealing time from 15 to 120 min, the grain-size slowly
increases and tends to uniformity. A suitable annealing time can significantly enhance the hydrophilic behavior of Ag-TiO2 films.
Water contact angle decreases with the increase of irradiation time. The mechanism of hydrophilicity has been proposed and can
be attributed to the increase of oxygen anion radicals O2

− and reactive center of surface Ti3+.

1. Introduction

In 1997, Wang et al. [1] reported that ultraviolet illumina-
tion of TiO2 surfaces could produce a highly hydrophilic
surface which was named as super-hydrophilicity. Since
then, hydrophilic titanium dioxide materials have been
attracting attentions for many practical applications such
as self-cleaning and antifogging materials. However, the
hydrophilicity of TiO2 thin films need to be further improved
and enhanced for practical application. It was reported that
the addition of noble metal to a photocatalytic semicon-
ductor can change the semiconductor surface properties [2].
Although many attentions have been paid to the material
doped with noble metals, such as Pt [3] and Au [4], to
enhance photocatalytic activity of the TiO2 thin films; a
study on hydrophilic behavior of silver modified TiO2 thin
films has rarely been reported [5]. Ag-TiO2 thin films
can be prepared by numerous techniques such as chemical
vapor deposition [6], ion assisted deposition [7], sol-gel
processes [8], photoelectrochemical reduction method [9],

and sputtering [10]. Among these techniques, RF magnetron
sputtering method provides more advantages in controlling
the microstructure and composition of the films. In a pre-
vious study [11], we found that a suitable amount (around
5 vol% Ag) of silver addition can significantly enhance the
hydrophilic behavior of TiO2 films. In this work, Ag-TiO2

nanostructured thin films with silver content of 5 vol% were
deposited on silicon, glass, and quartz substrates by RF
magnetron sputtering at room temperature and annealed in
ambient air at 900◦C by changing annealing time. We report
on the influence of annealing time and irradiation time of
high-pressure mercury lamp on photo-induced hydrophilic
property of TiO2 thin films.

2. Experimental

2.1. Preparation of Samples. Ag-TiO2 nanostructured thin
films with silver content of 5 vol% were prepared by a high-
vacuum multifunctional magnetron sputtering equipment
(JGP560I) using Ag-TiO2 composite targets (Φ = 60 mm) on
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silicon (10× 10 mm2), glass (10× 15 mm2), and quartz (25.1
× 15.4 mm2) substrates at room temperature. The targets
were made [11] by sticking silver strips (99.99% purity) onto
TiO2 ceramic target (99.99% purity). Prior to deposition,
the substrates were ultrasonically cleaned with acetone,
absolute ethyl alcohol, and deionized water for 10 min,
respectively. When the sputtering chamber was evacuated to
a base pressure of 8 × 10−4 Pa, argon gas (99.99% purity)
was introduced. Before the films were deposited, Ag-TiO2

ceramic target was presputtered by argon ion for 3 min to
weed out the surface adsorption. During sputtering, argon
gas flow rate was kept at 30 sccm, the chamber pressure was
maintained at 0.8 Pa, the sputtering power was 60 W, the
distance between the substrate and the target was 60 mm,
and the sputtering time was 24 min. The furnace was slowly
ramped to 900◦C with the sample inside it, and the as-
deposited films were annealed in ambient air at 900◦C for
15, 30, 60, 90, and 120 min.

2.2. Characterization. The thickness of the films with silver
content of 5.0 vol%, measured by a surface profiler meter
(Ambios XP-1), is about 150 nm. The crystallization behav-
ior of the films was analyzed by an X-ray diffractometer
(MAC M18XHF) using Cu kα radiation. Surface morpho-
logical feature was observed by an atomic force microscope
(AJ-IIIa).

2.3. Hydrophilicity Measurements. The photo-induced hy-
drophilicity of the films was evaluated by screening photos
and measuring the contact angle of water droplet during
irradiation by a 36 W-high-pressure mercury lamp, which
emits visible light of 404.7 nm, 435.8 nm, 546.1 nm and
577.0∼579.0 nm, and ultraviolet light of 365 nm. The dis-
tance between the sample and the high-pressure mercury
lamp was 8.0 cm. The intensity of light striking the films was
about 20.2 mW/cm2 (the intensity is the overall one and not
only the UVA part, which is usually given and proposed to
be in the range of 2 to 4 mW/cm2 for photo-induced super-
hydrophilicity studies). The UV source was turned on with
the water droplet on the film surface, and the film was tested
for contact angle measurements after the irradiation was
over. The hydrophilicity photos were obtained by a home-
made water contact angle apparatus, which was performed
at ambient air (25◦C, relative humidity (RH) 60%). By
measuring the diameter and height of the spherical crown of
3 μL droplet dropped on the surface of the films from 2 mm
height, the water contact angle can be calculated from

θ = arctan
4HL

L2 − 4H2
, (1)

where θ is the water contact angle, L is the diameter of
the spherical crown, and H is the height of the spherical
crown, as shown in Figure 1. The experimental error of
the measurements was ±0.1◦. Water droplets were placed
at four different positions for one sample and the selected
hydrophilicity photo was the one its water contact angle
being relatively close to the average value.

θ

θ

R

L

H

Figure 1: Geometric pattern for calculation of water contact angle.

3. Results and Analysis

3.1. X-Ray Diffraction (XRD) Analysis. Figure 2 shows XRD
patterns of Ag-TiO2 thin films with silver content of 5 vol%
on silicon substrate (a) as-deposited and annealed at 900◦C
for (b) 15, (c) 30, (d) 60, (e) 90, and (f) 120 min. We
can see that the crystal structure of the films changes
with the increase of annealing time. The as-deposited Ag-
TiO2 thin film possesses just one slight diffraction peaks
of 37.74 deg, which is corresponding to anatase (1 1 2).
It is suggested that unannealed film is amorphous. When
annealing time is 15 min, there are diffraction angles of 36.93,
64.31, 27.43, 33.13, 44.35, 48.14, 54.42, and 56.7 deg, which
are corresponding to rutile (1 0 1), rutile (3 1 0), rutile (1
1 0), Ag2Ti4O9 (6 0 3), Ag (2 0 0), anatase (2 0 0), rutile (2
1 1), and rutile (2 2 0), respectively. When annealing time
increases to 30 min, the diffraction peaks of Ag2Ti4O9 (0 0
4) at 31.04 deg and silver (1 1 1) at 38.07 deg appear, but
anatase (2 0 0) disappears. When annealing time increases
to 60 min, the diffraction peaks of rutile (1 0 1) and silver
(2 0 0) disappear, the diffraction peak of rutile (3 1 0)
obviously weakens, but the diffraction peaks of Ag2Ti4O9

(2 0 5) at 43.78 deg and rutile (3 0 1) at 69.44 deg appear.
When annealing time increases to 90 min, the diffraction
peaks of rutile (1 1 1) at 41.87 deg, silver (2 0 0) at 44.16
deg, and AgO (2 2 0) at 53.47 deg appear, but Ag2Ti4O9 (2
0 5) disappears. With further increase of annealing time to
120 min, the diffraction peaks of Ag2Ti4O9 (6 0 3) and rutile
(1 0 1) appear again, the diffraction peak of rutile (3 1 0)
obviously boosts up again, but rutile (1 1 1), AgO (2 2 0), and
rutile (3 0 1) disappear. Evidently, all these analyses suggest
that annealing time influences crystal phases of Ag-TiO2 thin
films.

3.2. Atomic Force Microscope (AFM) Analysis. Figure 3 pre-
sents AFM images of Ag-TiO2 thin films with silver content
of 5 vol% on silicon substrate (a) as-deposited and annealed
at 900◦C for (b) 15, (c) 30, (d) 60, (e) 90, and (f) 120 min.
From Figure 3(a), it can be seen that unannealed sample
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Figure 2: XRD patterns of Ag-TiO2 films on silicon substrate (a) as-deposited and annealed at 900◦C for (b) 15, (c) 30, (d) 60, (e) 90, and
(f) 120 min.
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Figure 3: AFM images of Ag-TiO2 films on silicon substrate (a) as-deposited and annealed at 900◦C for (b) 15, (c) 30, (d) 60, (e) 90, and (f)
120 min.
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has a small amount of grains, these grains maybe silver
grains. Annealed at 900◦C for 15 min, the surface of the
film is rough and has much fine-grains. Combining XRD
analysis with AFM image, it can be seen that Ag-TiO2 thin
film changing from amorphous to rutile phase but a small
amount of anatase. With the increase of annealing time from
15 to 120 min, the grain-size slowly increases and tends to
uniformity.

Figure 4 shows the influence of annealing time on grain
size of Ag-TiO2 films deposited on silicon substrate. It can
be seen that average grain-size gradually increases with the
increase of annealing time up to 30 min and then tends
to a constant. The maximum grain-size sharply increases
with the increase of annealing time up to 60 min and
then slowly decreases. Since maximum grain-size increases
apparently at long annealing time, growth of fine-grain is
restricted, therefore minimum grain-size slowly decreases
with increasing annealing time up to 90 min and then slowly
increases to some extent. From Figure 4, it can be reasonably
deduced that the maximum and minimum grain-sizes would
eventually come closer to the value of average grain-size,
at longer annealing times, that is, the Ag-TiO2 films would
achieve a narrow grain-size distribution at longer annealing
times.

Figure 5 plots the influence of annealing time on area
scans roughness of 5 vol% Ag-modified TiO2 thin films
deposited on silicon substrate. From Figure 5, the roughness
increases with the increase of annealing time up to 60 min,
which is possibly because of the growth of fine-grain, but
then abruptly turns around with the increase of annealing
time to 90 min, which is possibly because of anatase changes
into rutile phase completely annealed at 900◦C for 90 min.
With further increase of annealing time to 120 min, the
roughness increases again to some extent.

3.3. Hydrophilicity. Figure 6 shows hydrophilicity photos of
5 vol% Ag-modified TiO2 thin films on silicon substrate
(a) as-deposited and annealed at 900◦C for (b) 15, (c)
30, (d) 60, (e) 90, and (f) 120 min. Relationship of water
contact angle of the films and annealing time is shown in
Figure 7. From Figures 6 and 7, it can be seen that un-
annealed sample possesses the biggest water contact angle
of 81.3◦. When annealed at 900◦C for 15, 30, 60, 90 and
120 min, the water contact angles of the films are 59.0, 64.5,
62.7, 62.4, and 62.2◦, respectively. Obviously, water contact
angle slowly decreases and tends to a constant with the
increase of annealing time. Therefore the optimal annealing
time for hydrophilicity is around 15 min. Combine XRD
with AFM analysis, it can be seen that amorphous shows
poor hydrophilicity. With the increase of rutile phase and
roughness, the hydrophilicity enhances to some extent. The
anatase/rutile mixture obtained by annealing at 900◦C for
15 min may induce optimal hydrophilicity.

Figure 8 shows hydrophilicity photos of as-deposited
5 vol% Ag-modified TiO2 thin films on (a) glass, (b)
silicon, and (c) quartz substrate as a function of irradiation
time of high-pressure mercury lamp. Figure 9 presents the
relationship of UV irradiation time and water contact angle
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of as-deposited Ag-TiO2 thin films with silver content of
5 vol% on (a) glass, (b) silicon, and (c) quartz substrate.
From Figures 8 and 9, we can see that water contact angle
decreases with the increase of irradiation time, which means
the surface converts to hydrophilic state. And it seems that for
the films deposited on quartz substrate, the high hydrophilic
property could be achieved easily after irradiation of high-
pressure mercury lamp.
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Figure 6: Hydrophilicity photos of Ag-TiO2 films on silicon substrate (a) as-deposited and annealed at 900◦C for (b) 15, (c) 30, (d) 60, (e)
90, and (f) 120 min.
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Ag-TiO2 films on silicon substrate.

The mechanism of photo-induced hydrophilicity of TiO2

has been intensively investigated by many researchers [12,
13]. As a result, it was revealed that preferential adsorption
of water molecules on the photo-generated surface defective
sites led to the formation of highly hydrophilic TiO2 thin
films surface [14]. Photo-generated electron-hole pairs could
either recombine or move to the surface to react with species
adsorbed on the surface. Some of the electrons react with
lattice metal ions Ti4+ to form Ti3+ defective sites [15]. The

formation processes of defective sites on TiO2 surface can be
expressed [16] as follows:

TiO2
hv−−→ e− + h+,

O2− + 2 h+ −→ 1
2

O2 + VO
(
oxygen vacancy

)
,

Ti4+ + e− −→ Ti3+ (surface trapped electron
)
.

(2)

In air, the surface trapped electrons tend to react immediately
with O2 adsorbed on the surface to form O2

− or O2
2− ions.

Meanwhile, water molecules may coordinate into the oxygen
vacancy sites (VO), which leads to dissociative adsorption of
the water molecules on the surface [17, 18]. This process
gives rise to the increase of hydroxyl content on the illumi-
nated TiO2 thin film surfaces. It was likely that the number
of defective sites increases with the increase of annealing time
and irradiation time and these led to the improvement of
hydrophilicity. Water contact angle measurements show that
the amount of defective sites increases with the increase of
annealing time up to 15 min and then slowly increases and
gradually tends to a constant.

4. Conclusion

In summary, water contact angle of the films decreases with
the increase of annealing time and UV irradiation time. The
optimal annealing time for hydrophilicity is around 15 min.
With the increase of annealing time from 15 to 120 min,
average grain-size slowly increases and tends to uniformity.
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Figure 8: Hydrophilicity photos of as-deposited Ag-TiO2 films on (a) glass, (b) silicon, and (c) quartz substrate as a function of irradiation
time of high pressure mercury lamp.
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Figure 9: Relationship of UV irradiation time and water contact
angle of as-deposited Ag-TiO2 films on (a) glass, (b) silicon, and (c)
quartz substrate.

The roughness increases with the increase of annealing time
up to 60 min, which is possibly because of the growth of
fine-grain, but then abruptly turns around with the increase
of annealing time to 90 min, which is possibly because of
anatase changes into rutile phase completely annealed at
900◦C for 90 min. With further increase of annealing time to
120 min, the roughness increases again to some extent. The
anatase/rutile mixture obtained and annealed at 900◦C for
15 min may induce optimal hydrophilicity. The increase of
O2

− and Ti3+ on the films’ surface are the main causes for
enhancing hydrophilicity of Ag-TiO2 films.
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CdS quantum-dots-(QDs-)doped TiO2 nanocomposites were successfully synthesized using the sol-gel technique and character-
ized by SEM, TEM, XRD, EDS, UV-Vis, and FS. They were then used as a new “photosensitizer” based on photodynamic therapy
(PDT) for cancer-cell treatment. The photocatalytic activities of CdS-TiO2 on leukemia tumors were investigated by using Cell
Counting Kit-8 (CCK-8) assay. The ultrastructural morphology of treated cells was also studied by AFM. The experimental results
indicated that an obvious inhibition of tumor growth would be observed in groups treated with CdS-TiO2 nanocomposites, and
the PDT efficiency in the presence of CdS-doped TiO2 was significantly higher than that of TiO2, revealing that the photocatalytic
activities of TiO2 could be effectively enhanced by the modification of CdS QDs. Additionally, CdS- TiO2 can exhibit a very high
photodynamic efficiency of 80.5% at a final concentration of 200 μg/mL under visible-light irradiation. CdS-TiO2 nanocomposites
in this case were regarded as a promising application for cancer-cell treatment.

1. Introduction

Titanium dioxide (TiO2) as the most promising photo-
catalyst has been widely used for industrial and medical
applications owing to its various advantages (including non-
toxicity, low cost, high activity, and strong stability) in the
last two decades [1–5]. Under UV radiation, photoinduced
electrons and holes could be generated on the TiO2 surface;
these excited electrons and holes have strong reduction and
oxidation power, respectively, and could further react with
hydroxyl ions or water, resulting in the formation of various
reactive oxygen species (ROS) [6–8].

In recent years, research involving use of TiO2 in biomed-
ical fields has also attracted much attention; TiO2 nanopar-
ticles for phototherapy of cancer cells and bacteria have
been noticed [9–12]. Therefore, TiO2 nanoparticles are in
this case regarded as one of the promising photosensitizers

against cancer for photodynamic therapy (PDT). However,
the practical application of TiO2 has been restricted due
to its wide band gap (3.2 eV for anatase phase) and low
quantum efficiency which greatly reduce the photocatalytic
activities of TiO2 [13, 14]. Fortunately, many previous
studies have shown that the photocatalytic activity of TiO2

can be effectively improved by the method of metal or
nonmetal elements doping [15–18]. Meanwhile, it is now
well demonstrated that the photocatalytic activities of TiO2

nanoparticles depend not only on the properties of the
TiO2 material itself, but also on the performance of the
modified material [19–21]. Compared with other dopants,
semiconductor quantum dots (QDs) have attracted con-
siderable interest in bioengineering and biomedical fields
because of their unique optical and electrical properties [22–
25]. Additionally, little detailed study has been devoted to
CdS-TiO2 nanocomposites-based PDT for cancer treatment.
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Therefore, we aim to modify TiO2 with a narrow bandgap
semiconductor (CdS) to realize visible-light absorbance and
improve the charge separation efficiency thus enhancing its
photocatalytic activity.

In the present work, CdS-doped TiO2 nanocomposites
were used as a photosensitizer-based PDT for cancer treat-
ment in vitro. To our knowledge, this is the first report to
demonstrate the photokilling effect of CdS-TiO2 nanocom-
posites on leukemia HL60 cells under visible light irradiation.
The aims of the present study were focused on the potential
therapeutic effect of CdS-TiO2 nanocomposites.

2. Materials and Methods

2.1. Chemicals and Apparatus. HL60 cells were kindly pro-
vided by the Department of Medicine of Sun Yat-sen Uni-
versity. Cell Counting Kit-8 (CCK-8) assays were purchased
from Dojindo (Japan). RPMI medium 1640 and Fluo-3 AM
were obtained from Gibco BRL and Sigma (USA), respec-
tively. Ti(OBu)4, mercaptopropionic acid (MPA), CdC12,
and Na2S were obtained from Soju Blo Co., Ltd. (China).
All chemicals used were of analytical reagent or the best
commercially available grade. The stock solutions of the
compounds were prepared in double-distilled water imme-
diately before using in experiments.

These apparatuses, including ZEISS Ultra-55 scanning
electron microscope (Carl Zeiss, Germany), JEM-2100HR
transmission electron microscope (JEOL, Japan), Energy
Dispersive Spectrometer (Carl Zeiss, Germany), Atomic
force microscopy (Bruker, USA), U-3010 UV-visible spec-
trophotometer (Hitachi, Japan), F-4500 Fluorescence spec-
trophotometer (Hitachi, Japan), The Countess Automated
Cell Counter (Invitrogen, USA), A photodiode (Hitachi,
Japan), Model 680 Microplate Reader (Bio-Rad, USA),
HH.CP-TW80 CO2 incubator, and PDT reaction chamber,
and so on were used in this research.

2.2. Preparation of CdS QDs-Doped TiO2 Nanocomposites

2.2.1. Preparation of CdS QDs Solutions. The CdS precursor
solution was prepared by adding freshly 10 mL of Na2S
solution to 100 mL of prepared CdC12 solution in the
presence of mercaptopropionic acid (MPA) as the stabilizer
under vigorous stirring ([CdC12] = 1.0 × 10 mol/L, [MPA]
= 2.0 × 10 mol/L, and [Na2S] = 1.0 × 10 mol/L). Meanwhile,
the solution pH was adjusted to 3.0 by HCl at a concentration
of 0.01 mol/L. Afterwards the mixture solution was heated
to 80◦C. Since a longer heating time resulted in a larger
particle size, the desired size of CdS was determined by
controlling the heating time [26]. Finally, the formed CdS
colloid was dialyzed exhaustively against water overnight at
room temperature to obtain CdS(QDs) solution.

2.2.2. Synthesis of CdS-TiO2 Nanocomposites. The CdS-
TiO2 nanocomposites were synthesized by a sol-gel method
similar to that described by Wang et al. [27, 28], but with
minor modifications. Briefly, Ti(OBu)4, which was chosen
as a Ti precursor, was dissolved in 20.0 mL ethanol in the

presence of iminodiacetic acid (the solution pH was adjusted
to 7.0). After Ti(OBu)4 was hydrolyzed completely, the
resulting solution was kept stirring for 2 hours under mild
conditions. Subsequently, a definite volume of the prepared
CdS QDs was slowly added to the mixture solution and stired
continuously for 20 min. Finally, the resulting mixtures were
collected and washed with deionized water thoroughly. After
being dried in vacuum at 400◦C for 2 h, the 1 wt% CdS
QDs-doped TiO2 nanocomposites were finally obtained by
annealing in air for 2 h at 400–600◦C with a heating rate of
2◦C/min. For comparison, the pure TiO2 nanoparticles were
prepared by the same method as above, only without adding
the corresponding dopants.

The prepared nanoparticles were encapsulated in two
bottles, respectively, and subsequently, placed in YX-280B-
type pressure steam sterilizer with a high temperature and
high pressure (120◦C, 1.5 atm) to sterilize for 30 minutes.
Finally, an appropriate amount of serum-free medium was
added to fully dissolve the nanoparticles. All solutions were
filtered through a 0.22 μm membrane filter and stored in the
dark at 4◦C before being taken into the experiments.

2.3. Cell Culture. Human leukemia HL60 cells were cultured
in RPMI 1640 medium supplemented with 10% fetal bovine
serum (FBS) in a humidified incubator with 5% CO2 at
37◦C until confluent. The cell concentration was measured
using a countess automated cell counter and adjusted to the
required final concentration. Cells viability before treatment
was always over 95%.

2.4. Cell Viability Assay. The immediate cytotoxicity of the
cells after treatment was assessed using the trypan blue
exclusion test. The viable/dead cells were counted using a
countess automated cell counter. Viability for the samples
was further evaluated by Cell Counting Kit-8 assays (CCK-
8 assay) [29]. Cell suspension (200 μL) was seeded onto 96-
well plate and incubated with 20 μL CCK-8 solution at 37◦C
in a humidified 5% CO2 atmosphere. After 4 h incubation,
the absorbance (OD values) at 490 nm was determined using
the Model 680 Microplate Reader. The percentage of viability
was determined by comparison with untreated cells.

2.5. Statistical Analysis. Data are presented as means ±
SD (standard deviation) from at least three independent
experiments. Statistical analysis is then performed using
the statistical software SPSS11.5. Values of P < 0.05 are
considered statistically significant.

3. Results and Discussion

3.1. Characterization of CdS-TiO2 Nanocomposites

3.1.1. SEM and TEM Studies. The morphology and particle
sizes were observed by a scanning electron microscope. TEM
analysis was also performed using a high-resolution trans-
mission electron microscope to obtain further information
and support SEM results.

The morphologies of pure TiO2 and CdS QDs-doped
TiO2 prepared at 400◦C are shown in Figure 1. It can be
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seen that the average size of pure TiO2 nanoparticles is
significantly larger than that of CdS-TiO2 nanocomposites.
Furthermore, Figures 1(d) and 1(e) display the TEM images
and the corresponding size distribution of the CdS-TiO2,
respectively. It appears that the CdS-TiO2 nanocomposites
are spherical or squareshaped with a primary particle size
approximately from 17 to 23 nm. This result is consistent
with that calculated by the Scherrer equation using the XRD
data.

3.1.2. X-Ray Diffraction. XRD was used to further investigate
the crystalline structural properties of CdS-doped TiO2,
and the XRD patterns are presented in Figure 2. Figure 2
illustrates that the principal peaks, which are consistent
with crystalline phases of (101), (004), (200), (105), and
(211), were found in both TiO2 nanoparticles and CdS-TiO2

nanocomposites, indicating that the samples obtained by the
sol-gel method have primarily the anatase phase. Meanwhile,
there are no indications of peaks corresponding to CdS; it
may be attributed to that the amount of CdS is small and
dispersed well into the TiO2. Additionally, compared with
that of TiO2, no significant shift of principal peaks of the
CdS-TiO2 is observed, further confirming that the samples
prepared here are highly crystallized, which is essential for a
good photocatalytic material.

According to the Scherrer’s formula (D = kλ/β cos θ,
k = 0.89, λ = 0.15418 nm, 2θ = 25.4◦ for anatase phase), it
is calculated that the average crystallite sizes are 21.5 nm and
19.3 nm for TiO2 nanoparticles and CdS-TiO2 nanocompos-
ites, respectively. These results reveal that the incorporation
of CdS QDs could effectively inhibit the crystallite growth,
which are basically consistent with the TEM results shown in
Figure 1.

3.1.3. UV-vis Spectroscopy. The CdS-TiO2 nanocomposites
have been identified with UV-Vis adsorption spectra. As
is shown in Figure 3, the controlled TiO2 could absorb
mainly the ultraviolet light with wavelength below 400 nm
due to its intrinsic band gap of anatase-TiO2 (3.2 eV).
However, compared with those of the undoped TiO2, the
absorption edge thresholds of the CdS-TiO2 are distinctly
shifted towards the visible region for the narrow band gap
of CdS (2.4 eV). Additionally, Figure 3 also exhibits that the
onset of the absorption spectrum of CdS-TiO2 is extended
from 395 nm to visible range 427 nm. According to the
formula λ = 1240/Eg [22], the band gap energy of the
TiO2 and CdS-TiO2 are 3.15 eV and 2.92 eV, respectively.
These results confirm that the absorption of visible light
of TiO2 nanoparticles has been effectively enhanced by the
incorporation of CdS QDs, which is beneficial for improving
the photocatalytic activity of TiO2.

In order to reach a high photocatalytic inactivation
efficiency, an in-house built lamp with many high-power
light-emitting diodes (LEDs), emitting light in the visible-
light region 390–425 nm and with a peak at 403.25 nm, was
taken as light sources for PDT in the experiments. The
light density at the position of the sample was 5 mW/cm2

as measured with a photodiode. As shown in the inserting

graph, the blue LEDs can better meeting the needs of PDT
experiments.

3.1.4. EDS Analysis. In order to confirm the formation
of CdS quantum dots and successfully incorporate them
into CdS-TiO2 nanocomposites (QDs), the prepared CdS-
TiO2 sample was investigated using energy dispersive X-ray
spectroscopy analysis. As it can be observed from Figure 4,
the observed peaks of Cd and S are evidence that the CdS
QDs have been doped into TiO2 to form the CdS-TiO2

nanocomposites. Moreover, EDS analysis also shows the
presence of Cd and S are 0.86 at% and 0.91 at%, respectively,
which are consistent with theoretical values and further
confirming the stoichiometric formation of CdS.

3.1.5. FS Analysis. The efficiency of photocatalytic activity
and charge trapping in the semiconductor could be verified
by FS spectra [30]. As can be seen from Figure 5, the intensity
of the fluorescence peak of CdS-TiO2 nanocomposites at
700 nm is much weaker than that of TiO2 nanoparticles. The
fluorescence emission of semiconductor is mainly caused
by the recombination of photoinduced electrons and holes.
Therefore, the doping of CdS could effectively separate
photoinduced electrons from holes on the surface of TiO2

thus inhibit their recombination, resulting in enhanced
photocatalytic activity.

3.1.6. Photocatalytic Performance. The photocatalytic activ-
ities of the controlled TiO2 and CdS-doped TiO2 samples
were evaluated by the degradation of methyl orange under
visible-light irradiation. In the experiment, 250 mg of CdS-
TiO2 was dispersed in 250 mL of methyl orange solutions
(5 mg/L) to obtain the concentration of photocatalyst at
1.0 g/L. Before irradiation, the suspension was stirred in the
dark at room temperature for 0.5 h to reach the absorption-
desorption equilibrium of the dye molecules on the sample
surface. 3 mL of the solution was collected at irradiation time
intervals of 10 min then centrifuged (5000 rpm, 15 min) to
remove the photocatalyst particles. The sample solution was
finally analyzed with a Hitachi UV-3010 UV-vis spectropho-
tometer.

The photocatalytic degradation curves of methyl orange
under irradiation in the presence of the controlled TiO2

or CdS that doped TiO2 are shown in Figure 6. It exhibits
methyl orange in the absence of any catalyst under visible-
light irradiation only has a very weak degradation compared
with the situation of adding catalysts. However, the con-
centration of methyl orange is decreased significantly at the
average decline rate of approximately 3.7% every 10 minute
in the presence of TiO2, which is similar to the linear decline.
Compared with that of the controlled TiO2, the normalized
concentration of methyl orange with CdS-TiO2 is decreasing
exponentially during light exposure. It is also found that the
concentration of methyl orange in the presence of CdS-TiO2

has decreased by 67.5% after 70-minute light treatment as
compared to values before the treatment, suggesting that the
CdS QDs-doped TiO2 exhibits much higher photocatalytic
activity than TiO2 under visible-light irradiation.
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Figure 1: SEM and TEM images of TiO2 and CdS-TiO2 nanocomposites: (a) and (c) pure TiO2; (b) and (d) CdS-TiO2; (e) size distribution
of CdS/TiO2 nanocomposites.

3.2. Cytotoxicity of TiO2 or CdS-TiO2 Alone on Leukemia
Tumor Cells. HL60 cells in the logarithmic phase at a final
concentration of 1 × 105 cells/mL were seeded into 96-well
culture plates which had been divided into 3 groups, namely,
the control group, TiO2 group, and the CdS-TiO2 group,
respectively. The OD values (which is used to determine
the cell viability by comparison with untreated cells) of the
samples in the presence of 200 μg/mL TiO2 or CdS-TiO2 were
measured by Model 680 Microplate Reader for 6 consecutive

days without adding nutrients. The experimental data are
presented in Figure 7.

As can be seen from Figure 7, all HL60 cells of the three
groups show a low growth rate on the first day, indicating
they are in the adaptation period. However, the growth rate
of the HL60 cells increased rapidly exponentially during the
next three days. In this study, the cells during this period are
used in all experiments. On the fifth day, the growth rate
of cells become more slowly and stabilized down gradually.
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Figure 2: XRD patterns of TiO2 nanoparticles and CdS-doped TiO2

nanocomposites calcined at 400◦C.
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Figure 6: Photodegradation of methyl orange with TiO2 and CdS-
TiO2 samples under visible-light irradiation.

Additionally, the number of viable cells started to decrease
from the sixth day due to the continuous depletion of
nutrients and the accumulation of toxic metabolites.

Figure 7 also exhibits that OD values of the groups in the
presence of TiO2 or CdS-TiO2 are much lower and with a
shorter growth phase than that of the control group under
the same conditions. The results reveal that TiO2 or CdS-
TiO2 has a certain degree of inhibitory or cytotoxicity on the
proliferation of HL60 cells. Moreover, the inhibition effect
of CdS-TiO2 nanocomposites on HL60 cells is much more
obvious than that of TiO2.

3.3. Influence of Nanoparticle Concentration and Light Dose on
Phototoxicity. The influence of nanoparticle concentration
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and light dosage was measured by exposing HL60 cells
in the medium containing various concentrations of CdS-
TiO2 (100 μg/mL, 150 μg/mL, 200 μg/mL, 250 μg/mL, and
300 μg/mL) under series of light dosage (9 J/cm2, 12 J/cm2,
15 J/cm2, 18 J/cm2, and 21 J/cm2), respectively. The photo-
catalytic effects of CdS-TiO2 nanocomposites on leukemic
HL60 cells were evaluated by measuring OD values, and PDT
efficiency could be calculated as follows:

PDT efficiency (%) =
(

1− ODtreated

ODuntreated

)
· 100%, (1)

where the ODtreated and ODuntreated are the mean absorp-
tion values at 490 nm for the treated and untreated sam-
ples, respectively. The obtained results are summarized in
Figure 8.

As shown in Figure 8, the inactivation PDT efficiency
of CdS-TiO2 nanocomposites on HL60 cells is significantly
increased with the increasing of light dose under the same
concentration of nanoparticles solution, whereas the increas-
ing effects of PDT are not obviously when the dosage of
irradiation is greater than 15 J/cm2. Furthermore, light dose
is too large which will also inevitably lead to a greater damage
to normal cells, which is in agreement with the suggestions
reported [31, 32]. Figure 8 also exhibits that photodynamic
effect of CdS-TiO2 is obviously enhanced with the increasing
of the concentration of CdS-TiO2 nanocomposites under
the same light dose. However, when the concentration of
CdS-TiO2 is more than 200 μg/mL, PDT efficiency is not
significantly different (P > 0.05). Therefore, the light dose of
15 J/cm2 and the concentration of 200 μg/mL in this case are
regarded as the optimized parameters for the experiments.

3.4. Photocatalytic Inactivation Effects of CdS-TiO2 Nanocom-
posites on Cancer Cells under the Optimal Parameters. As can
be observed in Figure 9, when the cells were treated with
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and light dosage on the PDT efficiency of HL60 cells; data are pre-
sented as the means ± S.D. from three independent measurements,
∗P values are less than 0.05 as compared with untreated control
cells.

TiO2 alone or light irradiation alone, PDT efficiency showed
no significant differences as compared with untreated ones.
However, cells treated with the combination of TiO2 and
light exposure resulted in a significant increase in PDT
efficiency. It can also be found that the PDT efficiency of
HL60 cells in the presence of CdS-TiO2 is much higher
than that of TiO2 under light irradiation. These results
have well demonstrated that the incorporation of CdS QDs
could significantly enhance the photocatalytic inactivation
effect of TiO2 under visible-light irradiations. Additionally,
the CdS-TiO2 nanocomposites exhibit a higher efficiency in
photokilling HL60 cancer cells compared with that of TiO2

samples under the same conditions. When 200 μg/mL CdS-
TiO2 nanocomposites were used, the inactivation efficiency
of HL60 Cells can be increased to 80.5% under 403 nmlight
treatment.

3.5. Ultrastructural Morphology of Cells before or after PDT

3.5.1. SEM Studies. After light treatment (PDT), the treated
cells were immediately fixed in 2.5% glutaraldehyde in
0.1 M phosphate buffer (pH 7.2) for 8 h. They were then
washed three times thoroughly with triple-distilled water and
dehydrated in an ethanol-graded series (30%, 50%, 70%,
80%, 90%, 100%) each for 10 minutes before being freeze-
dried using K750 turbo freeze drier. The samples were coated
with platinum using automatic high vacuum coating system
(Quorum Q150T ES) before observing with a ZEISS Ultra-55
scanning electron microscope.

The ultrastructural morphology of the HL60 cells
exposed to light at an intensity of 5.0 mW/cm2 for 50
minutes in the presence CdS-TiO2nanocomposites is shown
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in Figure 10. Untreated control cells with a primary size
of 10 μm showed numerous microvilli on their mem-
brane surface (Figure 10(a)). The cells treated with CdS-
TiO2 alone showed a significant reduction of microvilli
number (Figure 10(b)). The cells exposed with 403 nm
light in the absence of CdS-TiO2 displayed no obvious
differences compared with those treated with CdS-TiO2

alone (Figure 10(c1)). However, the cells exposed to light
in the presence of CdS-TiO2 nanocomposites displayed a
markedly reduced number of microvilli compared with
control cells (Figure 10(d1)). The treated cells after PDT
were seriously damaged with apparent deformation. Some
papillous protuberances are observed on the surface of cells
where the cytoplasm seemed to have extruded through the
membrane boundary.

According to the high-definition images of control cells
and the cells after PDT in Figures 10(c2) and 10(d2)
respectively, The control cells showed a good compactness
cell membrane, whereas the cell membrane after PDT was
severely deformed and a lot of micropores could be observed
on the surface of cell membrane. It can be interpreted
that the generated reactive oxygen species firstly caused
oxidative damage to cell membranes of tumor cells, making
the cell membrane permeability change. Then the smaller
size of CdS-TiO2 nanocomposites may be swallowed or
diffusion into the cells directly attack the composition of
cells, eventually leading to tumor cell death [33, 34].

3.5.2. AMF Analysis. AMF analysis was also performed using
a high-resolution atomic force microscopy (AFM) to obtain
further information and support SEM results. After light
treatment (PDT), the treated cells were immediately fixed
in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2)
for 2 h. They were then washed three times thoroughly with
triple-distilled water and reproduced with an appropriate

volume of PBS. Afterwards, the cell solution was added
dropwise to the coverslips which have been cleaned with
distilled water (the size of coverslips is matched with the AFM
sample stage). Finally, the liquid was dried naturally at room
temperature before imaging.

As can be seen from Figure 11(a1) and local amplification
Figure 11(a2), the controlled HL60 cells with a size of
10 μm show a cylindrical shape and numerous microvilli on
their bright surface. In addition, surface roughness analysis
(Figure 11(a3)) shows that the normal cells with a smooth
surface (average roughness in the range from 5 to 10 nm).

Figures 11(b1) and 11(b2) exhibit that the cells treated
with CdS-TiO2 nanocomposites under visible-light irradia-
tion become irregular in shape and the cell size (9.3 μm) is
smaller than that of control cells. The smooth membrane
surface has been completely destroyed and become rough
and uneven. Additionally, a large quantity of bubbles as
well as cell cracks can be observed on enlarged cell surface
(Figure 11(b2)). The obtained results reveal that the cell
membrane should be the first and principal target of
photosensitization reaction in PDT based on CdS-TiO2

induced-cell death. Furthermore, Figure 11(b3) illustrates
the roughness of the cell surfaces with variations in height
up to 80 nm.

3.6. Apoptosis Detection Based on the Induction of CdS-TiO2.
The percentage of apoptotic cells after PDT was investigated
by the number and sizes of dead cell obtained from the
Cell Counter in combination with the nondestructive testing
methods [35].

The obtained data are shown in Figure 12; no significant
difference of the number of apoptotic cells is obtained with
light treatment alone or CdS-doped TiO2 alone compared
with control untreated cells. The percentage of apoptotic cells
in the presence of CdS-doped TiO2 after a 15 W/cm2 light
treatment is 10.3 times greater than that of control untreated
cells. It is suggested that CdS-TiO2 nanocomposites-induced
cell death is mainly caused by apoptosis.

3.7. Alteration of ROS HL60 Cells during PDT. Related
studies have well established that reactive oxygen species
(ROS) not only could directly damage the membrane of
cells through oxidation of critical cellular macromolecules,
but also could act as important signaling molecules. The
generation of ROS may be one of the most important
signatures of cytotoxicity induced by TiO2 nanoparticles,
which is similar to those described [36, 37].

The changes of the reactive oxygen species during light
treatment were detected by reactive oxygen species assay.
Firstly, DCFH-DA was diluted with serum-free media to a
final concentration of 10 μM. Subsequently, an appropriate
volume of the prepared solution was added to the treated
cells and then incubated for 20 minutes. Finally, they were
washed three times with PBS to remove the DCFH-DA did
not enter the cells before being detected using fluorescence
spectrophotometer (an excitation wavelength at 486 nm, and
emission wavelength from 517 to 700 nm). The obtained
results are presented in Figure 13.
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Figure 10: Ultrastructural morphology of the treated HL60 cells. (a: The control cells, b: cells treated with CdS-TiO2, c: The light treated
cells, d: The cells after PDT).

The cells were incubated with CdS-TiO2 nanocomposites
at a final concentration 200 μg/mL for 4 h; then irradiated
with 403 nm light at intensity of 5 mW/cm2. Figure 13(a)
illustrates alteration of ROS during PDT. It can be found that
the level of intracellular reactive oxygen species increased
rapidly at the beginning of 10 minutes and reached the
maximum after 30-minute light treatment (as shown in
Figure 13(b)). After that, the generated reactive oxygen
species began to decline slowly. Compared with the previous
PDT experiments, it can be found that the PDT efficiency
could be indirectly characterized by changes in the concen-
tration of reactive oxygen species.

3.8. Mechanism of Photocatalysis on CdS-TiO2 Nanocompos-
ites. It has been reported that the dopant elements play an

important role in the photocatalytic activity of TiO2 catalyst
by trapping the photo-induced electrons to inhibit electron-
hole recombination during irradiation, as suggested [38, 39].

The photocatalytic mechanism of CdS-TiO2 nanocom-
posites is initiated by the absorption of a photon with energy
higher than the band gap of CdS-TiO2 as schematized in
Scheme 1. Afterwards, photo-induced electrons and holes
could be generated on the surfaces of CdS and TiO2. Since
to both the conduction band (CB) and the valence band
(VB) of CdTe QDs are above those of TiO2, the generated
electrons in CdS are then promoted to the conduction band
(CB) of TiO2 under a driving force that resulted from the
different energy levels. Meanwhile, the holes in TiO2 are
immigrated toward the valence band (VB) of CdS. On the
one hand, the excited-state electrons probably reduce the
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Figure 11: Ultrastructural morphology of the cultured HL60 cells before and after PDT. (a): The control cells, (b): the treated cells.

dissolved O2 to produce oxygen peroxide O−. On the other
hand, the photogenerated holes can further react with water
to generate powerful hydroxyl radicals (OH•) and other
oxidative radicals, which are playing an important role in

destroying the membrane and component of tumor cells
[40, 41]. Additionally, the efficient charge transfer could
effectively separate photo-induced electrons from holes in
the CdS-TiO2 and thus inhibit their recombination, resulting
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in significantly enhanced quantum efficiency and facilitating
the formation of active radicals [42, 43]. Regardless of

H2O2, O•− H2O, O2

OH•, HO•
2

h+/e−

e−

VB

CB

TiO2h+

CdS hA2 = 2.4 eV

hA1 = 3.2 eV

hA

Light
e−

h+ VB

CB

Scheme 1: Schematic representation of the mechanism of excitation
and charge transfer process between CdS and TiO2 in the CdS-TiO2

nanocomposites under irradiation.

complexity, it is apparent that there are several photosensitive
keys involved which could be also explained as follows:

TiO2
hν→ TiO2(e− · · ·h+)

H2O + h+ −→ OH• + H+

O2 + e− −→ O2
• −→ HO2

•

2HO2
• −→ O2 + H2O2

H2O2 + O2
• −→ OH• + OH− + O2

CdS
hν→ CdS

(
e− · · ·h+)

CdS
(
e− · · ·h+) + TiO2 −→ CdS

(
h+) + TiO2(e−)

(2)

4. Conclusion

In this study, CdS-TiO2 nanocomposites have been success-
fully synthesized by sol-gel approach and for the first time
used as a new “photosensitizer” in photodynamic therapy
for cancer-cell treatment. Results of various characterization
techniques indicate that the incorporation of CdS QDs
into TiO2 nanoparticles can effectively extend the photore-
sponse of the undoped TiO2 into the visible region and
improve the charge separation efficiency thus enhancing
the photocatalytic activity. Additionaly, relevant experiments
have demonstrated that both pure TiO2 and CdS-TiO2

nanocomposites have a significant inhibition effect on the
growth of HL60 cells. CdS-TiO2 nanocomposites present
much higher PDT efficiency in photo-killing HL60 cancer
cells than TiO2 nanoparticles under the same conditions,
which further reveal that the photocatalytic inactivation
effects of TiO2 could be greatly improved by the modification
of CdS QDs. It is also found that the PDT efficiency of CdS-
TiO2 nanocomposites on HL60 cells can reach 80.5% at a
concentration of 200 μg/mL under a 15 J/cm2light treatment.
The high photocatalytic inactivation effect of CdS-TiO2

nanocomposites on cancer cells suggests that it may be
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an important potential photosensitizer-based photodynamic
therapy for malignant cancer treatment [44–46].
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Cosensitized solar cells (CSSCs) have recently become an active subject in the field of sensitized solar cells (SSCs) due to their
increasing electronic utilization. However, because of the dye molecules, layer must be single, dye-SSCs cannot be co-sensitized
with two different dyes to form two different molecules layer. But it is possible to be cosensitized with quantum dots (QDs) and
dyes. Here we designed novel photoanode architecture, namely, PbS QDs and N719 dyes are used as co-sensitizers of the TiO2

mesoporous film. The experimental result shows that PbS QDs/N719 dyes co-sensitized structure can make PbS QDs and N719
dyes mutual improvement. Taking the advantage of PbS not only achieved higher transfer efficiency of photo-excited electron, but
also achieved obviously wider range and higher intensity of absorption. The PbS QDs which have been deposited on the TiO2 film
was coated by N719 dyes, which can effectively prevent PbS QDs from corroding by I−/I−3 electrolyte and light. As we expected, the
solar energy-conversion efficiency which is showed by CSSCs fabricated following these photoanodes is relatively higher than the
PbS QDs or N719 dyes, single-sensitized solar cells under the illumination of one sun.

1. Introduction

Quantum dots-sensitized solar cells (QDSSCs) and dye-
sensitized solar cells (DSSCs) have attracted more and more
interest due to their characteristics of low cost, surrounding
friendly and high energy-conversion efficiency than the
conventional silicon-based solar cell. The electrode of DSSCs
usually includes a mesoporous oxide layer (such as TiO2,
ZnO, and SnO2) and a single molecular dye layer [1]. The
dyes on the surface of the mesoporous oxide film play a
role in increasing the optical activity of electrode in visible
light region [1, 2]. In addition to the organic sensitizers,
semiconductor quantum dots (QDs), such as CdS [3–7],
CdSe [7–10], PbS [11–13], and ZnSe [14] which absorb light
in the visible region, can also serve as sensitizers of DSSCs,
that is, QDSSCs [15]. The specific advantages of QDs over
organic materials in light harvest come from the quantum
confinement effect [16]. Although, the maximum efficiency
theoretically predicted for a DQSSCs is higher than that
for DSSCs using organic sensitizers. But now their energy
conversion is lower than DSSCs.

So as to extend absorption range and increase conver-
sion efficiency, cosensitization has been used in QDSSCs.
QDSSc constructed with Mn-doped CdS/CdSe co-sensitized
delivered highest power conversion efficiency of 5.4% by
Santra et al. prepared [17]. Lee and Lo have also prepared
QDSSCs cosensitization of CdS/CdSe which showed the
higher conversion efficiency (4.22%) [7]. Lee et al. have
prepared QDSSCs based on CdSe and Mg-doped CdSe
nanocrystals which also showed higher performance than
that of single-sensitized solar cell [18]. However, because of
the single dye molecules, layer must be single, DSSCs cannot
be co-sensitized with two different dyes forming two different
molecules layers. But it is impossible to be co-sensitized with
quantum dots and dyes.

The unique property of PbS can effectively inhibit
the charge recombination, which is different from other
semiconductors [19, 20]. Taking this advantage of PbS, the
novel electrode structure based on PbS QDs/N719 dyes
co-sensitization is prepared. It is the main purpose to
enhance the transfer efficiency of photoexcited electron,
meanwhile, extend absorption range and increase absorption
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intensity. Firstly, PbS nanoparticles are deposited on the TiO2

mesoporous film using screen printing by SILAR method.
Then, the PbS QDs/TiO2 mesoporous film is immersed
in N719 dyes. In this work, taking the advantage of PbS
not only achieves higher transfer efficiency of photoexcited
electron, but also achieves wider range and higher intensity
of absorption obviously. The PbS QDs which have been
deposited on the TiO2 film were coated by N719 dyes,
which can effectively prevent PbS QDs from corroding by
I−/I−3 electrolyte and light. As we expected, the solar energy-
conversion efficiency which is showed by CSSC fabricated
following these photoanode is relatively higher than the PbS
QDs or N719 dyes single-sensitized solar cell, under the
illumination of one sun (AM 1.5, under 100 mW/cm2).

2. Experimental and Characterization

TiO2 mesoporous films were prepared by screen printing
of TiO2 paste on clear Fn-doped SnO2 oxide (FTO) glass
substrates, which have been pretreated by being immers
into TiCl4 aqueous solution and then sintered at 70◦C for
30 min. Followed by sintering at 450◦C for 30 min, successive
ionic layer absorption and reaction (SILAR) method was
used to assemble PbS QDs onto the TiO2 mesoporous film.
The TiO2 film was dipped into ethanol solution containing
Pb(NO3)2 (0.1 M/L) which was precursor solution of Pb2+

for 60 s, rinsed with ethanol (then dried with Nitrogen),
and dipped another 60 s in the Na2S (0.1 M/L) methanol
solution which was precursor solution of S2− and rinsed
again with methanol (then dried with nitrogen), which was
one SILAR cycles. Then, the TiO2 film which have been
coated by PbS QDs was immersed into N719 dyes paste for
44 h. The preparation of photoanode was completed.

The counter electrodes were Pt-coated FTO glasses. 0.1 M
LiI, 0.05 M I2, 0.6 M 1,2-dimethyl-3-piopylimidazole iodide
(DMP II), and 0.5 M 4-tert-butylpyridine are dissolved into
3-methoxypropionitrile solution used as electrolyte. The
active area of the sensitized solar cell is 0.4× 0.4 cm2 and the
reaction temperature is room temperature (about 27◦C).

A field-emission gun scanning electron microscope
(SEM, QUANTA 200) with an energy dispersive X-ray
spectroscopy (EDS) system was used to characterize the
morphology and composition of the samples. Energy dis-
persive X-ray spectroscopy (EDS) image was recorded by
energy dispersive X-ray spectroscopy (EDS) system. The
ultraviolet visible (UV-Vis) spectroscopy was recorded in the
wavelength range of 350–1000 nm by using the Cary 5000
spectrometer (US Varian). The photocurrent-voltage (J-V)
curves were measured under an illumination of a solar sim-
ulator at one sun (AM1.5, 100 mWcm−2). An Eco-Chemie
Autolab potentiostat/galvanostat (Princeton Research, V3-
400) was used to record the current-voltage (J-V) curves.

3. Results and Discussion

In order to understand the action of PbS QDs in the PbS
QDs/N719 dyes, co-sensitizer, the SILAR cycles which were
used to deposited PbS QDs range from 0 to 3 cycles and
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Figure 1: (a) SEM image of bare TiO2 mesoporous film and
(b) SEM image of PbS QDs-coated TiO2 mesoporous film, where
SILAR cycles are 2 cycles. EDX image of PbS QDs/TiO2 mesoporous
film which is contained (b).

deposition time was 30 seconds. Samples were named as
N719, 30PbS1-N719, 30PbS2-N719, and 30PbS3-N719.

For the sake of ensuring that PbS have assembled on
the TiO2 mesoporous film before coated N719 dyes, the
surface morphologies of bare TiO2 mesoporous film using
screen printing and the PbS-sensitized TiO2 mesoporous
film using SILAR method were characterized by SEM. The
SEM images are shown in Figure 1; not very apparent
difference in the surface morphology was observed from the
SEM images after PdS QDs were assembled on the TiO2 film.
This result indicates that particle size of PbS is so surprisingly
small that the presence of these little particles cannot be
distinguished under resolution of the SEM. But if carefully
observed, we find that the mesoporous have become smaller
after deposited PbS QDs. The EDS image of PbS QDs/TiO2

mesoporous film which is in the upper right corner of
Figure 1(b) clearly indicates that PbS QDs have successfully
deposited onto the TiO2 film.
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Table 1: Performance parameter of different SILAR cycles PbS/N719 SSCs.

Samples Jsc (mA/cm2) Voc (V) FF Eff. (%)

N719 8.934 0.725 0.64 4.32

30PbS1-N719 7.131 0.743 0.69 3.67

30PbS2-N719 9.074 0.759 0.66 4.53

30PbS3-N719 8.655 0.749 0.64 4.16

Table 2: Performance parameter of PbS QDs different deposition time.

Samples Jsc (mA/cm2) Voc (V) FF Eff. (%)

N719 8.934 0.725 0.64 4.32

30PbS2-N719 9.074 0.759 0.66 4.53

60PbS2-N719 10.290 0.766 0.65 5.14

90PbS2-N719 9.469 0.773 0.63 4.63
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Figure 2: (a) UV-Vis spectrum and (b) J-V curves of PbS
QDs/N719 dyes co-sensitized photoanodes and N719 dyes single
sensitized.
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Figure 3: The structure and energy level of PbS QDs/N719 dyes,
co-sensitized photoanodes.

By using SILAR process, PbS could be deposited onto
the TiO2 mesoporous film and the incorporated amount
of QDs is raised with increasing SILAR cycles. Then films
were dipped into N719 dyes pate and can get the PbS
QDs/N719 dyes co-sensitized electrode. The variation of UV-
vis spectrum is shown in Figure 2(a). We can observe that
absorption of PbS QDs/N719 dyes, co-sensitized electrode
shifts to long, wavelength range, known as red shift in the
meantime, have obviously higher absorption intensity than
PbS QDs or N719 dyes single sensitized. That means the PbS
QDs/N719 dyes co-sensitized photoanode has an increased
absorption coefficient which is advantageous to properties of
Co-sensitized solar cells (CSSCs).

Those photoanodes, namely, N719, 30PbS1-N719,
30PbS2-N719, and 30PbS3-N719, were used to prepare
SSCs. Measured J-V curves are shown in Figure 2(b),
responding to parameters listed in Table 1. As shown as
Figure 3, PbS and N719 are brought in contact as a cascade
structure and existing energy levels alignment that make
conduction band levels of N719/PbS/TiO2 forming stepwise
structure, which is conducive to electron transport. More
importantly, PbS QDs not only can efficiently prevent
electrons and holes recombination [19, 20], but also increase
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Figure 4: (a) UV-vis spectrum and (b) J-V curves of samples: N719,
30PbS2-N719, 60PbS2-N719, and 90PbS-N719.

the specific surface area where will be deposited more N719
dye molecules. Based on above superiors, a higher transfer
efficiency of photoexcited electron is achieved. In addition,
PbS QDs which have been coated by N719 dyes can be
effectively prevented from corroding by I−/I−3 electrolyte
and light. But we find that the energy conversion efficiency
of 30PbS1-N719 is lower than N719. That is because the
PbS QDs have very little effect on the specific surface area
when, deposited one layer QDs, but instead make N719 dyes
absorption decreased, which reduce the short-circuit current
density (JSC). The SILAR cycles increase to 3 layers and more
will increase the number and the particle size of PbS QDs,
then dipped N719 dyes, which will clog the pores of TiO2

film. As a result, the difficulties of electrolyte diffuse into
pores, higher recombination of photoexcited electrons, and

reduction of JSC, so energy that conversion efficiency (Eff.)
of 30PbS3-N719 is lower than of 30PbS2-N719.

To achieve a better result, we tailored the deposition time
of SILAR cycles to control particle size of PbS QDs. The PbS
deposition SILAR cycles were all 2 layers, the deposition time
is 0 S, 30 S, 60 S, and 90 S, respectively. Samples are named as
N719, 30PbS2-N719, 60PbS2-N719, and 90PbS-N719.

From Figure 4 and Table 2, we find that the increase
in deposition time will raise JSC, open-circle voltage (Voc),
and energy, conversion efficiency. The best deposition time
of PbS using SILAR method is 60 s an energy conversion
efficiency of 5.14% is achieved. Continue to increase the
time, the JSC, Voc, and Eff. will reduce. Because particle size of
PbS QDs will become too larg to clog the small mesoporous
after dipped N719 dyes, this is like 30PbS3-N719.

4. Conclusion

The PbS QDs/N719 dyes co-sensitized photoanode as the
work electrode of SSCs is better than, PbS QDs or N719
dye, single-sensitized photoanodes. PbS QDs/N719 dyes co-
sensitized structure can make PbS QDs and N719 dyes
mutualy improved. Taking the advantage of PbS not only
achieved higher transfer efficiency of photoexcited electron,
but also achieved obviously wider range and higher intensity
of absorption. The PbS QDs which have been deposited on
the TiO2 film were coated by N719 dyes, which can effectively
prevent PbS QDs from corroding by I−/I−3 electrolyte and
light. The solar energy-conversion efficiency which is showed
by CSSC fabricated following PbS QDs/N719 dyes co-
sensitized photoanode is relatively higher than the PbS
QDs or N719 dyes single-sensitized solar cell, under the
illumination of one sun.
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The continuous TiO2 fibers have been synthesized by the sol-gel method using the polymer of titanate as the precursor solution.
The as-synthesized samples were characterized using XRD, SEM, and HR-TEM analysis methods. The grain growth kinetics was
primarily investigated. The results demonstrated that the average diameters of the fibers were in the range of 20–30 μm, the crystal
phase of the synthesized TiO2 fiber was transformed from anasate to rutile, and the crystal size became bigger with increasing the
temperature using steam activation. The growth exponent and the constant of growth rate of the rutile crystal phase at 500◦C were
4 and 2.55× 106 nm/h, respectively. The activation energies of crystalline growth during 500◦C ∼ 700◦C and 700◦C ∼ 800◦C were
38.62 kJ/mol and 143.91 kJ/mol, respectively.

1. Introduction

Since Fujishima and Honda discovered the photocatalytic
splitting of water on a TiO2 electrode under ultraviolet light
[1], enormous efforts have been devoted to the research of
TiO2 material due to its excellent optical, electrical, pho-
tocatalytic, and thermal properties, which has led to many
promising applications in areas ranging from photovoltaics
and photocatalysis to sensors and potential tool in cancer
treatment [2, 3]. It is well known that TiO2 nanomaterials
are playing and will continue to play an important role in
the protections of the environment and in the search for
renewable and clean energy technologies [4, 5]. Controlling
the morphological properties of materials during synthesis
is of great importance, as these structural characteristics
strongly influence their performances and purposes. In order
to maximize its performance, much effort has been dedicated
to designing and controlling the morphology of TiO2 from
the macroscopic to the nanometer scale [6–8], such as
nanorods, nanoflowers, nanotubes, nanofibers, and hollow
spheres. However, it is still facing challenge during the
application of these materials in wastewater disposal due to
difficult separation from solution because of their microsize

[9]. Due to the very large aspect ratios (length to diameter) of
fiber, photocatalyst in the form of fiber is superior to particles
as far as the recycling and aggregation are concerned. On
the other hand, it is generally accepted that the properties
of TiO2 fibers depend on their microstructure, morphology,
porosity, and crystallinity. Preparation methods enabling the
control of the structural properties are especially desired
[10, 11]. Since 1934, Formhals patented the first invention
of electrostatic spinning of fibers [12]. Several preparation
methods of TiO2 fibers have been reported [13–15], such
as the KDC (kneading-drying-calcination) method, sol-gel
process, hydrothermal method, and electrospinning.

As we known, the thermal treatment process would play
a critical role in controlling the physicochemical properties
of ceramic materials and catalysts using sol-gel methods. In
our previous work [16], we have reported that the 100◦C,
500◦C, freeze drying, and microwave heating pretreatment
process have obviously affected morphology, crystallinity,
and optical properties of sol-gel-derived TiO2 film due to the
different heating mechanism. The steam activation has been
used as an effective thermal treatment process to synthesize
the activated carbon fibers (ACFs) [17, 18]. However, to our
knowledge, there is no report on the effect of the steam
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activation thermal treatment process on the microstructure
of continuous TiO2 fibers.

In this work, the continuous TiO2 fibers have been syn-
thesized by the sol-gel method using the polymer of titanate
as the precursor solutions. The effects of the time and the
temperature during steam activation thermal treatment pro-
cess on the microstructure of the as-synthesized samples were
characterized using X-ray diffraction (XRD), scanning elec-
tron microscope (SEM), and high-resolution transmission
electron microscopy (HR-TEM) analysis methods. The
nanocrystalline growth kinetics mechanism inside continu-
ous TiO2 fibers was primarily investigated.

2. Experimental

2.1. Preparation of Continuous TiO2 Fibers. The continuous
TiO2 fibers were synthesized by sol-gel method, using tita-
nium tetrabutoxide (Ti(OC4H9)4, TTBO), anhydrous alco-
hol (C2H5OH,EtOH), polyvinylpyrrolidone ((C6H9NO)n,
molecular weight 1000, PVP), and hydrochloric acid (HCl,
6 mol/L, HCl) as starting materials. All reagents were analyt-
ical grade and used without further purification. In typical
synthesis process, 105.10 mL TTBO was mixed with
25.66 mL EtOH and magneticly-stirred for 60 min at room
temperature and nominated as “solution A.” Solution B was
prepared by mixing 10.00 g (0.01 mol) PVP and 5.60 g HCl
(6 mol/L) dissolving in 76.98 mL EtOH. Solution B was
added to solution A drop by drop keeping vigorous stirring
for 120 min; during the stage of stirring process, the TTBO
was hydrolyzed with the H2O in the HCl (6 mol/L). On the
other hand, HCl serves as a stabilizer to hinder the hydrol-
ysis of TTBO. The improvement of viscosity of precursor
colossal of polymer titanate is achieved by adding PVP. The
chemical composition of the starting alkoxide solution was
PVP : TTBO : EtOH : H2O = 0.04 : 1 : 8 : 1 : 1 in molar ratio.
The sol was evaporated by a rotary evaporator in oil bath at
110–150◦C to prepare the spinnable solution, correspond-
ing to the viscosity of 5 Pa·s. Then, the long continuous
precursor fibers were obtained by homemade spinning appa-
ratus. After calcined at 300–800◦C with steam activation, the
continuous TiO2 fibers have been prepared.

2.2. Characterization. Crystal structures of the synthesized
TiO2 fibers were identified by X-ray diffraction (XRD) using
a Rigaku D/max 2550 diffractometer with graphite mono-
chromatized Cu Kα radiation (λ = 1.54056 Å). The different
patterns were collected at a step of 0.02◦ in the 2θ range from
10◦ to 80◦. The accelerating voltage and the applied current
were 50 kV and 100 mA, respectively. Phases were measured
using the Search/Match capabilities of the JADE 5.0 program
along with the ICDD (International Center for Diffrac-
tion Data) powder diffraction file (PDF) database. TiO2

fiber morphology was characterized by scanning electron
microscopy (SEM, JSM-6700F) at an operating accelerating
voltage of 20 kV and high-resolution transmission electron
microscopy (HR-TEM, JEM-3010) at accelerating voltage
of 200 kV, respectively. In a typical SEM measurement, the
samples were mounted on a 200 mesh carbon-coated copper

grid and sputtered with a gold-palladium alloy to prevent
electrical charging during the SEM analysis. The specimens
for TEM imaging were prepared by suspending solid samples
(the fibers were milled by agate mortar) in absolute ethanol
and immediately evaporated at ambient temperature.

3. Results and Discussion

The XRD patterns of the heat-treated continuous TiO2

fibers at 300–800◦C using steam activation for 90 min
are shown in Figure 1, which revealed the presence
of anatase and/or rutile phases of TiO2 depending on
the calcination temperatures. The presence of peaks
can be readily indexed to diffraction peak of anatase
phase TiO2 (JCPDS 21-1272) and rutile phases of TiO2

(JCPDS 21-1276), respectively. At 300 and 400◦C, all the
peaks can be assigned to anatase TiO2 and the peaks
appear broad indicating that the crystalline is not very well.
Besides the peak of anatase TiO2, the new peaks associated
with rutile phases of TiO2 were observed in the pattern of the
sample after calcination at 500◦C. The results indicated that
the phase transformation from anatase to rutile appeared
at 500◦C. With the increase of temperature from 600◦C to
800◦C, the anatase to rutile phase transformation had already
completed. The crystallite size (D) of anatase and rutile
TiO2 inside the continuous fibers were estimated using the
Scherrer formula:

D = 0.89λ
B cos θ

, (1)

where B is the half-width of the diffraction peak, θ is the
diffraction angle, and λ is the X-ray wavelength. Figure 2
shows a plot of the crystal size of anatase and rutile TiO2

as a function of calcination temperature. The crystal size of
anatase TiO2 increased slowly from about 12.2 nm at 300◦C
to 36.9 nm at 500◦C, while the crystal size of rutile TiO2

rapidly increased from 58.6 nm to 122.8 nm with increasing
the calcination temperature from 500◦C to 800◦C. The
results indicated that the crystal size became bigger with
increasing the thermal treatment temperature using steam
activation.

Figure 3 shows the XRD patterns of the continuous
TiO2 fibers calcined 500◦C at different thermal treatment
times using steam activation. It can be seen that the
synthesized continuous TiO2 fibers appear at the anatase
and rutile phases. The peaks of anatase phases became
gradually weaken and that of rutile phases were enhanced
evidently with increasing the steam activation times. The
results indicated that it was beneficial for the continuous
TiO2 fibers to produce phase transformation from anatase to
rutile with increasing the steam activation time. By using the
Scherrer’s formula, effect of the different thermal treatment
times on the average crystal sizes of TiO2 calcined 500◦C
are shown in Figure 4. The crystal size of anatase crystalline
phase increased from 18.5 nm to 37.4 nm, and the crystal size
of rutile crystalline phase increased from 44.6 nm to 58.6 nm.
The crystalline size of anatase phase first increased rapidly,
and then kept constant, whereas that of rutile phase gradually
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Figure 1: XRD patterns for the continuous TiO2 fibers at different
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Figure 2: Effect of the different thermal treatment temperatures
using steam activation on the average crystal sizes inside the
continuous TiO2 fibers.

increased with increasing the steam activation time. The
mass fraction of anatase phase (WA) at one temperature can
be calculated from the following formula [19]:

WA% = 100
(1 + 1.265IR/IA)

. (2)

Here WA is the mass fraction of anatase, and IA and IR
represent the integrated intensities of the anatase (101) and
rutile (110), respectively. The WA values were 73.3%, 32.2%,
31.3%, 16.8%, and 11.9% for 500◦C calcination using steam
activation 30 min, 60 min, 90 min, 120 min, and 150 min,
respectively. The mass percentage of anatase phase decreased
gradually with increasing the time of steam activation.
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Figure 3: XRD patterns for the continuous TiO2 fibers calcined
500◦C at different thermal treatment times using steam activation.
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Figure 4: Effect of the different thermal treatment times using
steam activation on the average crystal sizes inside the continuous
TiO2 fibers calcined 500◦C.

Figure 5 shows TEM and HRTEM images of the contin-
uous TiO2 fibers calcined 300◦C, 500◦C, and 700◦C using
steam activation for 90 min. At 300◦C calcination using
steam activation, the particle size of TiO2 with uniform
distribution was about 15 nm in diameter (Figure 5(a)). Also,
we know that the lattice images are interference patterns
between the direct beam and diffracted beams in HR-TEM,
and the spacing of a set of fringes is proportional to the lattice
spacing, when the corresponding lattice planes meet the
Bragg condition. It showed faintly lattice fringes, which was
in good agreement with the peaks appearing broad from
XRD analysis. It could be seen that the crystalline size of the
500◦C calcination became obviously increasing compared
with that of 300◦C calcination from Figures 5(c) and 5(d).
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(a) (b)

(c) (d)

(e) (f)

Figure 5: TEM ((a), (c), (e)) and HR-TEM ((b), (d), (f)) images of the continuous TiO2 fibers calcined 300◦C (a) (b); 500◦C (c) (d); 700◦C
(e) (f) using steam activation for 90 min.

The crystalline size involved two types: the smaller size
(about 30 nm) and the bigger size (about 50 nm). The lattice
fringes appeared clear, indicating that the crystalline was
well. For the samples of 700◦C calcination using steam
activation, the crystalline size was about 100 nm and the
lattice fringes were very clear. The results indicated that the

crystalline size appeared bigger, and the crystalline degree
was better with increasing of calcination temperature, which
was in good agreement with the results from XRD analysis.

To demonstrate the effect of calcination temperature
using steam activation on the particle of surface and the
structure inside the continuous TiO2 fibers, SEM images
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Figure 6: SEM images of the continuous TiO2 fibers calcined 300◦C ((a), (b), and (c)); 500◦C ((d), (e), and (f)) and 700◦C ((g), (h), and
(i)) using steam activation for 90 min.

of the continuous TiO2 fibers calcined 300◦C, 500◦C, and
700◦C using steam activation for 90 min were shown in
Figure 6. From the SEM image, it can be seen that the as-
prepared fibers have smooth surfaces and are composed of
spherical shape nanoparticles, and the crystalline size grad-
ually increased with increasing the calcination temperature.
The average diameters of the fibers are in the range of 20–
30 μm, and the length could reach tens of centimeters, even
in continuous fibers (>1 m). In the middle layer, particles
arrayed loosely because of the heat treatment were infiltrated
gradually from surface to inside. Grain clusters were formed
in the inside layer. As may clearly be seen, some small pores
are observed, which is beneficial for being used as catalyst
supports because of large surface areas. Because TTBO can be
rapidly hydrolyzed by moisture in air, continuous networks
(gels) of TiO2 sols formed in the nanofibers after they had
been forced out of the tip of the needle during spinning of
the TiO2 precursor [20]. Solidification occurs more rapidly
in the sheath than in the core [21]. As a result, microphase
separation between TiO2 and the PVP solution occurred
during solidification. However, it could be seen that

the crystalline size of the 500◦C calcination using steam
activation was rather complicated. As mentioned above, the
fibers annealed at 500◦C using steam activation exhibited
rutile and anatase phases, which were the results from XRD
and TEM analysis.

The grain growth depends on sintering temperatures and
time, which can be analyzed by well-known grain growth
kinetics equation [22, 23]:

Dn −Dn
0 = k0t exp

(−E
RT

)
= kt, (3)

where D is the final average grain size, D0 is the initial average
grain size, n is the growth exponent, k is a rate constant, k0 is
a preexponential constant, E is the activation energy of grain
growth, R is the gas constant, and T is absolute temperature.
When D0 is significantly smaller than D, Dn

0 can be neglected
relative to Dn. Equation (3) can be simplified as follows:

Dn = k0t exp
(−E
RT

)
= kt. (4)
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By taking logarithms, (4) can be rewritten as

lnD = 1
n

ln k +
1
n

ln t. (5)

Based on (3) and results of Figure 4, the relationship
between ln D and ln t of the rutile crystalline phase in the
continuous TiO2 fibers was shown in Figure 7. The n value
and k value of rutile crystalline phase in the continuous TiO2

fibers at 500◦C were 4 and 2.55× 106 nm/h, respectively. The
growth exponent of the rutile crystal phase inside the TiO2

fiber was 4, and (4) can be rewritten as

D4 = k0 exp
(−E
RT

)
. (6)

Equation (4) can be rewritten as by taking logarithms:

4 lnD = ln k0 − E

RT
. (7)

Straight lines of lnD against 1/T (Figure 8) are plotted
according to (7). The activation energies at 500◦C∼700◦C
and 700◦C∼800◦C were 38.62 kJ/mol and 143.91 kJ/mol,
respectively. The results explained that the crystal size of
rutile TiO2 increased slowly at 500◦C∼700◦C and rapidly
increased at 700◦C∼800◦C, respectively. The kinetics of crys-
talline growth of rutile phase would become slow due to the
diffuse of particle decreasing at relatively low thermal treat-
ment temperature. The steam activation thermal treatment
has more remarkable effects on the growth of nanocrystallites
in the continuous TiO2 fibers.

4. Conclusions

The continuous TiO2 fibers have been synthesized by the sol-
gel method using steam activation thermal treatment. The
results demonstrate that the average diameters of the fibers
are in the range of 20–30 μm and are cylindrical composed
of nanoparticles. The crystal size became bigger with
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Figure 8: Relationship between ln D and 1/T of the rutile
crystalline phase in the continuous TiO2 fibers.

increasing the thermal treatment temperture using steam
activation. The crystal phase of the synthesized TiO2 fiber
was transformed from anasate to rutile crystalline phase
increasing the steam activated time, and the amount of the
anatase crystalline phase decreased from 73.3% to 11.9%,
the crystal size of anatase crystalline phase increased from
18.5 nm to 37.4 nm, and the crystal size of rutile crystalline
phase increased from 44.6 nm to 58.6 nm. The growth
exponent and the constant of growth rate of the rutile crystal
phase inside the TiO2 fibers were 4 and 2.55 × 106 nm/h,
respectively. The activation energies of crystalline growth
were 38.62 kJ/mol and 143.91 kJ/mol in the thermal treated
temperture range of 500◦C∼700◦C and 700◦C∼800◦C,
respectively. The results show that steam activation thermal
treatments have more remarkable effects on the growth of
nanocrystallites in the continuous TiO2 fibers.
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Correspondence should be addressed to Václav Štengl, stengl@iic.cas.cz

Received 24 March 2012; Revised 13 May 2012; Accepted 14 May 2012

Academic Editor: Jiaguo Yu
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Nanometric particles of germanium-doped TiO2 were prepared by homogeneous hydrolysis of TiOSO4 and GeCl4 in an aqueous
solution using urea as the precipitation agent. Structural evolution during heating of these starting Ge-Ti oxide powders
was studied by X-ray diffraction (XRD) and high-temperature X-ray powder diffraction (HTXRD). The morphology and
microstructure changes were monitored by means of scanning electron microscopy (SEM), Raman and infrared spectroscopy
(IR), specific surface area (BET), and porosity determination (BJH). The photocatalytic activity of all samples was determined
by decomposition of Orange II dye under irradiation at 365 nm and 400 nm. Moderate doping with concentration upto value
2.05 wt.% positively influences azo dye degradation under UV and Vis light. Further improvement cannot be achieved by higher
Ge doping. Effect of the annealing (200, 400, and 700◦C) on photocatalysis and other properties has been assessed.

1. Introduction

TiO2 photocatalyst is in the focus of numerous studies
due to its attractive characteristics and application in the
remediation of environmental contaminants, that is, water
disinfection [1]. Despite its potential application, the fast
recombination of photo-generated electron-hole pair on the
surface or in the lattice of TiO2 limits its practical use. Couple
of strategies has been proposed to enhance the effectiveness
of the photocatalysis. Recent techniques include, for instance,
controlled structures with exposed active facets [2, 3].
However, doping of metal ions in TiO2 is the widespread
quite common technique to suppress the rate of that recom-
bination. Doping of a metal ion in a semiconductor is known
to affect both photophysical behavior and photochemical
activity. Enhanced photocatalytic activity over binary metal
oxides and transition metal, noble metal, or non-metal-
doped TiO2 has been widely reported [4–8]. Transition
metal ion doping may improve the trapping of electrons

and inhibit the electron-hole recombination [9]. The incor-
poration of germanium (Ge) into titania (TiO2) creates
an attractive semiconductor. TiO2-Ge nanocomposite thin
films were synthesized by RF magnetron sputtering from
targets fabricated from a mixture of TiO2 (P25 Degussa)
and Ge powders [10]. Titania-germanium nanocomposite,
which comprises Ge nanodots in the TiO2 matrix, is an
interesting thermoelectric [11], optoelectronic [12], and
photovoltaic material [13, 14]. The preparation of titania
(TiO2), germania (GeO2), and binary TiO2-GeO2 oxide gels
with different Ti/Ge ratio gels based on sol-gel method
with surfactant-assisted mechanism and their application
for dye-sensitized solar cells were reported [15]. Adding a
small amount of commercial GeO2 into aqueous suspension
significantly enhanced the photocatalytic activity of titania-
based photocatalysts (P25) for the degradation of dyes [16].

In the present study a more cost-effective and envi-
ronmentally friendly method is used for the photocatalyst
preparation: homogenous precipitation of acid aqueous
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solutions of TiOSO4 with urea is applied to obtain Ge:TiO2

nanocrystallites with the Ge content varying between 0 and
12 wt%. The set of eight samples with various amounts of
Ge were prepared. Current attention has been focused on the
influence of germanium incorporation into monodispersed
spherical particles of anatase. The relationship between
the photocatalytic activity of suspended nanocrystalline
mixtures and their physical properties is discussed to under-
stand a reasonable microstructure-activity relationship. The
attention has been paid not only to crystal structures, but
also to BET surface area, particle size, porosity, and the effect
of the individual nanocrystallites on the photoactivity. The
photocatalytic activity of the as-prepared doped titania was
assessed by the photocatalytic decomposition of Orange II
dye in an aqueous slurry under UV and Vis irradiation at
wavelengths of 365 nm and 400 nm.

2. Experimental

2.1. Preparation of Samples. All chemical reagents used in
the present experiments were obtained from commercial
sources. TiOSO4, GeCl4, and urea were supplied by Sigma-
Aldrich, Czech Republic.

Nanometric particles of doped titania were prepared by
homogeneous hydrolysis of TiOSO4 and GeCl4 in aqueous
solutions using urea as the precipitation agent. In a typical
process, 100 g TiOSO4 was dissolved in 100 mL hot distilled
water acidified with 98% H2SO4. The pellucid liquid was
diluted by 4 L distilled water and a defined amount of GeCl4
was added using microsyringe (0 to 1 mL, Hamilton). The
resulting solution was mixed with 300 g of urea (see Table 1)
and heated at 100◦C for 6 h under stirring until pH reached
7.2; at this pH gaseous ammonia is released from the mixture.
The formed precipitates were decanted, filtered, and dried at
105◦C. Eight new doped titania samples denoted as TiGeXX
(where XX = 05, 07, 10, 15, 25, 30, 60, and 90 is the amount
of GeCl4 in mL) were prepared (see Table 1). In order to see
how ion influences the structural alteration of anatase TiO2

during heating, the whole set of samples was annealed at 200,
400, and 700◦C in a muffle furnace with the temperature rate
10◦C min−1 during 2 hours.

2.2. Characterization Methods. Diffraction patterns were col-
lected with diffractometer PANalytical X

′
Pert PRO equipped

with conventional X-ray tube (Cu Kα radiation, 40 kV,
30 mA) and a linear position sensitive detector PIXcel with
an antiscatter shield. A programmable divergence slit set to
a fixed value of 0.5 deg, soller slits of 0.02 rad, and mask of
15 mm were used in the primary beam. A programmable
anti-scatter slit set to fixed value of 0.5 deg., Soller slit of
0.02 rad, and Ni beta-filter were used in the diffracted beam.
Qualitative analysis was performed with the DiffracPlus
Eva software package (Bruker AXS, Germany) using the
JCPDS PDF-2 database [17]. For the quantitative analysis
of XRD patterns we used Diffracplus Topas (Bruker AXS,
Germany, version 4.1) with structural models based on ICSD
database [18]. This program permits to estimate the weight
fractions of crystalline phases and mean coherence length

by means of Rietveld refinement procedure. The internal
standard addition method with rutile (10 wt.%) was used for
amorphous phase determination [19].

The sample TiGe09 was studied by in situ high tem-
perature XRD in air with a PANalytical X’Pert PRO
diffractometer using Co K radiation (40 kV, 30 mA) and
a multichannel detector X’Celerator with an anti-scatter
shield, equipped with a high temperature chamber (HTK
16, Anton Paar, Graz, Austria). The measurements started
at room temperature and finished at 1200◦C. The XRD
measurements using rutile as an internal standard (10 wt.%)
were performed to evaluate the content of amorphous phase
in doped titania samples.

Scanning electron microscopy was performed with
Quanta 200 FEG (high-resolution field emission gun SEM
microscope, FEI Czech Republic) equipped with an energy
dispersive X-ray spectrometer (EDS). Specimens for mor-
phological investigations were prepared by droplet evapo-
ration of samples dispersion on a carbon-supported SEM
target. The specimens have been imaged in the low-vacuum
mode using accelerating voltages of 30 kV.

The specific surface areas of samples were determined
from nitrogen adsorption-desorption isotherms at liquid
nitrogen temperature using a Coulter SA3100 instrument
with outgas 15 min at 150◦C. The Brunauer-Emmett-Teller
(BET) method was used for surface area calculation [20].
The pore size distribution (pore diameter, pore volume, and
micropore surface area of the samples) was determined by
the Barrett-Joyner-Halenda (BJH) method [21].

Diffuse reflectance UV/VIS spectra for evaluation of pho-
tophysical properties were recorded in the diffuse reflectance
mode (R) and transformed to absorption spectra using
the Kubelka-Munk function [22]. A Perkin Elmer Lambda
35 spectrometer equipped with a Labsphere RSA-PE-20
integration sphere with BaSO4 as a standard was used.

Raman spectra were obtained with DXR Raman micro-
scope (Thermo Scientific, USA). 532 nm laser was used at
a power set from 0.2 to 3 mW in aim to obtain optimal
Raman signal. Powdered samples were scanned at 15-
points mapping mode under 10x objective in an automated
autofocus mode.

DTA-TG-MS measurements were carried out using a
simultaneous Netzsch Instrument STA 409 coupled to
quadrupole mass spectrometer Balzers QMS-420 under
dynamic conditions in the air (flow rate 75 mL min−1). The
samples were heated at the rate of 3◦C min−1.

Photocatalytic activity of samples was assessed from
the kinetics of the photocatalytic degradation of 0.02 M
Orange II dye (sodium salt 4-[(2-hydroxy-1-naphtenyl)azo]-
benzene-sulfonic acid) in aqueous slurries. The amount
of the dye in the experiment by far exceeds the sorption
capacity of the titania. For azo dye degradation, the complete
mass balance in nitrogen indicated that the central –N=N–
azo group was converted in gaseous dinitrogen, which is
ideal for the elimination of nitrogen-containing pollutants,
not only for environmental photocatalysis but also for any
physicochemical method [23]. Direct photolysis employing
artificial UV light or solar energy source cannot mineralize
Orange II [24]. Kinetics of the photocatalytic degradation of
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Table 1: The EDX analysis, surface area, porosity, crystallite size, anatase and amorphous phase contents, and cell parameters a and c.

Sample
GeCl4

[mL]
EDX Ge
[wt.%]

Specific
surface area

[m2g−1]

Pore volume
[cm3g−1]

Cryst. Size
[nm]

Anatase
[wt.%]

Amorph.
phase [wt.%]

Cell param.
a [Å]

Cell param.
c [Å]

TiGe00 0.0 0.0 200.4 0.1905 13.4 83.8 16.2 3.7949 9.5065

TiGe05 0.5 0.84 239.5 0.2616 14.7 77.1 22.9 3.7946 9.5013

TiGe07 0.7 1.23 245.1 0.2640 14.9 76.6 23.4 3.7942 9.5003

TiGe10 1.0 1.83 263.2 0.2239 11.3 78.2 21.8 3.7933 9.4996

TiGe15 1.5 2.05 237.8 0.6039 14.8 74.1 25.9 3.7930 9.4981

TiGe25 2.5 2.86 250.2 0.4065 13.1 77.1 22.9 3.7922 9.4950

TiGe30 3.0 3.57 290.9 0.2255 9.8 78.2 21.8 3.7931 9.4920

TiGe60 6.0 5.59 283.3 0.2404 10.5 81.3 18.7 3.7939 9.4988

TiGe90 9.0 12.07 249.7 0.2232 11.5 65.3 34.7 3.7898 9.4768

aqueous Orange II dye solution was measured by using a self-
constructed photoreactor [25]. The photoreactor consists of
a stainless steel cover and quartz tube with fluorescent Narva
lamp with power 13 W and light intensity ∼3.5 mWcm−2.
Black light lamp (365 nm) for UV and warm white lamp
(over 400 nm) for visible light irradiation were used. Orange
II dye solution was circulated by means of membrane pump
through a cell. The concentration of Orange II dye was
determined by measuring absorbance at 480 nm with VIS
spectrophotometer ColorQuest XE. The 0.5 g of titania sam-
ple was sonicated for 10 min with an ultrasonic bath (300 W,
35 kHz) before use. The pH of the resulting suspension was
taken as the initial value for neutral conditions and under the
experiment was kept at value 7.0.

3. Results and Discussions

3.1. X-Ray Diffraction Analysis. The XRD patterns of the
doped titania samples are shown in Figure 1. Only the
diffraction lines of anatase (ICDD PDF 21-1272) can be
seen. The ionic radius 0.054 nm [26] is smaller than ionic
radius of Ti4+ (0.0605 nm) [27] and germanium can be
easily substituted for Ti4+ into TiO2 lattice. The increasing
germanium content leads to the tendency in prevalence of
amorphous part phase. This phenomenon can influence
the photocatalytic activity of as-prepared samples. The
crystallite size, anatase and amorphous phase contents, and
cell parameters a and c of anatase (calculated by Rietveld
refinement) are presented in Table 1.

The high temperature XRD pattern of the sample TiGe90
(with the highest content of ion) is presented in Supplement
Figure S1. of the Supplementary Material available online
at doi:10.1155/2012/252894 The measurement started at
room temperature and was completed at 1200◦C with 50◦C
steps in temperature range 25–550◦C and 25◦C steps in the
second temperature interval 550–1200◦C. Diffraction lines of
anatase (ICDD PDF 21-1272), rutile (ICDD PDF 21-1276),
and GeO (ICDD PDF 30-0590) were observed during the
heating. No diffraction lines of other phases were observed
at temperatures up to 850◦C (except for Pt sample holder
diffraction lines), which means that is either noncrystalline
(amorphous) or full incorporated into the anatase structure.
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Figure 1: XRD patterns of prepared doped titania.

The temperatures above 850◦C lead to the formation of
crystalline GeO. The anatase-to-rutile transition begins at a
higher temperature than in nondoped anatase; it starts at
900◦C and continues up to 1000◦C, which is by about 100◦C
higher than nondoped titania [28] and by about 500◦C
higher than Ru-doped titania [29].

As it was already mentioned, the thermodynamic stability
of polymorphs depends on the crystallite size [30]. The
temperature of the phase transition can be also understood as
the temperature at which a critical crystallite size is achieved.
The dependence of crystallite size on the temperature (see
Supplement Figure S2a) shows that the phase transition of
anatase begins when the crystallite size is∼68 nm. Compared
with the results [28], the temperature shift by ∼100◦C for
the anatase to rutile phase transition is associated with faster
growth of the anatase crystallite size (see Supplement Figure
S2b). The unit-cell parameters of the sample TiGe90 pre-
pared by in-situ heating experiments increase almost linearly,
which reflects the thermal expansion of the structures (see
Supplement Figure S2c-d). An exception is the unit-cell
parameter of anatase a, which decreases with increasing the
temperature up to 600◦C. This reduction is probably caused
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by evolution of physically and chemically bounded water or
other volatile structural impurity.

3.2. Stoichiometry. The doped titania samples were stud-
ied up to 800◦C by simultaneous thermogravimetric and
differential thermal analysis (TG/DTA). For results of the
analysis of representative sample TiGe07 see Supplement
Figure S5. Below 200◦C, the weight loss is considered to
be due to the escape of surface-bound water and/or carbon
dioxide. The subsequent weight loss with the maximum rate
at temperature 300◦C is due to the escape of CO2, which
was possibly closed in the titania structure. Hydrolysis of
urea leads to its degradation and in situ evolution of a large
excess of CO2 and NH3. Ammonia reacts with water to form
NH4OH and CO2 effervesces from the reaction solution. The
presence of ions leads to preferred sorption of CO2 to titania
surface, in contrast to Ru3+ doping [31].

Because DTA-TG results indicated some thermal changes
of the titania specimens, the prepared samples were heated
at temperatures 200, 400, and 700◦C to check a possible
influence of the volatile admixtures on photocatalysis. The
calcination was carried out in a laboratory muffle furnace
with heating rate of 10◦C min−1; the desired temperature
was kept for 2 hours. BET surface area and total pore
volume of the calcines are listed in Supplement Table 2 and
their photocatalytic activity in Table 1. At 200◦C release
of surface-bound water increases the specific surface area,
but further annealing leads to its decrease as a consequence
of growing particles size. In a dynamic experiment at the
temperature around 300◦C, CO2 is released from the titania
structure (see Supplement Figure S5) which is accompanied
by modification of the mesoporous texture, pore size grows
from 3 to ∼5 nm (see Supplement Figure S6) for sample
denoted TiGe07.

In order to see how incorporation influences the struc-
tural interchanges of anatase lattice and phase transition
temperature of anatase to rutile modification all doped
samples (where Ge content varying between 0.84–12 wt.%)
have been heated at three different temperatures: 200, 400,
and 700◦C; three new sets of thermal treated samples were
obtained (see Table 1). The calcination was carried out in a
laboratory muffle furnace with rate of 10◦C min−1 and was
kept 2 h at desired temperature.

3.3. Surface Areas and Porosity. The specific surface area
of the as-prepared samples, calculated by the multipoint
Brunauer-Emmett-Teller (BET) method, total pore volume,
micropore surface area, and micropore volume are listed in
Table 1. Barrett-Joyner-Halenda (BJH) pore-size distribution
plot and nitrogen adsorption/desorption isotherms (inset)
are shown in Figure 2 and are characteristic for all prepared
samples. According to IUPAC notation [32], microporous
materials have pore diameters < 2 nm and macroporous
materials have pore diameters > 50 nm; the mesoporous
category is in the middle. The mean pore size in the
prepared photocatalysts is around ∼3 nm and the pore size
distribution is relatively narrow. All samples have a type IV
isotherm, which is characteristic for mesoporous material

with hysteresis, typical for large-pore mesoporous materials,
and can be ascribed to capillary condensation in mesopores.
The high steepness of the hysteresis indicates the high order
of mesoporosity. All samples have type A hysteresis loop
according de Boer’s characterization [33]. This hysteresis
type is connected with pores in the form of capillary tubes
open at both ends, wide ink-bottle pores, and wedge-shaped
capillaries.

The thermal treatment of the samples leads to changes of
BET surface area, pore volume, and pore-size distribution.
Although the samples calcined at various temperatures
showed the same type of isotherm, the quantity of adsorbed
nitrogen was found to be different for different temperatures.
The nitrogen adsorption ability of the samples heated to
200◦C showed an increasing trend in comparison with
nonthermal-treated samples (see Supplement Table 2). In
addition, the adsorption and desorption were found to cause
a growth of large-pore volume at 200◦C (except for the
sample TiGe15) in relation with noncalcined series (see
Table 1). The best microstructural properties at 200◦C were
achieved with the sample TiGe25 (2.86 wt.% ): this is
attributed to the extremely high surface area (387.3 m2/g−1)
and pore volume (0.4298 cm3/g−1) of that specimen. Further
heat treatment (400◦C) caused moderate reduction of both
surface area and pore volume. Calcination performed at
700◦C for 2 hours leads to inevitable decrease of surface area
and pore volume: for instance the BET of TiGe05 sample
(0.84% ) heated at that temperature is only 13.2 m2/g−1

and BJH is 0.0677 cm3/g−1. The surface area and pore
volume data obtained for the samples calcined at vari-
ous temperatures reveal that all samples can be used for
photocatalysis except for the highest tested temperature
(700◦C). It is worth to mention that pore size showed an
increasing trend with rise of the calcination temperature.
The TiGe05 and TiGe07 samples heated at 200, 400, and
700◦C showed a mesopore range of 5 nm and match well the
characteristic of meso-structured materials. The mesoporous
character of heated TiGe05-90 samples can be assigned
to the synthetic parameters such as precipitation time,
pH, temperature, and the annealing temperature. During
the thermal treatment chemically and physically bound
water and CO2 are released and pores of larger radii are
formed.

The SEM images of germanium-doped titania samples
are presented in Figure 3. The titania powder consists
of 2-3 μm spherical particles with a narrow particle size
distribution. With increasing content, the size and shape of
these spherical clusters remain unchanged and confirmed
that structural alteration take place inside the spheres (see
Table 1).

3.4. Raman and IR Spectroscopy. The Raman spectra of the
samples are presented in Figure 4. The specific vibration
modes are located around 151 cm−1 (Eg), 399 cm−1 (B1g),
515 cm−1 (B1g + A1g), and 638 cm−1 (Eg) indicating the
presence of the anatase phase in all of these samples. The
measured frequencies of peak positions vary between the
samples, with increasing content of Ge at low frequency
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Table 2: Photocatalytic activity of prepared doped titania samples.

Sample
k OII

365 nm
[min−1]

k OII
400 nm
[min−1]

k OII 365 nm
at 200◦C
[min−1]

k OII 400 nm
at 200◦C
[min−1]

k OII 365 nm
at 400◦C
[min−1]

k OII 400 nm
at 400◦C
[min−1]

k OII 365 nm
at 700◦C
[min−1]

k OII 400 nm
at 700◦C
[min−1]

TiGe05 0.05783 0.00508 0.04258 0.00531 0.1204 0.00362 0.08167 0.00210

TiGe07 0.07849 0.01456 0.07441 0.00793 0.07171 0.00473 0.09598 0.04299

TiGe10 0.08118 0.00797 0.01868 0.00215 0.02592 0.00179 0.02283 0.00288

TiGe15 0.08858 0.01530 0.07124 0.00543 0.07048 0.00382 0.01373 0.02349

TiGe25 0.07989 0.01125 0.06095 0.00523 0.06525 0.00371 0.07858 0.02065

TiGe30 0.01767 0.00160 0.01947 0.00233 0.01576 0.00270 0.02693 0.00439

TiGe60 0.02177 0.00182 0.02883 0.00239 0.02698 0.00237 0.02773 0.00425

TiGe90 0.01540 0.00205 0.01545 0.00249 0.01501 0.00224 0.01686 0.00310
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Figure 2: Pore area distribution of samples denoted as (a) TiGe10, (b) TiGe30, (c) TiGe60, and (d) TiGe90. Inset are hysteresis loops.
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(a) (b)

(c) (d)

Figure 3: SEM images of prepared doped titania (a) TiGe10, (b) TiGe30 (c) TiGe60, and (d) TiGe90.

Eg mode shifts from 150.1 to 151.1 cm−1 (see Supplement
Table S1). Although this could be theoretically attributed to
a change in the particle size, the shift of the position band of
the Eg signal of the anatase signal should rather to some spe-
cific effect of the insertion into the TiO2 framework or non-
stoichiometry of titania be formed by the soft synthesis route.

Maximum of the Eg Raman band of annealed doped
anatase specimen prepared by urea route is shifted by more
than 6 cm−1 with respect to pure anatase 144 cm−1 [34, 35].
This shift is further continuously increasing by about 2 cm−1

with growing Ge content up to the specimen 6 mL. The
FWHM (the full width in the half maximum) of pure and
Ge-doped anatase is as large as 23–28 cm−1 with no obvious
Ge concentration trend up to 6 mL GeCl4 addition. Because
XRD-estimated mean coherence length of the anatase is
>10 nm, the shift of nondoped TiO2 and large FWHM
cannot be explained by phonon confinement due to limited
particle size, for which particle size must have been <6 nm
[34, 36]. The departure of the Raman band characteristics
with respect to pure anatase must hence be attributed to
nonstoichiometry, analogously as it was reported in the

case of CeO2 [37], and anatase [35] or other phenomena
related to nonideal crystal lattice of anatase [38]. All prepared
specimens can hence be considered as defective anatase, with
minor but clear influence of Ge doping on the Eg band
maximum.

Figure 5 shows the IR spectrum of the doped tita-
nia prepared by homogeneous hydrolysis with urea. The
broad absorption peaks about 3400 cm−1 and the band at
1623 cm−1 correspond to the surface water and the hydroxyl
groups [39]. The small band at ∼1395 cm−1 can be assigned
to adsorbed carbonates on surfaces of TiO2; CO2 could have
been originated from the urea decomposition [40]. Low
frequency bands in the range <500 cm−1 correspond to the
Ti–O–Ti vibration of the network [41]. No other absorption
bands were identified; therefore, the Ge atoms substitute Ti
atoms in the all samples series TiGe.

3.5. Diffuse Reflectance UV/Vis Spectroscopy. Supplement
Figure S3 presents UV/Vis absorption spectra of the doped
TiO2, nondoped TiO2, and GeO2. The anatase has a wide
absorption band in the range from 200 to 385 nm and
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Figure 5: Infrared spectra of prepared doped titania.

the GeO2 has a UV absorption band close to 325 nm.
The diffuse reflectance spectra were transformed by per-
forming the Kubelka-Munk transformation of the measured
reflectance according to the following equation:

A(R) = (1− R)2

2R
, (1)

where R is the reflectance of an “infinitely thick” layer of the
solid [42].

In comparison with the pure titania slight red shift of the
absorption edge of doped samples is observed up to ∼ 2,6
wt.% of. Conversely, with a further increase of Ge content
the absorption edges are blue shifted. This could be caused
perhaps by a presence of amorphous GeO2 (see below).

The method of UV/Vis diffuse reflectance spectroscopy
was employed to estimate the band-gap energies of the pre-
pared germanium-doped TiO2 samples. Firstly, to establish
the type of band-to-band transition in these synthesized
particles, the absorption data were fitted to equations
for direct band-gap transitions. The minimum wavelength
required to promote an electron depends upon the band-
gap energy Ebg which is commonly estimated from UV/Vis
absorption spectra by the linear extrapolation of the absorp-
tion coefficient to zero using the following equation:

α(hν) = A
(
hν− Ebg

)n
, (2)

where A is the absorption according to (1), B is absorption
coefficient, and hν is the photon energy in eV calculated from
the wavelength λ in nm [43, 44]:

hν = 1239
λ

. (3)

In case that the fundamental absorption of the titania
crystal possesses an indirect transitions between bands, then
n = 2, for direct transition between bands n = 1/2 [45, 46].
The energy of the band gap is calculated by extrapolating
a straight line to the abscissa axis, when α is zero, then
Ebg = hν [47]. Supplement Figure S4 shows the (Ahν)2

versus photon energy for a direct band-gap transition. The
value of 3.20 eV for sample denoted as TiGe0 is reported in
the literature for pure anatase nanoparticles [46, 48]. The
value of band-gap energy decreases only for sample denoted
TiGe10 and TiGe15 (3.05 eV), in other samples is Ebg in the
range 3.1–3.2 eV. The band gap of bulk GeO2 is 3.7 eV, which
corresponds to absorption above approximately 350 nm.
The decrease in band-gap of TiGe25, TiGe30, TiGe60, and
TiGe90 is probably due to increased amount of amorphous
phase GeO2.

3.6. Photocatalytic Tests. According to the degradation path-
way proposed in [49], the main byproducts formed by
the ozonation of azo dye are organic acids, aldehydes,
ketones, and carbon dioxide. Demirev and Nenov [50]
suggested that the eventual degradation products of azo
dye in the ozonation system would be acetic, formic, and
oxalic acids. The reaction pathway for the visible light-driven
photocatalytic degradation of Orange II dye in aqueous TiO2

suspensions is schematically shown in [51].

On kinetics of heterogeneous photocatalysis for decom-
position of model compounds such as dyes Orange II can be
used Langmuir-Hinshelwood equation [52, 53]:

r = −d[OII]
dt

= −k · K · [OII]
1

+ K · [OII], (4)

where r is the degree of dye mineralization, k is the rate
constant, t is the illumination time, K is the adsorption
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coefficient of the dye, and [OII] is the dye concentration. At
very low concentration of the dye, in the validity of Lambert-
Beer Law [54]:

A = ε · c · l, (5)

where A is the absorbance, c, the dye concentration, l the
length of absorbent layer, and ε is the molar absorption
coefficient, it is possible to simplify (4) to the first order
kinetic equation:

ln

(
[OII]
[OII]0

)

+ K([OII]− [OII]0) = −k · K · t (6)

and after integration:

[OII] = [OII]0 · EXP(−k1 · t); (k1 = k · K). (7)

The calculated degradation rate constants k (min−1) for a
reaction following the first order model kinetics of Orange
II dye degradation at 365 nm (black light) and 400 nm
(warm white light) are shown in Table 2 and the course of
degradation is shown in Figure 6.

Moderate Ge doping up to the concentration 2.05 wt.%
positively influences the azo dye degradation, but higher
doping is not beneficial. The most active sample TiGe15
(containing 2.05 wt.%) is nonthermally treated and it has
high contribution (74.1%) of very well-crystallized anatase
nanocrystals with mean coherence length of 14-15 nm in a
mixture with an amorphous phase (25.9%). The content has
a positive effect on the porosity of titania. Higher level doping
of reduces photocatalytic activity, probably due to decreasing
particle size and total pore volume. A lower photocatalytic
activity of TiGe30, TiGe60, and TiGe90 can be attributed to
the content of amorphous phase of the germanium oxide
and/or with a blue shift of the UV/VIS absorption edge
(increase of Ebg). The contribution of Ge-amorphous phase
can be expected to have significant influence, because the
photocatalytic activity is lower compared to nondoped TiO2

[55]. For the comparison of Ge-doped titania with other
materials see Supplement Table S3.

All samples as received by wet synthesis as well as
those annealed at the three calcination temperatures were
subjected to the photocatalytic activity assessment. Thermal
treatment affects surface area, pore size distribution, and
porosity of the samples as mentioned above. Calcination at
200 and 400◦C does not significantly affect the photocatalytic
activity under 365 nm irradiation, while the activity under
>400 nm irradiation decreased in most cases. Interestingly,
the specific surface area and porosity of the catalysts
increased after 200 and 400◦C calcination. Obviously (and
somehow surprisingly) these parameters are not the factors
improving the titania photoactivity. Obviously the quality of
the catalysts surface is deteriorated for the photodegradation
under >400 nm irradiation. Calcination at so low temper-
atures cannot cause recrystallization or particle growth,
and so we assume that dehydration/dehydroxylation of the
titania surface could be responsible for that surface quality
worsening. Indeed, TG/EGA analysis confirmed a loss of
H2O < 150◦C from the catalysts. This explanation is in
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Figure 6: Photocatalytic activity of doped titania: (a) under λ =
365 nm and (b) under λ > 400 nm.

agreement with the finding that photoactivity of titania
obtained by a sol-gel route can be enhanced by the increase
of the concentration of the surface hydroxyls [56]. Indeed,
an oxygen overstoichiometry of titania specimens obtained
by crystallization from aqueous solutions, which can only be
rationalized by the presence of a pair OH− groups instead
of one O2−, has recently been confirmed by XPS analysis
[57, 58].



Journal of Nanomaterials 9

4. Conclusion

Small and moderate doping (0.84–2.65 wt.%) of titania has
positively affected photocatalytic degradation of Orange II
at both UV and Vis irradiations. The highest photocatalytic
with TiGe15 sample (2.05 wt.%) with high contribution
(74.1%) of very well-crystallized anatase nanocrystals and
the BET surface area of 237.8 m2g−1. The pore size distribu-
tion measurement showed that this total surface area can be
attributed mainly to mesopores with mean pore radius 5 nm.

The effect of the sample annealing at 200, 400, and 700◦C
was evaluated. 200◦C annealing caused removal of surface-
bound water and carbon dioxide, which resulted in a moder-
ate increase of the surface area and the pore volume. However
the photoactivity of the samples slightly decreased, probably
as a consequence of the surface dehydroxylation of titania.
Thermal treatment at higher temperatures (400 and 700◦C)
leads to a linear decrease of the surface area and the pore
volume and resulted in lowering the photoactivity. The best
photocatalytic activity in the entire set of thermally treated
series was achieved with samples TiGe07/200, TiGe07/400,
and TiGe07/700 (1.23 wt.%).
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[31] V. Houšková, V. Štengl, S. Bakardjieva, N. Murafa, and V.
Tyrpekl, “Efficient gas phase photodecomposition of acetone
by Ru-doped Titania,” Applied Catalysis B, vol. 89, no. 3-4, pp.
613–619, 2009.

[32] S. Lowell and J. E. Shields, Powder Surface Area and Porosity,
London, UK, 1998.

[33] J. A. de Boer, Structure & Properties of Porous Materials,
Butterworths, London, UK, 1958.

[34] A. K. Arora, M. Rajalakshmi, T. R. Ravindran, and V.
Sivasubramanian, “Raman spectroscopy of optical phonon
confinement in nanostructured materials,” Journal of Raman
Spectroscopy, vol. 38, no. 6, pp. 604–617, 2007.

[35] S. Sahoo, A. K. Arora, and V. Sridharan, “Raman line shapes
of optical phonons of different symmetries in anatase TiO2

nanocrystals,” The Journal of Physical Chemistry C, vol. 113,
no. 39, pp. 16927–16933, 2009.

[36] S. Balaji, Y. Djaoued, and J. Robichaud, “Phonon confinement
studies in nanocrystalline anatase-TiO2 thin films by micro
Raman spectroscopy,” Journal of Raman Spectroscopy, vol. 37,
no. 12, pp. 1416–1422, 2006.

[37] I. Kosacki, T. Suzuki, H. U. Anderson, and P. Colomban,
“Raman scattering and lattice defects in nanocrystalline CeO2

thin films,” Solid State Ionics, vol. 149, no. 1-2, pp. 99–105,
2002.
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This study examines the potential hazard of an individual nanomaterial on the Cu biotoxicity to aquatic organisms. Daphnia
magna in the absence or presence of nano-TiO2 was exposed to Cu. Maintaining nano-TiO2 at a safe concentration cannot
eliminate its potential hazard. The biomarkers superoxide dismutase, catalase, and Na+/K+-ATPase in D. magna were measured.
Cu in the presence of nano-TiO2 induced higher levels of oxidative stress and physiological damage because of the sorption of
Cu. Nano-TiO2 also caused Na+/K+-ATPase inhibition possibly by impeding the Na+/K+ transfer channel. The correlations among
the biomarkers, mortality, and accumulation further showed that the overloading reactive oxygen species generation caused by
nano-TiO2 contributed to deeper oxidative stress and physiological regulation, thereby causing greater toxic injury.

1. Introduction

Nanotechnology has attracted considerable attention in the
scientific community since its emergence as a powerful basic
and applied science tool [1, 2]. The production of engineered
nanomaterials was estimated to reach 2000 tons in 2004
and is expected to increase to 58 000 tons in 2011–2020
[3]. With increasing commercialization of nanoparticles
(NPs), concerns about the exposure of humans and the
environment to NPs are growing [4]. The unique sizes of
NPs result in many special physicochemical properties and
may yield extraordinary hazards for human health and the
environment [5].

The biological toxicity of NPs is closely related to many
physicochemical characteristics such as size, surface area,
surface modification, and radical formation. The consid-
eration of these properties in assessing NP toxicity com-
plements the conventional dose- (concentration-) response
approach. Nano-TiO2 is globally important as a sunscreen
and pigment, and its physicochemical properties are widely
documented [2, 5, 6]. Size is an important factor that
determines nano-TiO2 toxicity because penetration becomes
easier with decreasing particle size. Bioavailability toward the
sites to be taken up is also increased; thus, more particles

can be deposited inside the cell [7]. Nano-TiO2 particles
smaller than 25 nm cause higher algal growth inhibition
and greater immobilization of Daphnia magna than those
bigger than 100 nm [8]. Exposure to 0.22 μm filtered nano-
TiO2 also causes higher mortality in D. magna than expo-
sure to unfiltered nano-TiO2, indicating that toxicity may
be directly related to the size of the dispersed NPs [9].
Some ecological studies showed that nano-TiO2 exposure
in aquatic species causes oxidative damage-mediated effects
[10, 11]. The exposure of rainbow trout to nano-TiO2 causes
lipid peroxidation, one of the consequences of oxidative
stress [10]; changes in antioxidant enzyme activities are also
observed in freshwater cladoceran (Daphnia pulex) [11].
However, biochemical studies on the effect of nano-TiO2 on
oxidative stress, which has been proposed as an important
biochemical biomarker, remain limited to aquatic vertebrate
species, and the effect of nano-TiO2 size fraction has not been
investigated. A study on D. magna indicated the importance
of the colloidal behavior and mode of preparation of nano-
TiO2 to resultant toxicity [12], and the lethal concentration
of nano-TiO2 is only 10 ppm for D. magna following 48 h of
aqueous exposure [13]. However, little is known about the
biological effects under exposure to safer concentrations.
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The increasing use of engineered NPs in industrial and
household applications may very likely lead to the release
of such materials into the environment [5]. At least one
study reported enhanced mobility of engineered NPs in
simulated groundwater systems [14]. The unique structure
and electronic properties of nano-TiO2 can make it an
especially powerful adsorbent [15]. Little is currently known
about the fate, transport, and transformation of NPs once
they enter the environment [16]. Several studies employing
colloidal behavior have investigated the transport of a
wide range of engineered NPs through porous media [17].
Colloidal behavior can help predict the behavior of NPs
released into the aquatic environment [18]. Zhang et al. [19]
reported that nano-TiO2 can change the uptake of other
pollutants and found that carp exposed to cadmium in the
presence of nano-TiO2 accumulated 146% more Cd than
controls.

A previous study revealed that the coexistence of NPs
with copper ion (Cu2+) enhances the biotoxicity of Cu2+ to
daphnids even at low concentrations [20]. In the current
study, we measured a range of end points, including bio-
chemical measurements related to physiological functions
(e.g., Na+/K+-ATPase) and oxidative stress (e.g., superoxide
dismutase (SOD) and catalase (CAT)). Na+/K+-ATPase is a
member of the P-type ATPase family of cation transporters
[21], which belongs to a superfamily of ubiquitous pumps
involved in the transport of charged substrates across bio-
logical membranes [10]. Decreased Na+/K+-ATPase activity
in cells may impede ion transfer across membranes and
cause disorder in the metabolism of substances and energy.
SOD activity is sensitive to tissue copper (Cu) because the
enzyme requires Cu as a catalytic cofactor. Cu deficiency can
also decrease the activities of certain non-Cu-containing en-
zymes of the oxidant defense system, including CAT [22].
The biotoxicity of Cu2+ is reportedly correlated with the
interactions between its adsorption and coordination with
cosubstrates [23]. Consequently, we used Cu to interfere with
nano-TiO2 and assessed the ecological impact of nano-
TiO2 on aquatic organisms. Therefore, the aforementioned
biomarkers were used to reveal the potential risk of the
combination of nano-TiO2 with Cu2+.

2. Experimental

2.1. Preparation of Nano-TiO2 Suspension. Nano-TiO2 par-
ticles (anatase) were provided by Nanjing High Technology
Material Co., Ltd. The N2-BET-specific surface area was mea-
sured using a Nova 2200e BET surface area analyzer (Quan-
tachrome, Boynton Beach, FL) at 114.45 m2 g−1. Under
the aforementioned conditions, the particle size was about
13.5 nm. The stock suspension of nano-TiO2 (20 mg L−1)
was prepared based on the procedure described by Lovern
and Klaper [9], in which 2 mg of nano-TiO2 particles was
mixed with 100 mL of deionized H2O and then placed in
a bath sonicator for at least 30 min to break the particles
into small, noncoagulating particles. The stock solution was
stored at room temperature before usage. The image of nano-
TiO2 particles in water and the adsorption of Cu2+ onto the
nano-TiO2 were previously studied [20]. Using a capillary

Figure 1: The image of nano-TiO2 particles distributed in water to
form suspensions was observed by TEM.

tube, droplets of solution were injected onto the Formvar-
coated (Electron Microscopy Sciences, Fort Washington, PA,
USA) copper grids. The solution was allowed to dry, and
the samples were then placed in the TEM for imaging. The
image of nano-TiO2 particles in water was observed by a
JEOL transmission electron microscope (TEM) (JEOL, JEM-
2100F), operated at 100 kV electron volts. The image result
has been shown in Figure 1.

2.2. Model Organism. Daphnia magna used in this study
was cultured at 23◦C with a light : dark cycle of 16 : 8 h 2
years after collecting the algae from natural waters near Huo
Qi Ying Bridge (116◦16′732 E, 39◦58′401 N). The green
alga Scenedesmus obliquus was fed to the daphnids at a
concentration of 1 × 105–2 × 105 cells mL−1 d−1. The algae
were grown in artificial WC medium [24] and collected by
centrifugation at the exponential growth stage. The water
used for all exposure experiments was also collected from
the Huo Qi Ying Bridge area. The physicochemical para-
meters of the water were as follows: pH 7.6, Ca2+ con-
centration of 24 mg L−1, total organic carbon concentration
of 5.23 mg L−1, and dissolved oxygen concentration of
11.3 mg L−1. The water used in all instances was filtered
through a 0.45 μm membrane before use.

2.3. Exposure of D. magna to Cu in the Absence or Presence of
Nano-TiO2. Daphnia magna (21–25 d) was exposed to dif-
ferent concentrations of dissolved Cu2+ (as copper nitrate)
in the absence or presence of nano-TiO2 particles for 3 d.
The concentrations of Cu2+ used in the study were 10, 20,
30, 40, 50, 70, and 100 μg L−1. Thirty D. magna of the same
age in 200 mL to 300 mL of water were used in each exposure
treatment, with two replicates for each treatment. Daphnia
magna was not fed during its exposure period. The numbers
of dead individuals were noted each day, and the mortality
rate was calculated at the end of the exposure. A control
test without Cu2+ contaminant was also conducted under the
same conditions.

2.4. Determination of SOD, CAT, and Na+/K+-ATPase in
D. magna. Twenty exposed daphnids were weighed after
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removing the water on their body surfaces. Tissues of D.
magna were homogenized by ultrasonication in 0.5 mL of
sucrose buffer (0.25 M sucrose and 0.1 M Tris-HCl, pH 8.6)
and centrifuged at 16 000× g for 20 min. The supernatant
fluid was diluted to 1.5 mL using a homogenate, and 1 mL
of supernatant fluid was used to determine SOD, CAT, and
Na+/K+-ATPase using commercially available kits (Nanjing
Jiancheng Bioengineering Institute, China) according to the
manufacturer’s protocol. SOD activity was based on the inhi-
bition by SOD of NADPH oxidation by molecular oxygen
in the presence of EDTA, manganese chloride, and 2-merca-
ptoethanol [25]. CAT activity was calculated and expressed
as nmol H2O2 consumed s−1 g−1 protein−1 [26]. Na+/K+-
ATPase was assessed based on the amount of inorganic
phosphate liberated from the hydrolysis of the substrate ATP
[27].

3. Results and Discussion

3.1. Induction of Oxidative Stress by Cu in the Absence or
Presence of Nano-TiO2. The main potential mechanism of
NP toxicity is believed to be via oxidative stress with reactive
oxygen species (ROS), which damages lipids, carbohydrates,
proteins, and DNA. To interpret the differences between
the toxicity of Cu only and Cu2+ adsorbed onto nano-
TiO2 (Cu + nano-TiO2), SOD and CAT activities in D.
magna were detected during the exposure (Figure 2). Cell
toxicity is principally induced by oxidative stress [28]; thus,
the SOD and CAT activities in D. magna were investigated
because they are antioxidant biomarkers for metal pollution.
The SOD and CAT activities decreased to different extents.
These activities were significantly (P < 0.01) induced in
the groups with and without nano-TiO2 compared with the
control. Figure 2(a) shows that in the presence of nano-TiO2,
the highest induction (208.2% of the control) was reached
at 10 μg L−1, whereas in the absence of nano-TiO2, the
highest induction (203.3% of the control) was at 20 μg L−1.
The induction then decreased proportionally with increased
Cu2+ concentration. The SOD activities had no significant
difference between the two groups (P > 0.05, one-way
ANOVA). The activity of CAT, a part of the SOD-CAT
system that defends against oxygen toxicity [29], differed
from that of SOD. Figure 2(b) showed that the CAT activities
in the Cu2+-exposed D. magna were significantly higher
than those in the Cu2+/nano-TiO2-exposed D. magna (P <
0.01, one-way ANOVA). In the presence of nano-TiO2, the
highest induction (368.9% of the control) was reached at
10 μg L−1, whereas in the absence of nano-TiO2, the highest
induction (504.81% of the control) was at 20 μg L−1. The
induction then decreased proportionally with increased Cu2+

concentration. The presence of nano-TiO2 reduced the CAT
activity in D. magna, and the largest observed drop was
55.7%. The antioxidant enzyme activities increased at the
nano-TiO2 concentration of 5 mg L−1 [11]. However, at Cu
concentrations greater than 40 μg L−1 and at a safe nano-
TiO2 concentration of 2 mg L−1, the activity of the entire
antioxidant-system (SOD + CAT) considerably decreased,
indicating decreased antioxidant capacity in D. magna and
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Figure 2: Induction of oxidative stress in D. magna after 3 d of
exposure to Cu2+ at different concentrations in the absence and
presence of 2 mg L−1 nano-TiO2. Mean ± standard deviation (n =
2). (a) SOD: superoxide dismutase. (b) CAT: catalase.

suggesting that Cu + nano-TiO2 was more dangerous than
Cu alone in aquatic environments.

3.2. Inhibition of Na+/K+-ATPase by Cu in the Absence or
Presence of Nano-TiO2. Figure 3 shows that compared with
the group without nano-TiO2, the group with nano-TiO2

exhibited a statistically significant decrease in Na+/K+-
ATPase activities, with a reduction range between 21.3% and
45.3% (P < 0.01, one-way ANOVA). Na+/K+-ATPase indi-
cates the ability of ion transfer in the cell membrane channel.
Na+/K+-ATPase enzyme is present at high concentrations in
salt-transporting tissues such as intestines and gills, where
it maintains the ionic and electrical gradients necessary for
transepithelial salt movements [30]. Santore et al. [31] had
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Figure 3: Inhibition of Na+/K+-ATPase activity in D. magna after
3 d of exposure to Cu2+ at different concentrations in the absence
and presence of 2 mg L−1 nano-TiO2. Mean ± standard deviation
(n = 2).

proposed that Cu2+ accumulation in the gills of freshwater
fish inhibits Na+ influx and reduces Na+/K+-ATPase activity.
Exposure to Cu2+ leads to concentration-related losses of
plasma ions [32], particularly sodium and chloride, and
damaged gill structure and function [33]. Given that
Na+/K+-ATPase activity tends to compensate for effects at
the gill by showing normal activity when branchial Na+/K+-
ATPase activity is low, Na+/K+-ATPase inhibition did not
result in plasma Na+ or K+ depletion. Therefore, Cu + nano-
TiO2 has an inhibitive effect on the antioxidant enzyme
(Figure 3).

3.3. Mechanism of Enhanced Biotoxicity of Cu2+ by Nano-
TiO2. Table 1 shows the accumulated Cu in D. magna after
3 d of exposure to Cu2+ at different concentrations in the
absence or presence of 2 mg L−1 nano-TiO2. The mortality
of D. magna is shown in Table 2.

In invertebrate species, SOD and CAT are considered to
play greater antioxidant roles [34]. Figure 4(a) shows that
the SOD activity and accumulated Cu had a definite positive
correlation (P < 0.05, one-way ANOVA). The relationship
between SOD activity and mortality in D. magna also had
a significant correlation (P < 0.05, one-way ANOVA)
(Figure 4(b)). In the groups with and without nano-TiO2,
the CAT activity decreased significantly (P < 0.01, one-
way ANOVA) with increased accumulated Cu (Figure 4(c)).
The mortality also decreased significantly (P < 0.01, one-
way ANOVA) with increased CAT activity (Figure 4(d)).
Normally, Cu participates in the formation of ROS. In the
presence of superoxide (O2

•−), Cu2+ can be reduced to Cu+,
which is capable of catalyzing the formation of hydroxyl
radical (OH•) from hydrogen peroxide (H2O2) [33]. The
hydroxyl radical is the most powerful oxidizing radical and is
capable of reacting with practically every biological molecule
and destroying the antioxidant defense system [35]. The

relationship between the oxidative stresses at the organismal
(e.g., uptake) and biochemical levels in daphnids indicated
that in the SOD-CAT system, free Cu ions and Cu + nano-
TiO2 may produce the same level of O2

•− because the
induced SOD and CAT activities had a definite positive
correlation with accumulated copper. Therefore, Cu + nano-
TiO2 induced Cu biotoxicity by oxidative stress (Table 2).
Cu can generate ROS (e.g., O2

•−, H2O2, and OH•) only
in digestive tissues [36]. Thus, Cu + nano-TiO2 must enter
digestive tissues to generate ROS according to Figure 4. Cu +
nano-TiO2 generated the devastating ROS, which destroyed
the antioxidant defense system. Ultimately, the overload of
ROS damaged the daphnid as the induced SOD-CAT system
capability dropped to a very low level.

To discuss further the mechanism of the enhanced
biotoxicity of Cu + nano-TiO2, the relationship between Cu
accumulation and Na+/K+-ATPase was analyzed. As shown
in Figure 5(a), the presence of nano-TiO2 led to decreased
Na+/K+-ATPase level. Cu2+ and Cu2++nano-TiO2 exposure
was differentiated by the inhibition of Na+/K+-ATPase in D.
magna. Therefore, we speculated that the function of this
enzyme was inhibited due to the damage caused by Cu [33]
and nano-TiO2 [10]. The reason was that nano-TiO2 is a
powerful adsorbent and may compete with the active binding
sites for essential elements of organisms such as K+ and Ca2+.
Therefore, the Na+/K+-ATPase activity was affected. Cu2+

can cause the inhibition of Na+/K+-ATPase enzyme activity
by interfering with the binding of Cu2+ and protein-thiol.
The binding site of Cu2+ has special interactions. However,
Federici et al. [10] found that Na+, K+, and Ca2+ in fish
tissues were generally unaffected, and exposure to nano-
TiO2 caused a statistically significant decrease in intestinal
Na+/K+-ATPase activity. Therefore, we speculated that nano-
TiO2 may have impeded the Na+/K+ transfer channel due to
its small particle size [37], which increased the biotoxicity
of physiological effects compared with the system without
nano-TiO2, including the inhibition of ion transfer across the
membrane and disturbance of the metabolism of substances
and energy. Consequently, the inhibition worsened.

Considering both exposure systems together, the rela-
tionship between mortality and Na+/K+-ATPase in D. magna
had no significant correlation (Figure 5(b)). By contrast,
considering the two systems independently, the mortality
and Na+/K+-ATPase activity in each system had a positive
correlation, that is, the mortality of D. magna decreased sig-
nificantly with increased Na+/K+-ATPase level. The observed
levels of Na+/K+-ATPase were explained by the toxicity of
Cu ions in D. magna. The function of Na+/K+-ATPase is
considered to respond to physiological function in aquatic
organisms; thus, the observed decline in Na+/K+-ATPase
indicated physiological effect inhibition. At the same mor-
tality level, Na+/K+-ATPase inhibition by Cu + nano-TiO2

was lower than that by Cu only. Given that ROS generation
was uncontrollable because of the breakdown of antioxi-
dant action, we believed that the protective response was
inactivated and overtaken by inflammation and cytotoxicity.
Therefore, these defects or aberrations can determine disease
susceptibility during the exposure, and worsened Na+/K+-
ATPase inhibition by Cu + nano-TiO2. Finally, the high



Journal of Nanomaterials 5

SO
D

 a
ct

iv
it

y 
in

D
. m

ag
na

(U
/m

g 
pr

ot
)

200 400 600 800
0

200

400

600

800

Accumulated copper in D. magna (mg g−1 dry wt)

(a)

200 300 400 500 600
0

25

50

75

100

M
or

ta
lit

y 
ra

te
 o

f
D

. m
ag

na
(%

)

SOD activity in D. magna (U/mg prot)

(b)

200 400 600 800
0

10

20

30

40

Accumulated copper in D. magna (mg g−1 dry wt)

Cu2+ only

Cu2+ + nano-TiO2

C
A

T
 a

ct
iv

it
y 

in
D

. m
ag

na
(U

/m
g 

pr
ot

)

(c)

0 10 20 30 40
0

25

50

75

100

M
or

ta
lit

y 
ra

te
 o

f
D

. m
ag

na
(%

)

CAT activity in D. magna (U/mg prot)

Cu2+ only

Cu2+ + nano-TiO2

(d)

Figure 4: Relationships between (a) SOD activity and accumulated copper, (b) mortality and SOD activity, (c) CAT activity and accumulated
copper, and (d) mortality and CAT activity in D. magna after 3 d of exposure to Cu2+ at different concentrations in the absence and presence
of 2 mg L−1 nano-TiO2. Mean ± standard deviation (n = 2).

Table 1: Accumulated copper in D. magna after 3 d of exposure to Cu2+ at different concentrations in the absence and presence of 2 mg L−1

nano-TiO2.

Exposure groups with copper (μg L−1)

Exposure system Control 10 20 30 40 50 70 100

Cu Accumulated copper (μg g−1)
229.48 327.94 344.23 378.59 425.38 455.56 491.42 574.84

±35.02 ±9.94 ±8.49 ±34.21 ±13.95 ±11.18 ±9.44 ±29.16

Cu + nano-TiO2 Accumulated copper (μg g−1)
134.63 428.03 452.32 486.57 523.97 535.44 595.67 687.05

±14.74 ±15.91 ±3.53 ±20.69 ±19.86 ±6.96 ±21.86 ±61.48

Data are presented as the mean ± standard deviation (n = 2).

Table 2: Mortality of D. magna after 3 d of exposure to Cu2+ at different concentrations in the absence and presence of 2 mg L−1 nano-TiO2.

Exposure groups with copper (μg L−1)

Exposure system Control 10 20 30 40 50 70 100

Cu Mortality rate (%) 0 0 0 6.25 12.5 21.88 31.25 46.88

Cu + nano-TiO2 Mortality rate (%) 0 15.63 28.13 40.63 46.88 56.25 68.75 84.38

Data are presented as the mean ± standard deviation (n = 2).
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Figure 5: Relationships of Na+/K+-ATPase activity with accumulated copper (a) and mortality (b) in D. magna after 3 d of exposure to Cu2+

at different concentrations in the absence and presence of 2 mg L−1 nano-TiO2. Mean ± standard deviation (n = 2).

ROS concentration fatally induced damage to cell structures,
lipids, and proteins, and the aquatic organisms died from
digesting the mixture of toxicants.

4. Conclusions

Even at low and safe levels, nano-TiO2 can enhance oxidative
stress by ROS generation due to its high adsorbability. Cu
+ nano-TiO2 generated ROS and the antioxidant defense
system was damaged due to the inhibition by Cu or Cu
+ nano-TiO2. Nano-TiO2 was able to impede the Na+/K+

transfer channel because of its particle size, thus causing
Na+/K+-ATPase inhibition. The increased ROS generation
caused by Cu + nano-TiO2 led to higher toxicity. These ROS
led to higher inhibition of Na+/K+-ATPase and physiological
functions were damaged. These results indicated that the
sorption of NPs played an important role in their toxicity
to aquatic organisms. Our study provided one of the first
detailed overviews on oxidative stress and the physiological
effects of Cu + nano-TiO2 in D. magna and further
elucidated nanosafety by revealing the correlation among
the antioxidation system, Na+/K+-ATPase, mortality, and
bioaccumulation.
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The degradation efficiency of methylene blue by TiO2 nanoparticles, which were synthesized under different synthesis conditions
(i.e., molar ratio of water and titanium tetraisopropoxide (TTIP), pH, and calcination temperature) in a sol-gel process, was
systematically investigated. The results showed that increasing the molar ratio of water and TTIP led to the enhanced photocatalytic
activity of TiO2 nanoparticles, which were likely attributed to the increased specific surface area of TiO2 nanoparticles synthesized
with high molar ratio. The results were supported by the relative increase in the size of interaggregated pores of the aggregated
TiO2 nanoparticles. The best photocatalytic activity of TiO2 nanoparticles was observed at acidic synthesis conditions; however,
the results were not consistent with physical properties for the crystallinity and the crystallite size of TiO2 nanoparticles but
rather explained by the presence of abundant hydroxyl groups and water molecules existing on the surface of TiO2 under acidic
synthesis environments. Furthermore, methylene blue degradation experiments revealed that the photocatalytic activity of TiO2

nanoparticles was maximized at the calcination temperature of 700◦C. The trend was likely due to the combined effect of the
anatase crystallinity which showed the highest value at 700◦C and the crystallite size/specific surface area which did not excessively
increase up to 700◦C.

1. Introduction

TiO2 is utilized in different environmental applications, such
as gas sensors [1, 2] and photocatalytic degradation of vari-
ous contaminants in waste-air and/or wastewater treatment
[3–6]. TiO2 usually has two crystalline phases, anatase (Eg =
3.2 eV) and rutile (Eg = 3.0 eV), and the anatase phase
frequently exhibits higher photocatalytic activity than the
rutile phase [7–10]. The most popular commercial TiO2

named by Degussa P25, containing around 70% anatase
and 30% rutile, is known to possess excellent photocatalytic
activity [7, 11]. The high activity of Degussa P25 was
mainly attributed to the mixed phase composition and the
high anatase crystallinity, which would favor photo-induced
charge separation as well as large specific surface area.

In addition to the phase composition, the specific
surface area and anatase crystallinity are important factors

influencing the photocatalytic performance of TiO2. Photo-
catalytic reactions using TiO2 particles degrade pollutants
by interaction with contaminants on the surfaces of the
particles. Therefore, as the specific surface area of the par-
ticles increases, the contact area with contaminants increases
and consequently the degradation efficiency increases. Also,
increasing anatase crystallinity results in the decrease in the
recombination rate of the electrons and holes so that the
photocatalytic efficiency improves [7, 12, 13].

Generally, a sol-gel method based on the hydrolysis of
titanium alkoxide is widely used to synthesize TiO2 nanopar-
ticles [14]. However, this method encounters some problems,
such as weak anatase crystallinity and poor monodispersity.
In addition, nanocrystalline TiO2 prepared by the sol-gel
method undergoes both phase transformation and crystallite
size growth even at relative low temperature [15]. To
apply TiO2 particles synthesized from the sol-gel process
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as photocatalytic catalysts, it is important to maintain
high anatase crystallinity [16]. Previous study reported
that high degree of anatase crystallinity can be achieved
without high temperature calcination when TiO2 particles
were synthesized at low temperature due to fast hydrolysis
and slow condensation [17]. In addition, many studies
regarding the evaluation of the photocatalytic activity of
TiO2 nanoparticles have been conducted (e.g., [12, 18–20]);
however, few focused on the correlation between parameters
used in the synthesis process of TiO2 nanoparticles and their
photocatalytic activity [18, 21].

Therefore, this study was designed to investigate the effect
of synthesis conditions (i.e., molar ratio (water: titanium
tetraisopropoxide (TTIP)), pH, and calcination tempera-
ture) on physicochemical surface characteristics (e.g., spe-
cific surface area, pore volume, crystallinity, and crystallite
size of synthesized TiO2, and functional groups onto the
surface of TiO2 nanoparticles) as well as initial photocatalytic
activity of TiO2 nanoparticles for the samples synthesized
under different conditions.

2. Materials and Methods

2.1. Preparation of TiO2 Nanoparticles. The nanocrystalline
TiO2 particles were prepared via a sol-gel process using
TTIP (Sigma-Aldrich, St. Louis, MO) and deionized water
(Milli-Q, Millipore, Bedford, MA) as the starting materials.
TTIP was dissolved in anhydrous alcohol (Sigma-Aldrich).
The molar composition of the prepared solution was 1 : 30
(TTIP : alcohol). The controlled solution was then added
dropwise to a known amount of deionized water. The molar
ratios of deionized water and TTIP were set to 2, 5, 10, 20,
and 50. In order to investigate the effect of the synthesis
pH value on the phase transformation (anatase to rutile)
and crystallite size, hydrochloric acid or aqueous ammonia
was dropped into the mixed solution to yield gels with
different pH values. The hydrolysis reaction was maintained
under agitation condition at a reaction temperature of 20◦C
for 24 h. Under these conditions, the precipitation took
place rapidly. The as-synthesized samples were recovered
by centrifugation (MF80, Hanil, Seoul, Korea), rinsed with
deionized water and alcohol, and dried at 80◦C for 24 h. The
synthesized TiO2 nanoparticles were calcined with a heat
rising rate of 3◦C min−1 and a keeping time of 2 h. The
temperature range investigated herein was 400–1000◦C.

2.2. Photocatalytic Activity. A quartz glass reactor with a
lamp immersed in the inner part of the reactor was used
for all the photocatalytic experiments. The batch reactor was
filled with 250 mL of an aqueous dispersion in which the
concentrations of TiO2 and methylene blue were 0.5 g L−1

and 10 mg L−1, respectively. Photocatalytic activity of the
synthesized TiO2 was compared with that of P25, and the
solution without TiO2 catalysts was set as the point of
comparison to consider the effect of pure degradation by the
light source. In order to quantitatively compare the relative
photocatalytic activity of TiO2 samples, first-order reaction
rate constant (k) for each sample was obtained from the

degradation data with irradiation time [22]. Prior to the
emission of UV light, the reactor containing TiO2 particles
and methylene blue was left for 30 min in a dark room
to allow the adsorption/desorption equilibrium condition
to be met [23]. A 120 W high pressure mercury lamp
(Daesung Lamp Co., Republic of Korea) with a wavelength
of 320–400 nm (a maximum emission at about 350 nm)
and a light intensity of 12.0 MW cm−2 at 350 nm was
used as UV light sources. After photocatalytic reaction, the
samples were immediately centrifuged and the quantitative
determination of methylene blue was performed by a UV-vis
spectrophotometer (CE 3041, Cecil, UK).

2.3. Characterization of TiO2 Nanoparticles. X-ray diffrac-
tion (XRD) studies were carried out by using an X-
ray diffractometer (Bruker D8 HRXRD, Germany). X-ray
diffraction patterns were recorded using CuKα radiation in
the step-scan mode with a 2θ range of 10◦ to 80◦. The
scanning was performed in steps of 0.015◦ 2θ with an interval
of 10 sec. The crystallite size and the relative amounts of
the anatase and rutile phase were calculated from the (101)
reflection of anatase and the (110) reflection of rutile. The
crystallite size of anatase and rutile phase was calculated
using the Scherrer’s equation [22]:

t = kλ

s cos θ
, (1)

where t is the crystallite size, λ is the wavelength of the X-ray
radiation (CuKα = 0.15406 nm, 40 kV, 40 mV), k is a constant
that was set to 0.94, θ is the diffraction angle, and s is the
line width at half maximum height. The weight fractions
of anatase present in TiO2 nanoparticles synthesized under
various conditions were calculated using the equation given
below [24]:

χ = 1
1 + 1.26(IA/IR)

, (2)

where χ is the weight fraction of the anatase phase, IA is
the diffraction peak intensity of the anatase (101) phase,
and IR is the diffraction peak intensity of the rutile (110)
phase. Nitrogen adsorption to synthesized nanoparticles was
measured using an AutoSorb-1 system from Quantachrome
Instruments (Syosset, NY). The samples were evacuated
prior to each measurement at 300◦C in a high vacuum for
6 h. Specific surface area, pore size distributions, and pore
volume were calculated from nitrogen adsorption isotherms.
Specific surface area (SBET) was calculated from the data
obtained from partial relative pressure ranged between
0.05 and 0.25 using the Brunauer-Emmett-Teller (BET)
method [25, 26]. Pore volume and pore size distributions
were determined from the amount of nitrogen adsorbed
at a relative pressure of 0.99 and by the Barrett-Joyner-
Halenda (BJH) method [27, 28]. The morphology of pre-
pared TiO2 nanoparticles was determined by transmission
electron microscopy (FE-TEM, JEM-2100F, JEOL, Japan).
The accelerating voltage of the electron beam was 220 kV.
The samples for TEM measurements were suspended in
ethanol and dropped onto holey carbon films supported
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Table 1: Results for the photodecomposition of methylene blue using the nanocrystalline TiO2 powders synthesized at various conditions.

Sample Adsorption amounta (mg g−1) First-order reaction rate constant (k)b (h−1) Decomposition ratioc (—)

P25 0.80 0.536 0.460

Molar ratiod (—)

2 0.41 0.295 0.263

5 1.10 0.690 0.538

10 1.21 0.786 0.621

20 1.68 0.846 0.640

50 2.02 0.873 0.657

pHe

2.5 1.03 0.894 0.658

4 0.92 0.864 0.641

7 1.10 0.690 0.538

9 0.85 0.588 0.480

11 1.46 0.551 0.440

Temperaturef (◦C)

400 2.37 0.516 0.395

500 1.21 0.431 0.357

600 1.10 0.690 0.538

700 0.98 0.871 0.614

800 0.22 0.701 0.515

900 0.20 0.468 0.376

1000 0.20 0.511 0.385
a
Amount of methylene blue adsorbed for first 30 min (refer to the adsorption zone in Figures 1, 5, and 8).

bValue determined by fitting the data for the photolysis zone in Figures 1, 5, and 8 to first-order reaction.
cRatio between degraded and initial amounts.
dOther synthesis conditions are as follows: pH = 7 and calcination temperature = 600 ◦C.
eOther synthesis conditions are as follows: molar ratio = 5 and calcination temperature = 600 ◦C.
f Other synthesis conditions are as follows: molar ratio = 5 and pH = 7.

Table 2: Physicochemical properties of the TiO2 nanoparticles synthesized with different molar ratios of water and TTIP. The TiO2 synthesis
was carried out at pH 7 and at a calcination temperature of 600◦C.

Molar ratio (—) Phase contenta SBET
b (m2 g−1) Pore volumeb (mm3 g−1) Crystalline sizec (nm)

2 (A): 100 29.6 38 18.2

5 (A): 100 38.2 69 18.0

10 (A): 100 44.0 58 19.2

20 (A): 100 51.0 92 18.5

50 (A): 82.5 63.9 110 (A): 18.5

(R): 17.5 (R): 19.3
a
A and R represent anatase and rutile, respectively.

bValue calculated from nitrogen adsorption isotherm.
cValue calculated using the Scherrer’s equation [22].

on Cu grids for imaging. Surface functional groups were
examined using a Fourier transform infrared spectrometer
(FT-IR, FT/IR-4100, JASCO, Japan) in the range of 650–
4000 cm−1.

3. Results and Discussion

3.1. Effect of Molar Ratio of Water and TTIP on Photocatalytic
Activity of TiO2. Figure 1 and Table 1 represent the initial
adsorption amount of methylene blue and the photocatalytic
activity of synthesized TiO2 according to the amount of
water added during TiO2 synthesis process. The pH of the
water added was 7, and the calcination temperature was
set to 600◦C. The adsorption amount of methylene blue
increased with increasing molar ratio, which is consistent
with increasing specific surface area of TiO2 samples with

increasing molar ratio (Table 2). For the photocatalytic
activity of TiO2 samples, greater degree of degradation for
methylene blue was observed for higher water concentration
ranges, and particularly the enhancement of photocatalytic
activity was pronounced when the molar ratio was greater
than 20 (i.e., k = 0.873 and 0.846 h−1 for the samples with
molar ratio of 50 and 20, resp.). Moreover, except for the
TiO2 sample produced with a molar ratio of 2, all samples
were found to have higher activity than P25.

Figure 2 and Table 2 show an XRD pattern of the
synthesized TiO2 prepared with different molar ratios of
water and TTIP. The XRD peaks at 2θ = 25.28 and 2θ =
27.40 are known to be the characteristic peaks of anatase
(101) and rutile (110) crystal phases, respectively [5]. An
anatase (101) phase started to appear from the sample with
a molar ratio of 2, and the phase was maintained until the
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Figure 1: Photocatalytic degradation of methylene blue by TiO2

nanoparticles synthesized with different molar ratios of water and
TTIP. The TiO2 synthesis was carried out at pH 7 and at a
calcination temperature of 600◦C. The results from the experiments
with P25 and without TiO2 nanoparticles were also presented for
comparison purpose.

100 20 30 40 50 60 70 80 90

R AAAAA

In
te

n
si

ty
 (

a.
u

.)

A

Molar ratio = 2

Molar ratio = 5

Molar ratio = 10

Molar ratio = 20

Molar ratio = 50

2θ (degrees)

Figure 2: XRD patterns of TiO2 nanoparticles synthesized with
different molar ratios of water and TTIP. The TiO2 synthesis was
carried out at pH 7 and at a calcination temperature of 600◦C. A
and R represent anatase and rutile, respectively.

molar ratio was 20. The existence of the anatase phase over
the broad range of molar ratio is likely due to the calcination
temperature (i.e., 600◦C) [15]. However, the TiO2 samples
with the molar ratio of 50 exhibited a rutile peak, indicating
that phase transition from anatase to rutile started to occur at
this point (Figure 2 and Table 2). This suggests that excessive
water additive caused a phase transition for the synthesized
TiO2 as observed from a previous study [29]. However,
regardless of the molar ratio, the crystallite size for the
synthesized TiO2 samples was consistently measured to be

about 18-19 nm (Table 2), indicating that the crystallite size
of the synthesized TiO2 was not significantly affected by the
water amount added.

In order to understand the effect of molar ratio of water
and TTIP on the photocatalytic activity of synthesized TiO2,
physical properties (i.e., pore volume and specific surface
area) of the synthesized TiO2 particles were evaluated, and
the results are presented in Table 2. The results showed
that the specific surface area and pore volume increased
with increasing molar ratio (i.e., increasing water amount).
Particularly, for the TiO2 sample synthesized with the largest
molar ratio of 50, the specific surface area and pore volume
were determined to be 63.9 m2 g−1 and 110 mm3 g−1, respec-
tively. Figure 3 shows TEM images to show the morphology
of the synthesized TiO2 nanoparticles for the highest and
lowest molar ratio (molar ratio = 50 for Figures 3(a) and 3(b)
and molar ratio = 2 for Figures 3(c) and 3(d)). No difference
in the particle shape was observed for the two samples
with respect to the TiO2 synthesis conditions. In addition,
the synthesized particles were found to be aggregated and
form many inter-aggregated pores. Hence, it is reasonable
to hypothesize that the greater specific surface area and
pore volume for the TiO2 nanoparticles with higher molar
ratio are likely due to the formation of more pores by the
cohesion between aggregated particles. This hypothesis is
supported by the result for the distribution of the pore
sizes (Figure 4) for the synthesized TiO2 samples according
to the amount of water added. When a relatively small
amount of water was added (molar ratio ≤ 10), the TiO2

nanoparticles were found to mostly possess pores with the
size of 2–5 nm; however, when molar ratio was greater
than 20, the extra pores greater than 5 nm were observed
to form. Moreover, for the samples with molar ratio of
20 and 50, it was observed that large quantity of extra
pores with the size of 10 and 8 nm, respectively, formed as
compared to those with low molar ratio. This result further
confirmed that higher dosage of water led to the greater
formation of the inter-aggregated pores due to the cohesion
between TiO2 nanoparticles. Consequently, larger specific
surface area and higher pore volume for the synthesized TiO2

nanoparticles with high molar ratio are thought to lead to
better degradation efficiency for methylene blue [30–32].

3.2. Effect of Synthesis pH on Photocatalytic Activity of
TiO2. In order to investigate the effect of synthesis pH on
photolysis efficiency of TiO2 nanoparticles, the degradation
rate of methylene blue by TiO2 nanoparticles, which was
synthesized under various pH levels of water, was examined
and the results are presented in Figure 5 and Table 1. The
amount of water added as a hydrolysis reagent was 5 mol
(i.e., molar ratio of water and TTIP = 5), and the calcination
temperature was fixed to 600◦C. Similar with the results for
molar ratio, the adsorption amount of methylene blue was
greater than for the samples with high specific surface area
(Tables 1 and 3).

Overall, the samples synthesized at low pH conditions ex-
hibited greater photocatalytic activity than P25 (i.e., k =
0.536 h−1 for P25 and k ≥ 0.551 h−1 for all samples
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Figure 3: TEM images of TiO2 nanoparticles synthesized with different molar ratios of water and TTIP: (a and b) 50 and (c and d) 2. The
TiO2 synthesis was carried out at pH 7 and at a calcination temperature of 600◦C.

Table 3: Physicochemical properties of the TiO2 nanoparticles synthesized with different pH conditions. The TiO2 synthesis was carried out
with a molar ratio (water and TTIP) of 5 and at a calcination temperature of 600◦C.

pH Phase contenta SBET
b (m2 g−1) Pore volumeb (mm3 g−1) Crystalline sizec (nm)

2.5 (A): 100 32.2 45 13.2

4 (A): 100 25.5 33 17.0

7 (A): 100 38.2 69 18.0

9 (A): 33.2 16.8 28 (A): 21.4

(R): 66.8 (R): 23.0

11 (A): 10.3 46.3 58 (A): 22.1

(R): 89.7 (R): 28.5
a
A and R represent anatase and rutile, respectively.

bValue calculated from nitrogen adsorption isotherm.
cValue calculated using the Scherrer’s equation [22].

synthesized) (Table 1). Especially, the TiO2 sample synthe-
sized at pH 2.5 showed the best photocatalytic activity (i.e.,
k = 0.894 h−1). The above results indicate that photocatalytic
activity of synthesized TiO2 nanoparticles is a function of the
synthesis pH of water which was used as a hydrolysis reagent
[33].

Figure 6 and Table 3 illustrate XRD patterns of TiO2

samples synthesized under different pH conditions. Anatase
phase was observed when hydrolysis reagent was acidic
(pH ≤ 7), but as pH increased, crystalline phase of synthe-
sized TiO2 showed a transition to the rutile phase (pH ≥ 9),
which is consistent with the results observed from a previous
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Figure 5: Photocatalytic degradation of methylene blue by TiO2

nanoparticles synthesized at different pH conditions. The TiO2

synthesis was carried out with a molar ratio (water and TTIP) of
5 and a calcination temperature of 600◦C. The results from the
experiments with P25 and without TiO2 nanoparticles were also
presented for comparison purpose.

study [29]. Specifically, an anatase phase was observed at
pH 2.5, and the anatase peak increased up to pH 7 with
maximum peak value (Figure 5); however, rutile peak started
to be observed at pH 9, and the peak was more pronounced
for the sample at pH 11.

The sizes of TiO2 synthesized under different pH were
observed to increase in accordance with increasing pH
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Figure 6: XRD patterns of TiO2 nanoparticles synthesized at
different pH conditions. The TiO2 synthesis was carried out with
a molar ratio (water and TTIP) of 5 and a calcination temperature
of 600◦C. A and R represent anatase and rutile, respectively.

(Table 3). It has been known that phase transition of TiO2 led
to the increase in crystallite size [34], which is consistent with
our results. Specifically, as the synthesis pH increased, phase
transition occurred in synthesized TiO2 nanoparticles, and
eventually crystallite size slightly increased. The results from
both crystalline phase and crystallite size for synthesized
TiO2, suggest that photocatalytic activity of TiO2 is expected
to be maximized at pH 7 since anatase crystallinity was
greatest at pH 7 with similar crystallite size as compared
to that at other pH conditions [35–37]. However, samples
synthesized at acidic conditions (i.e., pH 2 and 4) showed the
best photocatalytic activity, implying that it was not enough
to explain the result of photocatalytic performance only by
the properties of crystallinity and crystallite size of TiO2

nanoparticles.
Previously, some studies reported that the more OH

groups existed on the surface of TiO2, the greater photocat-
alytic activity appeared [38, 39]. Hence, the degree of OH
groups existing on the surface of synthesized TiO2 samples
was also investigated using FT-IR spectra in this study. The
FT-IR spectra of the nanocrystallite TiO2 powders are shown
in Figure 7. The broad peak appearing between 3200 and
3600 cm−1 is assigned to the stretching vibrations of the OH
groups [40]. The peaks in the range of 1620–1630 cm−1 are
attributed to the bending vibrations of the surface-adsorbed
water molecules [41]. The main peak appearing in the range
650–700 cm−1 corresponds to Ti–O and Ti–O–Ti stretching
vibrations [41, 42]. The FT-IR spectra of all samples showed
the characteristic peaks of Ti–O and Ti–O–Ti stretching
vibrations in the range of 650–700 cm−1. However, the
amount of adsorbed water molecules and hydroxyl groups
was different between the samples synthesized at different
pH conditions as evidenced by the intensity of the bands
corresponding to the bending vibrations of surface-adsorbed
molecules (1620–1630 cm−1) and the stretching vibrations
of the hydroxyl groups (3200–3600 cm−1). Relatively huge
difference in the FT-IR spectra was observed in the intensity
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Figure 7: FT-IR spectra of TiO2 nanoparticles synthesized at
different pH conditions. The TiO2 synthesis was carried out with
a molar ratio (water and TTIP) of 5 and a calcination temperature
of 600◦C.

of the peak appearing between 3200 and 3600 cm−1 assigned
to the stretching vibrations of the hydroxyl group. Addition-
ally, the sample synthesized under more acidic conditions
was observed to possess larger amount of adsorbed water.
The FT-IR results indicate that the amount of adsorbed
water molecules and hydroxyl groups on the surface of
TiO2 nanoparticles is closely related to their photocatalytic
activity. It has been previously reported that, during a sol-
gel process under low pH condition, hydrolysis reaction is
facilitated and condensation reaction is delayed [17].

Furthermore, it has been also reported that, under acidic
conditions, positive charge of OR group partially increased
to accelerate the hydrolysis reaction because OH group can
easily attach on the surface of titanium ions in accordance
with increasing repulsive force between positive charge of
titanium ion and the OR group [17, 43, 44]. Consistent with
the previous studies, our results also suggest that, under the
low pH condition, the interaction between hydrogen and
oxygen actively occurred during hydrolysis reaction, leading
to the formation of water molecules adsorbed on the surface
of the TiO2 powder, and accordingly, the increasing concen-
tration of hydroxyl group and water molecules on the surface
of TiO2. Therefore, the FT-IR (Figure 7) and methylene
blue degradation experimental results (Figure 5 and Table 1)
implied that photocatalytic activity of TiO2 nanoparticles
was enhanced under low synthesis pH conditions due to the
presence of abundant hydroxyl groups and water molecules
existing on the surface of TiO2. Yu et al. [33] also observed
the similar trend which was attributed to the improved
acidity (i.e., the number of surface acid sites) of the samples
synthesized at acidic pH conditions pH.

3.3. Effect of Calcination Temperature on Photocatalytic Activi-
ty of TiO2. Figure 8 and Table 1 show methylene blue degra-
dation efficiency by TiO2 nanoparticles synthesized at pH 7
with a 5 mol addition of water (i.e., molar ratio of water and
TTIP = 5) according to different calcination temperatures.
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Figure 8: Photocatalytic degradation of methylene blue by TiO2

nanoparticles synthesized with different calcination temperatures.
The TiO2 synthesis was carried out with a molar ratio (water and
TTIP) of 5 and pH 7. The results from the experiments with P25
and noncalcined TiO2 and without TiO2 nanoparticles were also
presented for comparison purpose.

For the reactors without TiO2 particles, no degradation
was observed above 5 min after UV irradiation. On the
other hand, all calcined TiO2 samples showed continuous
methylene blue degradation. The efficiency increased up to
700◦C (e.g., k = 0.871 h−1 for the sample calcined at 700◦C)
but decreased with calcination temperature above that point
(k < 0.871 h−1 when calcination temperature > 700◦C). A
similar trend was also observed from several previous studies
[45–47]. Additionally, the sample calcined at 1000◦C only
exhibited photocatalytic activity up to 20 min, and even after
about 80 min the degree of activity was almost identical with
that of the samples calcined at 500◦C or below (Figure 8).
The trend is likely due to relatively short reaction time (i.e.,
ca. 90 min) investigated in this study, which may not be
enough to see the distinct difference between both samples
(Figure 8) [24, 48, 49]. Another plausible explanation could
be the combined effect of the degree of crystallinity which
was improved with increasing temperature and the specific
surface area which decreased with increasing calcination
temperature (Table 4).

In order to understand the trend for the methylene blue
degradation efficiency by TiO2 nanoparticles with different
calcination temperatures, crystalline structure and crystallite
size of TiO2 nanoparticles were investigated. Figure 9 and
Table 4 show XRD patterns for TiO2 nanoparticles calcined
at different temperatures. Anatase peak started to appear at
400◦C and increased up to 700◦C. Rutile phase started to
appear at 700◦C, and the intensity increased from that point
with almost no anatase phase at 900◦C (i.e., anatase phase
content = ∼3.7 at 900◦C) (Table 4). It was also observed



8 Journal of Nanomaterials

Table 4: Physicochemical properties of the TiO2 nanoparticles synthesized with different calcination temperatures. The TiO2 synthesis was
carried out with a molar ratio (water and TTIP) of 5 and pH 7.

Temperature (◦C) Phase contenta SBET
b (m2 g−1) Pore volumeb (mm3 g−1) Crystalline sizec (nm)

400 (A): 100 83.3 85 9.6

500 (A): 100 40.1 55 13.7

600 (A): 100 38.2 69 18.0

700 (A): 92.4 33.1 46 (A): 28.5

(R): 7.6 (R): 33.1

800 (A): 15.1 22.3 32 (A): 58.9

(R): 84.9 (R): 94.1

900 (A): 3.7 19.5 30 (A): 77.2

(R): 96.3 (R): 113

1000 (R): 100 16.1 26 138
a
A and R represent anatase and rutile, respectively.

bValue calculated from nitrogen adsorption isotherm.
cValue calculated using the Scherrer’s equation [22].

RRR R
RR

A

R

AAA

A

A

100 20 30 40 50 60 70 80 90

2θ (degrees)

In
te

n
si

ty
 (

a.
u

.)

400 ◦C
500 ◦C
600 ◦C

700 ◦C

800 ◦C

900 ◦C

1000 ◦C

Figure 9: XRD patterns of TiO2 nanoparticles synthesized with
different calcination temperatures. The TiO2 synthesis was carried
out with a molar ratio (water and TTIP) of 5 and pH 7. A and R
represent anatase and rutile, respectively.

that anatase phase was totally disappeared and transformed
to rutile phase at 1000◦C. This result is consistent with
a previous study which reported that TiO2 synthesized
via a common sol-gel process showed phase transition at
around 600◦C or higher temperature [15]. Crystallite size
of TiO2 particles with different calcination temperatures is
also presented in Table 4. Overall, crystallite size increased
with increasing calcination temperature, showing substantial
increase at the temperature range between 700 and 800◦C.
More specifically, the anatase crystallite size of the samples
calcined at 700 and 800◦C was determined to be 28.5
and 58.9 nm, respectively (Table 4). These results suggest
that crystallite size and phase transition were much more
influenced by calcination temperature as compared to the
amount of water addition (i.e., molar ratio of water and
TTIP) and pH among the variables adjusted in the process
of TiO2 synthesis investigated herein.

Specific surface area and pore volume of TiO2 particles
synthesized at different calcination temperatures are listed

in Table 4. Specific surface area and pore volume of the
sample with lowest calcination temperature (i.e., 400◦C)
were determined to be 83.3 m2 g−1 and 85 mm3 g−1, respec-
tively. However, both specific surface area and pore volume
gradually decreased with increasing calcination temperature,
and the sample calcined at 1000◦C showed the lowest
values (SBET = 16.1 m2 g−1 and pore volume = 26 mm3 g−1).
These results are consistent with the finding from the
previous study which reported the inverse relationship
between crystallite size and specific surface area [23]. If
specific surface area and pore volume of TiO2 nanoparti-
cles were dominant factors controlling the photocatalytic
activity of TiO2, the activity would have decreased with
calcination temperature; however, the activity showed the
maximum value at 700◦C. The trend is likely attributed to
the combined effect of anatase crystallinity which showed
the highest intensity at 700◦C (Figure 9) [13] and crystallite
size which did not excessively increase up to 700◦C (Table 4).
Furthermore, the decreasing photocatalytic activity for the
samples with a calcination temperature of 800◦C or above
could be explained by the decreased specific surface area
and the subsequent reduction in the adsorption sites for
the degradation reaction due to the decrease in anatase
crystallinity and the excessive growth in crystallite size [31,
32].

4. Conclusions

In the present study, the degradation behavior of methylene
blue by TiO2 nanoparticles, which were synthesized under
different synthesis conditions (i.e., molar ratio of water and
TTIP, pH, and calcination temperature) in a sol-gel process,
was investigated. The correlation between physical properties
and photocatalytic activity of TiO2 nanoparticles according
to the different synthesis conditions is as follows.

(i) The amount of water added (i.e., molar ratio of water
and TTIP), which was used as hydrolysis reagent, did
not significantly influence the change in the crys-
tallite size of TiO2 nanoparticles; however, anatase
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crystallinity slightly decreased for the TiO2 synthe-
sized with large molar ratio of water and TTIP (i.e.,
50). The increasing molar ratio led to the enhanced
photocatalytic activity of TiO2 nanoparticles. The
results were likely attributed to the increased specific
surface area of TiO2 nanoparticles synthesized with
high molar ratio, which resulted from the relative
increase in the size of the inter-aggregated pores of
aggregated TiO2 nanoparticles.

(ii) TiO2 nanoparticles synthesized at acidic conditions
(i.e., pH 2 and 4) showed the best photocatalytic
activity. However, the results were not explained by
the physical properties for the crystallinity and the
crystallite size of TiO2 nanoparticles but explained by
the extent of active surface functional groups (e.g.,
hydroxyl group). Specifically, under low pH condi-
tions, photocatalytic activity of TiO2 nanoparticles
was enhanced by the presence of abundant hydroxyl
groups and water molecules existing on the surface of
TiO2.

(iii) Methylene blue degradation experiments revealed
that the photocatalytic activity of TiO2 nanoparticles
was maximized at the calcination temperature of
700◦C. However, specific surface area and pore vol-
ume of TiO2 nanoparticles gradually decreased with
increasing calcination temperature, indicating that
those physical properties were not critical for control-
ling the photocatalytic activity of TiO2 nanoparticles.
The trend was likely due to the combined effect of
the anatase crystallinity which showed the highest
value at 700◦C and the crystallite size which did not
excessively increase up to 700◦C.

The findings from this study indicate that physical
properties of TiO2 nanoparticles, which played an important
role on photocatalytic activity of TiO2, can be controlled by
varying the synthesis conditions, such as amount of water
addition (i.e., molar ratio of water and TTIP), pH, and
calcination temperature.
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A photoanode was fabricated using hematite (α-Fe2O3) nanoparticles which had been held in a thin film of hydrogen titanate
nanotubes (H-TiNT), synthesized by repetitive self-assembling method on FTO (fluorine-doped tin oxide) glass, which were
incorporated via dipping process in aqueous Fe(NO3)3 solution. Current voltage (I-V) electrochemical properties of the
photoanode heat-treated at 500◦C for 10 min in air were evaluated under ultraviolet-visible light irradiation. Microstructure
and crystallinity changes were also investigated. The prepared Fe2O3/H-TiNT/FTO composite thin film exhibited about threefold
as much photocurrent as the Fe2O3/FTO film. The improvement in photocurrent was considered to be caused by reduced
recombination of electrons and holes, with an appropriate amount of Fe2O3 spherical nanoparticles supported on the H-
TiNT/FTO film. Nanosized spherical Fe2O3 particles with about 65 wt% on the H-TiNT/FTO film showed best performance in
our study.

1. Introduction

Hydrogen production through photoelectrochemical (PEC)
water splitting process has been paid much attention as
a promising solution to the global energy problem [1–4].
Transition metal oxide semiconductors have been considered
candidate materials as a photoelectrode for this process.
Among them, one of the most extensively explored materials
is Fe2O3-based materials with optical energy bandgap of ∼
2.2 eV [5–7]. However, some major issues have been raised
in the fabrication of a Fe2O3 photoanode as well as electro-
catalyst, such as low electrical conductivity of the material
itself and necessity of less than 5 nm particle synthesis, to
avoid electron-hole recombination related to the extremely
short diffusion distance of holes, among others [8, 9].
Along with the transition metal oxide semiconductors, TiO2

with optical energy bandgap of 3.0∼3.2 eV has also been

much investigated as an electrode material due to its favor-
able characteristics, such as photoelectrochemical stability,
nontoxicity, and low cost for fabrication [10–12]. In our
present study, we focused on the fabrication and optimiza-
tion of nanosized Fe2O3 supported on TiO2-based nanotube
materials for PEC cell performance for the water splitting
process. The materials are expected to exhibit the advantages
of the porous TiO2-based nanotube thin film support, as
they are fully utilized to enhance the photoelectrochemical
performance of supported Fe2O3 nanoparticles.

To overcome the aforementioned limitations in the PEC
application, in this paper, porous TiO2 film converted by heat
treatment from the H-TiNT (hydrogen-titanate nanotube)
film fabricated by repetitive self-assembling method on the
FTO substrates was utilized to support Fe2O3 nanoparti-
cles. The materials were characterized, and their I-V PEC
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Figure 1: SEM surface images of Fe oxide and TiNT films coated on the FTO substrate; (a) FTO film, (b) Fe oxide (Fe2O3 = 27.16 wt%)/FTO
film, (c) Fe oxide (Fe2O3 = 100 wt%)/FTO film, and (d) H-TiNT/FTO film, which were heat-treated at 500◦C for 10 min in air.

performance under ultraviolet-visible (UV-Vis) light irradi-
ation for the water splitting process was carefully investigated
to optimize the Fe2O3 particles on the support.

2. Experimental Procedure

Repetitive self-assembling of oppositely charged ions in an
aqueous solution was applied to directly coat the H-TiNT
powder, which was obtained from a hydrothermal technique
detailed in our previous reports, on a transparent conducting
substrate of FTO glass [13–17]. FTO glass (Asahi Glass
Co.) used as a transparent conductive substrate was surface-
treated for 20 min in 0.2 M polyethyleneimine (PEI, Aldrich)
aqueous solution containing positively charged ions. All the
aqueous solutions were prepared using distilled water of
1.8 MΩ. The surface-pretreated FTO glass was immersed
for 20 min in an aqueous 10 g/L H-TiNT solution dis-
persed together with 0.2 M tetrabutylammonium hydroxide
(TBAOH, Aldrich) to produce negatively charged ions. Using
the same method, an H-TiNT-treated film was subsequently
immersed in 0.2 M polydiallyldimethylammonium chloride
(PDDA, Aldrich) aqueous solution containing positively
charged ions. Repetition of these processes yielded an H-
TiNT film coated on the FTO glass with approximately 700∼
1000 nm thickness as previously reported in our research
[15–17]. The obtained H-TiNT/FTO glass was dried under
UV-Vis light irradiation (Hg-Xe 200 W lamp, Super-cure,
SAN-EI Electric) to remove water and all the surfactants,
such as PEI, TBAOH, and PDDA using photocatalytic
removal reaction occurred by H-TiNT particles with the
optical energy bandgap of 3.5 eV [16], without any sintering.
Then, for the Fe2O3 nanoparticle coating process, the dried
H-TiNT/FTO substrates were dipped in an aqueous 1.0 M

Fe(NO3)3 solution for 6∼24 hrs. It was also done by multiple
dipping of the samples in the solution along with the heat
treatment after each dipping, at 500◦C for 10 min in air
atmosphere. In order to have thin thickness of the Fe2O3 film
which has a bandgap of 2.2 eV, the optical energy bandgap
of the Fe2O3/H-TiNT/FTO samples was controlled to be in
the range of 3.24∼2.9 eV. The heat treatment was done inside
a box furnace with the heating rate of 500◦C/sec to produce
the final photoanode thin film with α-Fe2O3 phase, where the
rapid heating rate was accomplished by plunging the samples
into the hot zone of the furnace maintained at 500◦C.

The microstructures, crystallinities, optical energy band
gap, and I-V electrochemical properties of the as-prepared
heat-treated thin films were analyzed using scanning electron
microscopy (SEM; S-4700, Hitachi), Raman spectroscopy
(Renishaw, inVia Raman microscope), UV-Vis spectroscopy
(S-3100, Sinco), and cyclic voltammetry (μAutolab type III,
Micro Autolab), respectively. To measure the I-V electro-
chemical property, a calomel electrode and a Pt wire were
used as the reference and counter electrodes, respectively,
when the Fe2O3/H-TiNT composite film was used as the
working electrode in an aqueous 1.0 M NaOH deaerated
solution under irradiation of 130 mW/cm2 UV-Vis spectrum
(Hg-Xe 200 W lamp, Super-cure, SAN-EI Electric). The
measured potentials versus calomel electrode were converted
to the reversible hydrogen electrode (RHE) scale.

3. Results and Discussion

Figure 1 displays the SEM photos for the surface microstruc-
tures of the Fe oxide and the H-TiNT films coated as a
photoanode material on the pure FTO substrate, which were
all heat-treated at 500◦C for 10 min in air. Figure 1(a) is the
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surface of the heat-treated FTO substrate with 300∼500 nm
sized grains and a roughness of ±200 nm. Figures 1(b) and
1(c) are the images of Fe oxide films with 27.16 and 100 wt%
of Fe2O3, respectively, coated on the surface of the FTO sub-
strate after multiple dips in an aqueous 1 M Fe(NO3)3 solu-
tion, drying, and heat treatment. Here, the amounts of Fe2O3

were calculated by multiplying the measured concentration
of combined elements of Sn and Fe by energy-dispersive
spectroscopy, assuming a complete conversion of Fe(NO3)3

to Fe2O3. Figure 1(d) illustrates the H-TiNT film on the FTO
substrate obtained by the repetitive self-assembling method
as described in the experimental procedure. Figure 1(b)
depicts the FTO substrate partially covered with less than
10 nm wide Fe2O3 particles. Figures 1(c) and 1(d) present
the FTO substrate fully covered with 10∼30 nm sized Fe2O3

particles and H-TiNT nanoparticles, respectively. It can be
seen in Figure 1(d) that the H-TiNT nanoparticles consist
of spherical and longitudinal particles transformed from
∼10 nm wide and ∼100 nm long tubular-shaped particles.
It was confirmed by SEM and TEM techniques that the
films in Figures 1(c) and 1(d) have less than 1 μm thick
film coatings, especially Figure 1(d) was 700∼1000 nm thick
[15]. To confirm the phase or crystallinity of the specimens
in Figures 1(a), 1(c), and 1(d), the Raman spectra are
presented in Figure 2. The crystallographic characteristics
of heat-treated FTO, Fe2O3, and H-TiNT films were also
compared with those of the untreated FTO film (not shown).
From the micrographs in Figure 1 and the corresponding
Raman spectra in Figure 2, the microstructure of the heat-
treated sample was found to consist of spherical α-Fe2O3,
longitudinal titanate, and the spherical anatase TiO2 phase,
which was similarly observed and reported in our previous
work [16].

The specimens in Figure 1 were initially applied to the
photoanode for the water splitting process, where their I-
V electrochemical characteristics were evaluated using a
linear sweep voltammetry in the range of +0.7∼+1.5 V versus
the RHE under 130 mW/cm2 UV-Vis light illumination
(Figure 3). The current signals of all the specimens were
detected with an onset voltage of around 0.9 V versus
RHE. Both the heat-treated FTO and H-TiNT/FTO films
yielded relatively very low currents up to the applied
potential of 1.3 V versus the RHE, indicating that water
splitting is electrochemically difficult at 1.23 V versus RHE.
When the Fe2O3 film partially covered the FTO substrate
(Fe2O3 = 27.16 wt%), its current significantly increased
(1.39 mA/cm2) at 1.23 V versus RHE, whereas the Fe2O3 film,
which fully covered the surface of the FTO substrate, yielded
a relatively low value, although higher than those of the heat-
treated FTO and H-TiNT/FTO films. This variation indicates
that not all the currents generated by the thick or full Fe2O3

film coating can be completely collected through the FTO
conducting layer, compared with those generated by the thin
or partial Fe2O3 film coating. As shown in Figures 1(b) and
1(c), it is thought that the collection of electrons in these
specimens was not perfectly accomplished by the 5∼30 nm
Fe2O3 particles due to the typical recombination of electron
hole [18, 19], although the amount of generated electrons
on the thick or full Fe2O3 film coating on the FTO substrate
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Figure 3: I-V characteristic curves for FTO film, and H-TiNT/FTO
and Fe oxide (Fe2O3 with 27.16 and 100 wt%)/FTO films.

with UV-Vis light irradiation could become ample enough.
Thus, it is obviously known that the amount or size of the
Fe2O3 particles supported on the FTO substrate should be
appropriately controlled to increase the current. However,
because it was found that the current decreased abruptly
with the Fe2O3 more than 27.16 wt% as in our preliminary
experiments, our focus should be directed to the reduction
of the Fe2O3 particle size or the insertion of a new easy
path layer to the FTO substrate beneath the Fe2O3 film for
energy band alignment. It would be more effective to protect
the recombination of electrons and holes photogenerated in
real system. Various amounts of Fe2O3 nanoparticles were
supported on an H-TiNT/FTO composite film using the self-
assembling or dipping procedure, as shown in Figure 4.

Figures 4 and 5 show the I-V electrochemical char-
acteristics curves and the current at 1.23 V versus RHE,
with varied Fe2O3 amounts supported on an H-TiNT/FTO
composite film by controlling the dipping time or multiple
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Figure 5: Current at 1.23 V versus RHE from I-V electrochemical
characteristic curves of Figure 4.

dippings in an aqueous Fe(NO3)3 solution, respectively. This
was followed by heat treatment at 500◦C for 10 min in
air to obtain the hematite-Fe2O3 phase. Here, the amount
of Fe2O3 was also calculated by multiplying the measured
concentration of combined elements of Ti and Fe by energy-
dispersive spectroscopy, assuming a complete conversion
of TiO2 and Fe2O3 from H-TiNT and Fe(NO3)3. As the
supported amount of Fe2O3 nanoparticles increases, the
onset voltage decreases to approximately 0.7 V versus RHE,
whereas their generated current significantly increases. The
current density increase can be easily understood by the
reasoning that more Fe2O3 involved due to the advantage of
TiO2 in the sample would enhance the visible light absorp-
tion. Performance improvements were similarly observed
with the integrated materials, for the same purpose as ours,
such as Fe-modified TiO2 nanotubes [20] and CuS/ZnS
porous nanosheets [21]. As shown in Figure 5, the current at
1.23 V versus RHE peaks at 4.81 mA/cm2 with 65.48 wt% of
the supported Fe2O3 nanoparticles on the H-TiNT/FTO film,

which is about threefold as much current as the Fe2O3/FTO
film. The generated current then decreases abruptly and
would become saturated to approximately 1.4 mA/cm2 due
to formation of thick Fe2O3 film.

Figure 6 shows the representative SEM photos of the
surface microstructures of the H-TiNT/FTO film supporting
various amounts of Fe2O3 nanoparticles of Figure 4, which
were obtained at 500◦C for 10 min heat treatment. The
Fe2O3 nanoparticles observed on the SEM surfaces with the
amounts, when compared to Figure 6(d) which evidently
covered the entire surface of the film, are different than
the heat-treated H-TiNT/FTO (Figure 1(d)). At 96.07 wt%
Fe2O3, the H-TiNT surface is almost perfectly covered by
thick and more than 5 nm Fe2O3 particles similarly to
those in Figure 1(c), although the surfaces fully covered
with Fe2O3 nanoparticles had some pores. It was checked
in preliminary work that the specimen of Figure 1(c)
had about 2.9 eV of the optical energy bandgap, which
means obtainment of thin Fe2O3 layer because bulky Fe2O3

material has about 2.2 eV. However, when covered with
Fe2O3 nanoparticles, approximately more than 70 wt% of
the specimens yielded relatively low current, still indicating
the existence of a large recombination of electrons and holes
photogenerated because their values are larger than those
in the Fe2O3/FTO film. Consequently, it can be known that
the maximum current can be obtained after heat treatment
when supporting the appropriate amount of hematite-
Fe2O3 nanoparticles around 65 wt% on the H-TiNT/FTO
film. When the Fe2O3/FTO film is compared with the H-
TiNT/FTO film, the H-TiNT coating cannot yield enough
current. However, this coating can contribute greatly to the
generation of an enhanced current as an easy path layer by
reducing the recombination of electrons and photogenerated
holes. Although Fe2O3 nanoparticles produce current, larger
amounts or thick Fe2O3 nanoparticles result in the partial
collection of generated current at the FTO electrode by
increasing losses such as the recombination of electrons and
holes and leakage current by high resistivity of Fe2O3 film.
Thus, it can be said from our data that the insertion of an easy
electron path layer beneath the Fe2O3 top layer is necessary
to enhance the current for an efficient water splitting process.
In the near future, our studies will be focused in detail on
the importance and effect of the H-TiNT film to support
Fe2O3 nanoparticles to increase the collected current at the
FTO substrate. This can be conducted by the easy collection
of photogenerated electrons from a Fe2O3 top layer, with
controlled nanosizes of less than 10 nm, through detailed
characterizations of H-TiNT and Fe2O3 materials.

4. Conclusions

To overcome the limitations of the Fe2O3 material for PEC
application, H-TiNT film prepared by the repetitive self-
assembling method on the FTO substrate was utilized to
support Fe2O3 nanoparticles.

The Fe(NO3)3/H-TiNT composite films were heat-
treated at 500◦C for 10 min in air with very rapid heating rate
of 500◦C/sec. The materials were characterized, and their I-V
electrochemical performance under UV-Vis light irradiation
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Figure 6: SEM surface images of Fe2O3 films with various amounts of (a) 25.84 wt%, (b) 65.48 wt%, (c) 71.58 wt%, and (d) 96.07 wt%
supported on the H-TiNT/FTO film and finally heat-treated at 500◦C for 10 min in air.

for the water splitting process was carefully investigated to
determine the optimized Fe2O3 particle content. The heat-
treated hematite-Fe2O3 phase film showed superior genera-
tion and collection of current with appropriate amounts of
Fe2O3 on the H-TiNT film, with mixture of a longitudinal
titanate phase and a spherical anatase TiO2 phase. The
onset voltage at 65.48 wt% supported Fe2O3 decreased to
approximately 0.7 V versus RHE, and its current peaked at
4.81 mA/cm2 at 1.23 V versus RHE. Although the Fe2O3

nanoparticles produced current, larger amounts or thick
Fe2O3 nanoparticles resulted in a loss of generated current by
increasing the recombination of electrons, holes, and leakage
current by high resistivity of Fe2O3 film, and so forth. In
conclusion, it can be suggested that the insertion of an easy
electron path layer beneath the Fe2O3 top layer is necessary
to enhance the current for an efficient water splitting process.
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Multiwalled carbon nanotube based nanoscale Ag2S and TiO2 composites have successfully synthesized via a facile ultrasound-
assisted method. The nanocomposites were characterized by Fourier transform infrared (FT-IR) spectroscopy, UV-vis absorption
spectra, BET surface area measurements, X-ray diffraction (XRD), and transmission electron microscopy (TEM). The Ag2S-
TiO2/CNT nanocomposites exhibited much higher photocatalytic activity than pure TiO2 for the degradation of Rhodamine B
(Rh.B) under UV and visible light. The improved photocatalytic activities may be attributed to increased adsorbability of Rh.B
molecules and increased charge transfer rate in the presence of a one-dimensional MWCNT network.

1. Introduction

Industrial dyestuffs including textile dyes are recognized as
being a major environmental threat. Physical, chemical, and
biological methods are available for the treatment of such
waste. However, they are not sufficient and have some disad-
vantages. Therefore, advanced oxidation processes (AOPs),
including peroxone, nonthermal plasma, photo-Fenton,
UV/O3, UV/H2O2, and semiconductor photocatalysis pro-
cesses, have been developed by many researchers as processes
for the degradation of organic compounds that are suitable
for achieving the complete elimination and mineralization of
various pollutants [1–4].

The present work focuses on coupled nanoscale semi-
conductors. It has been reported that the development of
coupled semiconductors with nanometer sizes is an effective
approach to prepare photocatalytic materials that can utilize
sunlight effectively [5]. In addition, these coupled semicon-
ductors, including MS/TiO2 (where M = Pb, Zn, Cd), also
exhibit fine optical properties (absorption and photolumi-
nescence) compared with those of their corresponding bulk
materials due to quantum confinement effects [6]. However,
it has been revealed that MS/TiO2 photocatalysts have some

disadvantages, such as difficult recovery, easy cohesion, and
low utilization rate in practical applications, due to the weak
surface forces, when the particle size is small, thus it can
easily agglomerate. So by the accumulation of carriers the
adsorption mass transfer rate and efficiency of photocatalytic
degradation are reduced to a certain extent [7, 8]. Therefore,
in order to solve this problem, an alternative method
was employed in this study, which involved immobilizing
nanoparticles onto an inert and porous supporting matrix.

Multiwalled carbon nanotubes (MWCNTs) have been
widely applied as a promising raw material in many areas of
science and technology due to their outstanding physical and
electrical properties, such as high tensile strength and elastic
modulus and excellent thermal and electrical conductivity [9,
10]. So far, MWCNTs have been used to synthesize not only
various composite materials, including polymer/MWCNTs
[11] and metal/MWCNTs [12] composites, but also vari-
ous MWCNTs/metal sulphide nanoparticle hybrid catalysts,
where the MWCNTs can function as supporting materials
[13–16].

Among the metal sulphide materials, Ag2S is an impor-
tant semiconductor that has been used in photovoltaic cells,
electrochemical storage cells, IR detectors, photoconductors,
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and so on [17, 18]. Its conduction band (−0.3 eV) is less
anodic than the corresponding TiO2 band (−0.1 eV), and
its valence band (+0.7 eV) is more cathodic than the TiO2

valence band (+3.1 eV) [19, 20]. Nanocrystalline Ag2S will be
a good candidate for the photosensitization of TiO2 catalysts.

In this work, we focused on the fabrication and charac-
terization of the nanoscale Ag2S-TiO2/CNT composite pho-
tocatalyst. The microstructure, surface state, and elemental
compositions of the prepared Ag2S-TiO2/CNT composites
were investigated. The new products were characterized
by the Fourier transform infrared (FT-IR) spectroscopy,
energy dispersive X-ray (EDX) analysis, nitrogen adsorption
Brunauer-Emmett-Teller (BET) specific surface area analysis,
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD), and UV-vis
diffuse reflectance spectra (DRS). The photocatalytic activity
of the Ag2S-TiO2/CNT nanocomposites was assessed by
examining the degradation of Rh.B in model aqueous
solutions as a probe reaction under UV-vis light irradiation.
The kinetics and mechanism of the photocatalysis were also
studied.

2. Experimental

2.1. Materials and Reagents. MWCNT (95.5%) powder,
containing nanotubes with diameters of 20 nm and lengths
up to 5 μm, was purchased from Carbon Nano-material
Technology Co., Ltd., Korea. To oxidize the surface of
the MWCNTs, we used m-chloroperbenzoic acid (MCPBA)
purchased from Acros Organics, New Jersey, USA as an
oxidized reagent. Ethyl alcohol was purchased from Duksan
Pure Chemical Co. (Korea) and used as received. Titanium
(IV) n-butoxide (TNB, C16H36O4Ti) was used as a titanium
source. Silver nitrate (AgNO3) and sodium sulfide·5-hydrate
(Na2S·5H2O) were used for the preparation of Ag2S and
were supplied by Duksan Pure Chemical Co., Ltd, Korea,
and Yakuri Pure Chemicals Co., Ltd., Japan, respectively.
Analytical-grade Rhodamine B (C28H31ClN2O3) was pur-
chased from Samchun Pure Chemical Co., Ltd., Korea. All
chemicals were used without further purification, and all
experiments were carried out using distilled water.

2.2. Preparation of Ag2S-TiO2/CNT Composite Photocatalysts.
Although MWCNT present remarkable intrinsic properties,
it is necessary to functionalize their surfaces to obtain higher
performances and to produce well-dispersed supported
catalysts [21]. The purposes of these oxidative treatments are
(i) to improve the interaction of MWCNTs with solvents and
their dispersion; (ii) to allow the grafting of nanoparticles;
(iii) to modify the adsorption properties of MWCNTs;
(iv) to perform chemical treatments on MWCNTs. Here,
the original MWCNTs were treated with a particular acid
(MCPBA) and not the nitric-sulfuric acid (HNO3-H2SO4,
volumetric ratio: v/v = 1/3) used elsewhere in the literature
[22].

A total of 2.0 g of MCPBA was dissolved in 60 mL
of benzene to obtain the oxidizing agent. Then 0.6 g of
MWCNTs was put into the oxidizing agent, refluxed for
6 h, filtered, and dried. The 0.03 g of oxidized MWCNTs

Table 1: Nomenclature of the samples prepared with the as-
prepared composite.

Preparation method Nomenclatures

MCPBA + benzene + MWCNT Oxidized MWCNT

Oxidized MWCNT + AgNO3+ Na2S·5H2O Ag2S-CNT

Ag2S-CNT + ethyl alcohol + H2O + TNB +
ultrasound

Ag2S-TiO2/CNT

AgNO3+ Na2S·5H2O + benzene + TNB Ag2S/TiO2

MCPBA + benzene + MWCNT + TNB CNT-TiO2

and 10 mL of absolute alcohol was put into a glass beaker
and ultrasonically dispersed until the alcohol was completely
volatile, and then 50 mL of AgNO3 solution was added under
stirring for 1 h. A stoichiometric amount of 30 mL of 0.003
mol Na2S·5H2O solution was prepared separately and added
dropwise to the solution with continuous stirring for 3 h at
343 K. After that, the obtained suspension was heated and
refluxed for another 4 h under stirring. The final products
were filtered and washed repeatedly with distilled water and
ethanol and then vacuum dried at 373 K.

The Ag2S-treated CNT composites were placed into a
mixed solution with the molar ratios of ethanol : H2O : TNB
= 35 : 15 : 4, and finally the suspension was sonicated at room
temperature for 3 h using a Controllable Serial-Ultrasonic
apparatus (Ultrasonic Processor, VCX 750, Korea). The final
products were filtered and washed repeatedly with distilled
water and ethanol and then vacuum dried at 373 K, then
the dried catalyst was ground in a ball mill (FRITSCH
Pulverisette 6, Daemyung Scientific. Co. Ltd.) and calcined
at 773 K for 3 h to get a Ag2S-TiO2/CNT composite.

Meanwhile, for comparison, another three photocata-
lysts, marked as TiO2, CNT/TiO2, and Ag2S/TiO2, were pre-
pared using similar procedures. The preparation conditions
of the samples are listed in Table 1.

2.3. Characterization of Photocatalysts. FT-IR spectroscopy
(FTS 3000MX, Biored Co., Korea) was used to characterize
the functional groups of Ag2S-TiO2/CNT composites. EDX
spectra were also used for elemental analysis of the samples.
The BET surface areas of the photocatalysts were determined
by measuring nitrogen adsorption at 77 K using a BET
analyzer (Monosorb, USA). All the samples were degassed
at 623 K before the measurement. The morphologies of
the photocatalysts were analyzed by SEM (JSM-5200 JOEL,
Japan) at 3.0 keV, which was equipped with an energy
dispersive X-ray analysis system (EDX). Transmission elec-
tron microscopy (TEM, JEOL, JEM-2010, Japan) with an
accelerating voltage of 200 kV was used to examine the
size and size distribution of the photocatalyst particles. The
crystallographic structures of the composite photocatalysts
were observed by using XRD (Shimatz XD-D1, Japan) at
room temperature with Cu Kα radiation (λ = 0.154056 nm)
and a graphite monochromator, operated at 40 kV and
30 mA. To analyze the light absorption of the photocatalysts,
UV-vis absorption spectra was obtained by using a scan
UV-vis spectrophotometer (Neosys-2000) equipped with
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an integrating sphere assembly. The UV-vis spectra for
Rh.B solutions degraded by TiO2, Ag2S-CNT, CNT/TiO2,
Ag2S/TiO2 and Ag2S-TiO2/CNT composite photocatalysts
under UV-vis light irradiation were recorded using a UV-Vis
(Optizen Pop Mecasys Co., Ltd., Korea) spectrometer.

2.4. Measurement of Photocatalytic Activities. The photocat-
alytic experiments were performed at ambient temperature
to test the ability of the as-prepared composites (TiO2,
Ag2S-CNT, CNTsTiO2, Ag2S/TiO2 and Ag2S-TiO2/CNT) to
catalyze the degradation of Rhodamine B. The photocatalytic
activities of the samples were evaluated in terms of the degra-
dation of Rhodamine B under UV-vis light illumination. The
UV (8 W, λ = 365 nm, B. P. 66, Vilber Lourmat) and visible
light sources (8 W, λ > 420 nm, KLD-08L/P/N, Fawoo Tech-
nology) were used at a distance of 100 mm from the solution
in a darkness box. The initial concentration of Rh.B (c0)
was 3.0× 10−5 mol/L. The photocatalyst powder (0.03 g) was
dispersed in a 100 mL glass photoreactor containing 100 mL
of dye solution. The mixture was sonicated for 10 min and
stirred for 30 min in the dark in order to reach adsorption—
desorption equilibrium. At the given time intervals a sample
of 3.5 mL was taken from the mixture and immediately
centrifuged to remove the dispersed photocatalysts. The
concentration of the clean transparent solution was analyzed
by checking the absorbance at 554 nm for Rh.B with the
UV-vis spectrophotometer. The reproducibility was checked
by repeating the measurements at least three times and was
found to be within the acceptable limit (±5%).

3. Results and Discussion

3.1. Physicochemical Properties. The FT-IR spectrum of
the MWCNTs was rather simple and suggested extensive
oxidation (Figure 1). The spectra of the crystalline material
showed well-distinguished and sharp bands, whereas the
amorphous spectra were less resolved. Figures 1(a) and 1(b)
show the FT-IR spectra of oxidized MWCNTs and Ag2S-
CNT, respectively.

After oxidation by a strong oxidant (MCPBA), the MWC-
NTs have various kinds of functional groups (Figure 1(a)).
The bands at 2910 and 2847 cm−1 were assigned to the C–H
stretching vibration. The bands at 891, 1210, and 1726 cm−1

were assigned to the C–H, C–O, and C=O stretching
vibrations, respectively [23]. The above observations suggest
that oxidation was promoted in all treatments and caused
the formation of functional groups which can increase the
number of active sites on the surface of MWCNTs [24, 25].

From Figure 1(b), the weak peak at 1220 cm−1 and the
strong peak at 1170 cm−1 were assigned to the C–O bond
and the weak peak at 1687 cm−1 and the strong peak at
1726 cm−1 were assigned to the characteristic C=O bond
in carbonyl groups. Peaks corresponding to C–H functional
groups were observed at approximately 2921 cm−1. From
this, it was found that the functional group density on
oxidized MWCNTs was decreased, which could be attributed
to some of the functional groups which had combined with
Ag2S particles.
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Figure 1: FT-IR spectra: (a) MCPBA-oxidized MWCNTs and (b)
Ag2S-CNT.

The EDX spectra of CNTs/TiO2, Ag2S/TiO2, and Ag2S-
TiO2/CNT composites are shown in Figure 2, and elemental
microanalyses (wt%) of the samples are listed in Table 2.
EDX indicated C, O, Ti. and Ag, S as the major elements in
the composites. In the comparison of the spectra between
the Ag2S/TiO2 and Ag2S-TiO2/CNT composites, the latter
have not only the peaks of S, Ag, Ti, and O, but also
of C. For the Ag2S/TiO2 sample, some impure elements
including Cu existed which may have been introduced by
the Ag2S/TiO2 preparation process. In CNT/TiO2 and Ag2S-
TiO2/CNT samples, the spectra show the presence of C, O,
and Ti, as major elements, and the strong peaks of Ag and S
elements were also observed.

The specific surface areas (BET) of the as-prepared
composites were also listed in Table 2. In comparison to
MWCNTs, The BET value was decreased from 211.43 m2/g
of MWCNTs to 101.27 m2/g of CNT/TiO2. The BET surface
area was decreased to 87.89 m2/g when the Ag2S particles
were obtained in Ag2S-TiO2/CNT composites. This suggests
that the TiO2 and Ag2S nanoparticles were introduced
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Table 2: EDX elemental microanalysis, BET surface areas, and adsorption efficiency of the composites.

Sample name
C O Ti Ag S Impurity BET Adsorption

(%) (%) (%) (%) (%) (%) (m2/g) efficiency (%)

MWCNTs 99.99 — — — — 0.01 211.43 —

TiO2 — — 99.99 — — 0.01 11.54 3.84

Ag2S/TiO2 — 35.42 50.89 8.85 4.43 0.41 41.67 12.86

CNT-TiO2 20.84 44.11 35.05 — — — 101.27 37.02

Ag2S-TiO2/CNT 20.99 30.74 38.23 6.43 3.61 — 87.89 22.96

0 1 2 3 4 5 6 7 8 9 10
Full scale 4174 cts cursor: 0 keV

(a)

0 1 2 3 4 5 6 7 8 9 10
Full scale 12423 cts cursor: 0 keV

(b)

0 1 2 3 4 5 6 7 8 9 10
Full scale 4301 cts cursor: 0 keV

(c)

Figure 2: EDX elemental microanalysis: (a) CNT-TiO2, (b)
Ag2S/TiO2, (c) Ag2S-TiO2/CNT catalysts.

into the pores of the MWCNTs, which decreased the BET
surface area. The Ag2S/TiO2 sample has a slight tendency to
agglomerate, and thus it has a smaller BET surface area of
41.67 m2/g.

The typical microsurface structures and morphologies
of the as-prepared composites were characterized by SEM
and TEM in Figure 3. Figure 3(a) is a typical SEM image
of the prepared microrod-shaped Ag2S nanoparticles, from
which it is clear that large-scale uniform microrods with
an average diameter of ca. 1.5 μm have been prepared.
Figure 4(b) shows that the Ag2S-CNT composite has a
favorable morphology. Most of the Ag2S particles were
uniformly enclosed or overlapped by the functionalized
MWCNTs, which thus set the stage well for the coating of the
TiO2 particles onto the surface of the Ag2S-CNT composite

as it allowed for excellent dispersity. From Figure 3(c), it
is clear that the prepared Ag2S/TiO2 composite has a little
tendency to agglomerate. The agglomeration may occur
because when the crystal particle size is very small, they
can easily agglomerate due to weak surface forces. From
Figure 3(d), the as-prepared Ag2S-TiO2/CNT composites
exhibit fine surface nanostructures. The surface of MWC-
NTs was coated with uniformly dispersed Ag2S and TiO2

particles. The surface nanostructures and particle sizes of
Ag2S-TiO2/CNT composites were further confirmed by TEM
analysis. Figures 3(e) and 3(f) show high-magnification TEM
images of TiO2 and Ag2S-TiO2/CNT composites. Pure TiO2

displayed well-dispersed nanoparticles with an average size
of around 10 to 15 nm. A few black dots can be observed
in these images, which correspond to the deposition of
Ag2S nanoparticles with an average size of 10–15 nm. This
indicates that the presence of the MWCNTs can efficiently
inhibit the agglomeration of Ag2S/TiO2 and improve the
dispersion of nanoparticles.

The crystal phase structures of as-prepared TiO2, Ag2S,
and Ag2S-TiO2/CNT samples were characterized by X-ray
diffraction measurements in Figure 4. It can be confirmed
that the TiO2 in the as-prepared photocatalysts is anatase-
phase, while the Ag2S appears as the predominant crystalline
phase of acanthite. For these three samples, (101), (004),
(200), (105), (211), and (204) crystal planes originated from
the anatase TiO2 phase while (111), (112), (121), (103),
(031), (200), (213), and (134) crystal planes originated from
the acanthite Ag2S phase [26]. After refinement, the cell
constants are calculated to be a = 4.2261 Å, b = 6.9238 Å,
and c = 7.8547 Å (JCPDS card no. 14-0072). No impurity
phase is detected. The broadening of these diffraction peaks
indicates that the sample is nanosized. The crystalline size
of the sample is estimated to be 15 nm from the Scherrer
equation. However, the strong (002) diffractions of the
hexagonal graphite at a 2θ of about 25.88◦ are very difficult
to discover in all of the composites due to strong overlapping
by the TiO2 diffraction peak. Therefore, it can be suggested
that the as-prepared samples have a single and clear crystal
structure, of anatase type.

The UV-vis absorption spectra of the different samples
are presented in Figure 5. As expected, we find that TiO2,
Ag2S/TiO2, CNT/TiO2, and Ag2S-TiO2/CNT composites
have great absorption in the ultraviolet region. After the
introduction of MWCNTs or Ag2S nanoparticles, the absorp-
tion edges of Ag2S/TiO2, CNT/TiO2, and Ag2S-TiO2/CNT
were shifted toward the visible region, which means that



Journal of Nanomaterials 5

(a) (b)

(c) (d)

(e) (f)

Figure 3: SEM images of as-prepared composites: (a) Ag2S, (b) Ag2S-CNT, (c) Ag2S/TiO2, (d) Ag2S-TiO2/CNT, and TEM images of samples:
(e) TiO2, (f) Ag2S-TiO2/CNT.

these composites have photocatalytic activity under visible
light irradiation [27, 28]. Combining with MWCNTs and
Ag2S nanoparticles, the Ag2S-TiO2/CNT composites show
an intense absorption whose onset is red shifted compared
to that of pure TiO2. The absorbance spectra increase
in intensity in the order of Ag2S/TiO2, CNT/TiO2, and
Ag2S-TiO2/CNT, which indicates that the Ag2S-TiO2/CNT
composites at high wavelength could present excellent
photocatalytic activities under visible light irradiation. This
phenomenon results not only from the excellent conductivity
of MWCNTs that can facilitate the separation of photogen-
erated charges [29], but also from the introduction of the
semiconductor quantum dot Ag2S by which the conduction
and valence bands of TiO2 are bent downward [19, 20]. The

diffuse reflectance spectra of Ag2S/TiO2 was transformed
by performing the Kubelka-Munk transformation of the
measured reflectance according to the following equation:

K = (1− R)2

2R
= F(R). (1)

K is reflectance transformed according to Kubelka-
Munk, R is reflectance (%), and F(R) is the so-called
remission or the Kubelka-Munk function. It is well known
that the bandgap Eg and the absorption coefficient α are
related as in following equation:

αhν = A
(
hν− Eg

)1/2
, (2)
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Figure 4: XRD patterns of as-prepared samples: (a) TiO2, (b) Ag2S,
(c) Ag2S-TiO2/CNT.

where α, ν, Eg , and A are the absorption coefficient, light
frequency, bandgap, and a constant, respectively. If the
compound scatters in a perfectly diffuse manner, K becomes
equal to 2α. In this case, we can use the following expression:

[F(R)hν]2 = A
(
hν− Eg

)
. (3)

The estimated Eg value was 1.95 eV for the Ag2S/TiO2

sample. This value is red shifted from the typical Eg of the
TiO2 used (3.2 eV) in Figure 5(b).

3.2. Degradation Performances. The photocatalytic activities
for pure TiO2, Ag2S/TiO2, CNT/TiO2, and Ag2S-TiO2/CNT
nanocomposites were measured by the degradation of Rh.B
under UV-vis light irradiation, as shown in Figures 6(a) and
6(b). The order of the photodegradation efficiency of Rh.B
under UV light is as follows: Ag2S-TiO2/CNT > CNT/TiO2 >
Ag2S/TiO2 > TiO2, which suggests that the Ag2S-TiO2/CNT
nanocomposite is a much more efficient catalyst for the
degradation of Rh.B under UV light irradiation than the
other composites. Similarly, the degradation efficiencies of
Rh.B under visible light are ordered as follows: Ag2S-
TiO2/CNT > CNT/TiO2 > Ag2S/TiO2 > TiO2. Combining
TiO2 with both MWCNTs and Ag2S nanoparticles, the
Ag2S-TiO2/CNT composites result in the best photocatalytic
activity, which is much better than pure TiO2 under UV and
visible light irradiation.

Therefore, we compare the UV and visible light pho-
todegradation efficiencies of Rh.B for pure TiO2, Ag2S/TiO2,
CNT/TiO2, and Ag2S-TiO2/CNT, as shown in Figure 6(c).
Pure TiO2 shows much lower photoactivity under visible
light irradiation than it does under UV light. As mentioned
in Figure 6, the absorption edge of the light plays an
important role in the photocatalysis under visible light
irradiation. However, the visible light photocatalytic activity
of CNT/TiO2 was obviously lower than that of Ag2S/TiO2

composites. It is noteworthy that the good degradation
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Figure 5: (a) UV-vis absorbance spectra of pure TiO2, Ag2S/TiO2,
CNT/TiO2, and Ag2S-TiO2/CNT. (b) Variation of (αhν)2 versus
photon energy (hν) of TiO2 and Ag2S/TiO2.

activity of Ag2S/TiO2 composites could be attributed to the
excellent electrical characteristics of semiconductor Ag2S.
Also, the photodegradation activity of CNT/TiO2 could be
ascribed to its good adsorption ability, which was shown in
Figure 6(d). As mentioned above in Table 2, the adsorption
abilities of pure TiO2, Ag2S/TiO2, CNT/TiO2, and Ag2S-
TiO2/CNT composites were evaluated after stirring for
30 min in the dark. The degradation efficiency of Rh.B of
the CNT/TiO2 composites was higher than that of any other
photocatalyst in Figure 6(e). This was attributed to the high
porosity of the CNT/TiO2 surface due to the introduction of
MWCNTs, which correlated with an increase in adsorption
ability.
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Figure 6: Photocatalytic degradation behaviors of Rh.B for the as-prepared photocatalysts under (a) UV light and (b) visible light irradiation.
(c) Comparison of photocatalytic degradation behaviors of Rh.B for the as-prepared photocatalysts under UV and visible light. (d)
Adsorption capabilities of TiO2, Ag2S/TiO2, CNT/TiO2, and Ag2S-TiO2/CNT samples for Rh.B under dark conditions. (e) UV/Vis spectra
of Rh.B concentration against the as-prepared samples after adsorption-desorption equilibrium.
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Table 3: UV and visible light photodegradation rate (kapp) con-
stants of pure TiO2, Ag2S/TiO2, CNT-TiO2, and Ag2S-TiO2/CNT
catalysts.

Catalysts
kapp (min−1)

UV light Visible light

TiO2 9.01× 10−4 0

Ag2S/TiO2 1.97× 10−3 1.67× 10−3

CNT-TiO2 2.48× 10−3 2.02× 10−3

Ag2S-TiO2/CNT 5.32× 10−3 3.18× 10−3

Photocatalytic reactions with different photocatalysts can
be expressed by the Langmuir-Hinshelwood model [30].
The photocatalytic degradation of Rh.B containing different
photocatalysts under visible light obeys pseudo-first-order
kinetics with respect to the concentration of Rh.B:

−dc

dt
= kappc. (4)

Integration of this equation (with the restriction of c = c0

at t = 0, with c0 being the initial concentration in the bulk
solution after dark adsorption and t the reaction time) will
lead to the following expected relation:

− ln
(
ct
co

)
= kappt, (5)

where ct and c0 are the reactant concentrations at times t = t
and t = 0, respectively, and kapp and t are the apparent
reaction rate constant and time, respectively. According to
this equation, a plot of − ln(ct/c0) versus t will yield a
slope of kapp. The results are displayed in Figure 7 and also
summarized in Table 3. The Rh.B degradation rate constant
for Ag2S-TiO2/CNT composites reaches 5.32×10−3 min−1

under UV light and 3.18×10−3 min−1 under visible light,
both of which are much higher than the corresponding
values for pure TiO2, Ag2S/TiO2 and CNT/TiO2. The above
results suggest that the Ag2S-TiO2/CNT composite are much
more effective photocatalysts than any other composite. The
excellent photocatalytic activity could be attributed to the
synergetic effects of high charge mobility and the red shift
in the absorption edge of the Ag2S-TiO2/CNT composites.

The excitation scheme and charge transfer process
between Ag2S, TiO2, and MWCNTs under light irradiation
are shown in Figure 8. Under irradiation by UV and visible
light, both Ag2S and TiO2 can be excited (corresponding to
(6) and (7), resp.). The generated electrons in Ag2S and the
holes in TiO2 are then migrated to the conduction band (CB)
of TiO2 and the valence band (VB) of Ag2S, respectively.
This transfer process is thermodynamically favorable because
both the CB and VB of Ag2S lie above those of TiO2. In
addition, MWCNTs acting as good electron acceptors can
accept the electrons excited by light irradiation and the
electrons excited into the CB of TiO2 are also transferred
to the surface of MWCNTs (see (8) and (9)). Thus the
lifetime of the excited electrons (e−) and holes (h+) is
prolonged in the transfer process, inducing higher quantum
efficiency. Meanwhile, the generated electrons probably react
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Figure 7: Apparent first-order kinetics of Rh.B degradation for
TiO2, Ag2S/TiO2, CNT/TiO2, and Ag2S-TiO2/CNT photocatalysts
under UV (a) and visible light (b) irradiation.

with dissolved oxygen molecules to produce oxygen peroxide
radicals O•−

2 (see (10), (11), and (12)), whereas a positively
charged hole (h+) may react with the OH− derived from
H2O to form the hydroxyl radical OH• (see (13) and (14)).
The Rh.B molecule then can be photocatalytically degraded
by the oxygen peroxide radical O•−

2 and the hydroxyl radical
OH• to CO2, H2O, or other mineralization (15) [31, 32]:

Ag2S + TiO2 + hν −→ Ag2S(h+, e−)− TiO2 (6)

Ag2S(h+, e−)− TiO2 −→ Ag2S(h+)− TiO2(e−) (7)

MWCNTs + hν −→ MWCNTs(e−) (8)

TiO2(e−) + MWCNTs −→ MWCNTs(e−) + TiO2 (9)
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Ag2SO2 −→ Ag2S + O•−
2 (10)

TiO2(e−) + O2 −→ TiO2 + O•−
2 (11)

MWCNTs(e−) + O2 −→ MWCNTs + O•−
2 (12)

Ag2S(h+) + H2O −→ Ag2S + OH• + H+ (13)

TiO2(h+) + H2O −→ TiO2 + OH• + H+ (14)

O•−
2 or OH•+ Rh.B −→ CO2, H2O or other mineralization.

(15)

4. Conclusions

In this study, the Ag2S-TiO2/CNT composites are able to
exhibit high surface area, excellent structure, and great
electrical and optical properties. The Ag2S-TiO2/CNT com-
posites showed an intense absorption and have a red-
shifted absorption onset compared to pure TiO2. The Ag2S-
TiO2/CNT inhibited an enhanced rate and a very high
efficiency for the decoloration of Rh.B under UV and visible
light compared with Ag2S/TiO2, CNT/TiO2, and pure TiO2

photocatalysts.
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To produce titanium dioxide (TiO2) nanoparticle coatings, it is desirable that the nanoparticles are dispersed into a liquid solution
and remain stable for a certain period of time. Controlling the dispersion and aggregation of the nanoparticles is crucial to exploit
the advantages of the nanometer-sized TiO2 particles. In this work, TiO2 nanoparticles were dispersed and stabilized in aqueous
suspensions using two common dispersants which were polyacrylic acid (PAA) and ammonium polymethacrylate (Darvan C). The
effect of parameters such as ultrasonication amplitude and type and amount of dispersants on the dispersibility and stability of
the TiO2 aqueous suspensions were examined. Rupture followed by erosion was determined to be the main break up mechanisms
when ultrasonication was employed. The addition of dispersant was found to produce more dispersed and more stabilized aqueous
suspension. 3 wt.% of PAA with average molecular weight (Mw) of 2000 g/mol (PAA 2000) was determined to produce the best and
most stable dispersion. The suspensions were then coated on quartz glass, whereby the photocatalytic activity of the coatings was
studied via the degradation of formaldehyde gas under UV light. The coatings were demonstrated to be photocatalytically active.

1. Introduction

TiO2 nanoparticles can be used for a variety of applications
including self-cleaning [1], water treatment [2], antibacterial
[3], and air purification [4] due to their effective photo-
catalytic activity. For such applications, TiO2 nanoparticles
are generally coated on suitable substrates. TiO2 coatings
can be prepared by various ways including chemical vapour
deposition (CVD), physical vapour deposition, sol-gel, as
well as spraying. Among them, the coating process using
TiO2 suspensions by spraying is the most cost effective
method besides being compatible for large areas. Producing
TiO2 suspensions necessitates the incorporation of TiO2

nanoparticles in the liquid phase, the break up and disper-
sion of nanoparticle clusters, and subsequently stabilization.

To achieve uniform coatings, the degree of particle
agglomeration should be minimized especially when work-
ing with nanoparticles. Nanoparticles have strong tendency
to agglomerate compared to submicrometer particles due to
their large surface area. The agglomeration is generally due
to the Van der Waals attraction forces between nanoparticles
which can be counterbalanced by electrostatic and steric
stabilization. Electrostatic stabilization can be achieved by
the addition of charge to the nanoparticles so that they can
repel one another especially under the influence of the pH.
Steric stabilization can be achieved by the adsorption of a
thin layer of polymer onto the nanoparticle surface to phys-
ically prevent the nanoparticles from coming close enough
to each other and cause agglomeration [5]. Generally, the
combination of both electrostatic and steric stabilization
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is termed electrosteric stabilization and can be achieved
using polyelectrolytes. A polyelectrolyte is a polymer chain
with numerous dissociable groups. Polyacrylic acid (PAA)
is one example of polyelectrolyte dispersants, which is fully
dissociated at pH 8.5 to 9 [5, 6].

Ultrasonication has been proven as a useful tool to
disperse nanoparticles and to eliminate agglomeration in
aqueous suspensions [7]. Shock waves caused by collapsing
cavitations under ultrasonic irradiation will lead to collisions
among particles, whereby the agglomerated particles are
eroded and split apart by the collisions [7, 8]. Basically,
there are three different mechanisms of nanoparticle cluster
break up which are rupture, erosion, and shattering. Rupture
occurs when large agglomerate is broken up into numerous
agglomerates of either the same or different size which
can be subsequently broken up further. Erosion, on the
other hand, occurs when small fragments are gradually
sheared off and detached from the outer surface of large
agglomerates. The smaller fragments are either primary
particles or aggregates that cannot be broken up further
under the effect of hydrodynamic stresses. Finally, shattering
occurs when the energy level provided is very high, in which
the agglomerate disintegrate into numerous small fragments
of either aggregates or primary particles in a single event. The
details of the break up modes are reported in the work by
Özcan-Taşkin et al. [9].

Although there are numerous studies incorporating TiO2

nanoparticles into thin films [10] or polymer composites
[11], the dispersion and stabilization of photocatalytic TiO2

nanoparticles for coatings application have not been studied
extensively. Greenwood and Kendall [5] studied the effect
of adding various commercially available polyelectrolyte
dispersants into micron-sized TiO2 powder aqueous suspen-
sions. Ran et al. [12] examined the effects of their synthesized
PAA on rheological and dispersion properties of also micron-
sized aqueous TiO2 suspensions. Liufu et al. [13] investigated
the adsorption of PAA in aqueous suspension onto the
surface of TiO2 nanoparticles and discussed the major factors
influencing the adsorption of PAA. Sato et al. [7] focused
on the effects of ultrasonic irradiation on slurry viscosity
and aggregate size of commercial nanocrystalline TiO2

aqueous suspensions containing polyelectrolyte dispersants
and compared the results with those obtained via ball milling
and bead milling. Both Liufu et al. [13] and Sato et al. [7]
studied high-concentration TiO2 aqueous suspensions. Fazio
et al. [14], on the other hand, studied the effect of dispersant
nature, concentration, and the effect of ultrasonication time
on colloidal behaviour of dilute commercial and synthesized
(sol-gel)-nanosized TiO2 powder aqueous suspensions.

To the best of our knowledge, no study has been done on
the dispersion and stability of TiO2 nanoparticles produced
via metal organic chemical vapour deposition (MOCVD)
technique. Besides, no report has yet been published on the
effect of ultrasonication amplitude towards the dispersion
and stability of TiO2 nanoparticle aqueous suspension
although amplitude is one of the important parameters of the
ultrasonic equipment. In addition, all of these studies mainly
focused on preparing disperse and stable TiO2 aqueous
suspensions. There is very inadequate information about the

photocatalytic application of the TiO2 aqueous suspensions
prepared. The knowledge on the dispersion and stabilization
of photocatalytic TiO2 nanoparticles for coatings application
is much needed since a more thorough understanding could
bring improvement to its industrial applications.

The aim of this study was to investigate the effect of
ultrasonication amplitude (0–40%), type of polyelectrolyte
dispersants (PAA with average molecular weight (Mw)
of 2000 (PAA 2000) and 5000 g/mol (PAA 5000), and
Darvan C with Mw of 13 000 g/mol), and amount of
dispersant (0–3 wt.%) on the dispersion and stability of
photocatalytic TiO2 nanoparticle aqueous suspensions. The
dispersion and stability of the aqueous suspensions were
characterized using particle size analyzer, zeta potential,
and transmission electron microscope (TEM), and stability
test. The fourier transform-infrared (FTIR) analysis was
carried out to confirm the adsorption of dispersant onto
the TiO2 nanoparticles’ surface. To demonstrate that the
TiO2 nanoparticle suspensions can be used for coatings
application, the suspensions were then coated on quartz
glass. The energy dispersive X-ray (EDX) analysis was done
on the surface of the coatings to study the uniformity of
the elemental distribution. Finally, the photocatalytic activity
of the coatings was determined via the degradation of
formaldehyde gas under UV light.

2. Experimental

2.1. Preparation and Characterization of TiO2 Nanoparticles.
TiO2 nanoparticles were synthesized via a custom-built metal
organic chemical vapour deposition (MOCVD) reactor. The
dimensions of the custom-built MOCVD system and the
method used to produce TiO2 nanoparticles have been
described in detail elsewhere [15]. However, in this work,
oxygen feed (100 mL/min) was introduced inside the reactor
along with the nitrogen carrier gas that carried the precursor.
This was done to reduce carbon impurities that might
originate from the precursor, and thus postdeposition heat
treatment was not performed for this work. The deposition
temperature was set at a fixed temperature of 700◦C.

The size and morphology of the TiO2 nanoparticles were
studied by TEM (Hitachi H7100). The surface areas were
determined by the N2 adsorption using Brunauer-Emmett-
Teller (BET) method (Bel Japan Inc., Belsorp II). Before
any measurement, all the samples were exposed to vacuum
condition at 150◦C overnight to remove any remaining
moisture. The mean particle size can be calculated from the
BET data by applying the following equation [16]:

D =
(

6
SA× ρ

)

× 1000, (1)

where D is the mean particle size, SA is the surface area
from BET data, and ρ is the density. Finally, the crystalline
phase of the sample was determined using X-ray diffraction
(XRD, Philips X’pert Pro PW3040) with a Cu Kα radiation
source (λ = 0.15406 nm) operated at 40 kV and 30 mA.
The isoelectric point (iep) of the TiO2 nanoparticles was
found to be at pH 5.2.
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2.2. Preparation and Characterization of Aqueous Suspen-
sions. All the suspensions were ultrasonically irradiated
using an ultrasonic homogenizer equipped with temperature
controller (Cole-Parmer; frequency = 20 kHz; Power =
500 Watt with amplitude range; probe diameter = 13 mm).
The ultrasonic irradiation period was set to 30 minutes
because large aggregates were dispersed almost completely
by ultrasonic irradiation for 30 minutes [7]. The suspensions
were irradiated with a 10-second pulse with every 10 seconds
of irradiation period to prevent undesirable increase in
the suspension temperatures. Note that all the prepared
suspensions were aged overnight at room temperature using
an orbital shaker to ensure that the nanoparticles were kept
dispersed in the suspensions as well as to maintain the
homogeneity of the suspensions. The pH of the suspensions
was adjusted and fixed at pH 8.5 using ammonia solution
because PAA and Darvan C (a type of PAA) is fully associated
at this pH value. Ammonia solution was chosen to adjust the
pH because it has a buffering effect in which the pH of the
suspensions can be kept at nearly constant value for a wide
variety of chemical applications.

To study the effect of ultrasonication, 0.05 g TiO2

nanoparticle suspensions were prepared in 100 mL of dis-
tilled water (pH adjusted to pH of 8.5) without and with
ultrasonication. Based on initial preliminary studies, 0.05 g
was chosen as an ideal amount of loading for further
dispersion and application studies because it produced glass
coatings with an optimum value of around 80% light trans-
mittance. For the suspensions prepared with ultrasonication,
the amplitude was varied from 0 to 40%. Ultrasonication
amplitude is one of the important sonication parameters.
It indicates the amplitude of vibration at the probe tip
and directly represents the output power of ultrasonic
equipment. Greater amplification creates more intense and
greater disruption.

To study the effect of type and amount of dispersant
on the suspensions, two types of PAA with Mw of 2000 and
5000 g/mol (Acros Organics) along with Darvan C (R.T.
Vanderbilt Company, Inc.) with Mw of 13000 g/mol were
used as dispersants. 0.05 g TiO2 nanoparticles were mixed
with 100 mL of distilled water (pH adjusted to pH 8.5), and
the required amount of dispersant (0 to 3 % based on the
TiO2 weight (wt.%)) was added followed by ultrasonication
at 40% amplitude.

The particle size distribution of the suspensions was
characterized using a particle size analyzer (Zetasizer Nano S,
Malvern Instruments). The potential stability of the suspen-
sions was studied using a zeta potential analyzer (Zetasizer
Nano Z, Malvern Instruments), around 24 hours after
ultrasonication. Moreover, a stability test was performed to
determine the ability of the TiO2 nanoparticle suspensions
to remain dispersed over a period of time. Photos of the
suspensions prepared under various experiment conditions
inside clear glass containers were captured at certain inter-
vals over the course of 8 weeks. To study the effect of
ultrasonication and dispersant addition on the morphology
of the TiO2 nanoparticles, TEM images of nanoparticles
extracted from all suspension samples were captured and
compared.

2.3. FTIR Analysis. The FTIR (Nicolet, UK) analysis was
carried out to confirm the adsorption of dispersant onto
the TiO2 nanoparticles’ surface. The FTIR spectrum of the
dispersant was taken in liquid state. The FTIR spectrums
of TiO2 nanoparticles before adsorption of dispersant were
taken in solid state after they had been dried overnight at
60◦C to remove any moisture. For the FTIR spectrums of
the TiO2 nanoparticles after adsorption, the nanoparticles
were prepared by centrifuging the TiO2 suspensions with
optimum dispersant. The nanoparticles were then collected,
washed with deionized water, and dried overnight at 60◦C to
remove any moisture.

2.4. Preparation and Characterization of Glass Coatings. The
suspensions were coated on both sides of 8 cm × 8 cm
quartz glass using an air brush (AB931, Ingersoll Rand). The
EDX (NORAN System SIX, Thermo Scientific) spectrum
imaging was performed on the coated glass to characterize
the elemental uniformity of the coating.

2.5. Photocatalytic Study. The photocatalytic activity of the
coatings was determined using a simple qualitative analysis
via the degradation of formaldehyde gas under UV light.
A coated glass slide was positioned inside a 1-litre glass-
beaker. Then, the beaker was sealed with a parafilm. A
known amount of formaldehyde liquid was introduced
inside the beaker using a pipette. The initial concentration
of formaldehyde was kept at 2 ppm (short-term exposure
limit (STEL) of formaldehyde gas is 2 ppm in 15 minutes
average) for all experiments. Then, the beaker was quickly
and carefully sealed with 2 layers of parafilm and aluminium
foil to prevent any gas leakage. The beaker was placed inside
a dark box overnight to allow the formaldehyde liquid to
completely evaporate and reach equilibrium. After that, the
photocatalytic degradation of formaldehyde gas was carried
out under the illumination of an 8 W UV light (365 nm peak
wavelength) for a designated period of time.

The final concentration of the gas was then estimated
using a colorimetric method [17] where a known amount
of gas inside the beaker was withdrawn using a syringe and
mixed with a mixture of 2 M ammonium acetate, 0.05 M
acetic acid, and 0.02 M acetylacetone. Then the solution
was heated for 30 minutes in a water bath at around
40◦C to complete the reaction. A yellow colour gradually
developed owing to the formation of diacetyldihydrolutidine
(DDL). A UV-vis spectrophotometer (Shimadzu UV-1650
PC) was used to determine the absorbance value at 413 nm
(absorbance peak of DDL). The percentage degradation of
formaldehyde gas at a certain period of time was estimated
based on the absorbance value obtained from UV-vis spec-
trophotometer reading before and after the coatings were
irradiated with UV light. All experimental runs were repeated
three times.

3. Results and Discussion

3.1. Characterization of TiO2 Nanoparticles. Figure 1(a)
depicts the TEM micrographs of TiO2 nanoparticles, while



4 Journal of Nanomaterials

100 nm 50 nm

(a)

20 25 30 35 40 45 50 55 60

In
te

n
si

ty

A

A
A

A A

2θ (deg)

(b)

Figure 1: (a) TEM micrograph and (b) XRD pattern of TiO2 nanoparticles synthesized via MOCVD method.

Figure 1(b) illustrates the XRD pattern of the sample. The
micrograph shows that the nominal size of the nanoparticles
was less than 50 nm and that the nanoparticles appeared to
be relatively homogeneous and uniform in size albeit fairly
agglomerated.

The BET surface area of the sample was determined to
be 86.9 m2/g. The mean particle size calculated from the BET
data was found to be 17.7 nm. Meanwhile, the XRD pattern
for TiO2 nanoparticles in Figure 1(b) shows peaks at 2θ
values of 25.3, 37.8, 48.0, 53.8, and 54.9, corresponding to the
diffractions of the (1 0 1), (0 0 4), (2 0 0), (1 0 5), and (2 1 1)
planes of anatase, respectively [18, 19]. There were no other
detectable peaks corresponding to the rutile crystal structure.
These findings confirmed that the TiO2 nanoparticles were in
the pure anatase crystal structure.

3.2. Aqueous Suspensions

3.2.1. Effect of Ultrasonication. Figures 2(a) and 2(b), respec-
tively show the particle size distribution and zeta potential
of the TiO2 suspensions with respect to ultrasonication
amplitude. The average cluster size in each suspension
is shown inset in Figure 2(a). From Figure 2(a), it can
be seen that the particle size distribution of the TiO2

nanoparticle suspension prepared without ultrasonication
shows a bimodal curve indicating that the nanoparticles

agglomerate in two size ranges of approximately 531–
3580 nm and 3580–5560 nm. When ultrasonication with an
amplitude of 20% was applied, the particle size distribution
curve still appeared as a bimodal shape. However, the first
curve (left curve) was shifted to the left indicating that the
average cluster size was decreased. The height of the second
curve (right curve) was decreased indicating that the volume
of large agglomerates was reduced. This implied that large
agglomerates, though not all, were broken up into smaller
agglomerates, suggesting that the break up process was a
result of a rupture mechanism.

As the amplitude was further increased to 30%, the par-
ticle size distribution curve became unimodal and narrower
with a decreased particle size distribution range of 190–
1281 nm. The curve shifted slightly to the left indicating
that the average cluster size was decreased. This implied that
smaller fragments were sheared off from large agglomerates,
and as a result, the volume of smaller cluster increased. Thus,
the main break up mechanism was most likely to be erosion.
As the amplitude was further increased to 40%, the curve
became bimodal again. The particle size range was addi-
tionally shifted to the left, indicating that the agglomerates
were further eroded to smaller size. Again, this implied that
the break up mechanism was erosion and that increasing
the ultrasonication amplitude improved the efficiency of
the deagglomeration process. From Figure 2(a), it can be
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Figure 2: (a) Particle size distribution and (b) zeta potential plot for different ultrasonication amplitude values.

deduced that the break up mode through ultrasonication
predominantly occurs by rupture followed by erosion.

The stability of the suspensions was studied in more
detail with measurements of zeta potential. Zeta potential
gives an indication of the potential stability of the suspension
and indicates the degree of repulsion between adjacent,
similarly charged particles in the suspension. It is also an aid
in predicting long-term stability. The higher the magnitude
of the zeta potential, the more stable the suspensions can
be. Figure 2(b) shows the effect of ultrasonication amplitude
on the zeta potential of each suspension. The zeta potential
increased from −35.0 to −50.3 mV as the ultrasonication
amplitude was increased indicating the improvement in the
suspensions potential stability, the amplitude was increased.
Thus, it can be deduced that high ultrasonication amplitude
did not only enhance the efficiency of the deagglomeration
process but also the potential stability of the suspension.

3.2.2. Effect of Type and Amount of Dispersant. Figure 3
illustrates the effect of type and amount of dispersant on
the average cluster size of the TiO2 suspensions. The inset
in Figure 3 shows, the average cluster size of the TiO2

nanoparticles as the amount of dispersant was varied from
1 to 5% in smaller scale. From this figure, it can be seen
that PAA 2000 produced TiO2 suspensions with smallest
average cluster size followed by PAA 5000 and Darvan
C. This finding suggests that the lower molecular weight
dispersant produced suspensions with smaller average cluster
size compared to the larger one. This is most likely due to
the fact that polymers of high molecular weight have longer
carbon chain that can adsorb onto the surfaces of many
nanoparticles and bond them with each other [13], resulting
in a larger average cluster size.

The amount of dispersant required to produce the
smallest average cluster size for all types of dispersants
was found to be 3 wt.%. It can be seen from Figure 3
that below 3 wt.%, the average cluster sizes were relatively
large most likely due to lack of dispersant to prevent the
nanoparticles from being agglomerated. The average cluster
sizes reduced as the amount of dispersant was increased to
3 wt.%, where the optimum average cluster size was achieved.
However, as the amount of dispersant was further increased
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Figure 3: Effect of type of dispersant and amount of dispersant on
the average cluster size of TiO2 suspensions.

to above 3 wt.%, excess of dispersant led to an increase in
average cluster sizes probably due to agglomeration caused
by polymeric bridging of free polyelectrolytes [14].

Figure 4 shows the effect of 3 wt.% of PAA 2000 addition
on the particle size distribution. The addition of the
dispersant caused the particle size distribution of TiO2

nanoparticles suspension to become unimodal, generating
monodisperse suspension of TiO2 nanoparticles. The curve
was shifted to the left indicating that the average cluster size
was decreased. This implied that large agglomerates were
eroded to aggregates that could not be broken up further
and that the deagglomeration process was almost complete.
The particle size range was greatly reduced to 21–295 nm.
The average cluster size was significantly decreased from 425
to 118 nm. Hence, it can be deduced from Figures 3 and 4
that the addition of dispersant with the aid of ultrasonication
contributed towards substantial enhancement of the deag-
glomeration process by improving the separation between
nanoparticles and hindering agglomeration.

Furthermore, Figure 5 demonstrates the effect of type
and amount of dispersant on the zeta potential of TiO2
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Figure 5: Effect of type of dispersant and amount of dispersant on
the zeta potential of TiO2 suspensions.

suspensions. It can be seen that PAA 2000 provides better
potential stability of the TiO2 suspensions followed by PAA
5000 and Darvan C. This suggests that the most ideal disper-
sant to stabilize suspension with small particles (nanometer
sized particle) is low-molecular-weight dispersant that has
shorter carbon chain. Polymers of high molecular weight, on
the other hand, have longer carbon chains that can adsorb
onto the surfaces of many particles and bond them with each
other causing flocculation that results in destabilization of
the suspensions [13]. The same is true for excess amounts
of dispersants.

The amount of dispersant that gives the highest zeta
potential and hence highest potential stability was 3 wt.%
for all types of dispersant. Below 3 wt.%, the suspensions
have low zeta potential and therefore the nanoparticles
were expected to easily flocculate. This is probably due to
inadequate repulsive force to overcome the Van der Waals
attraction between nanoparticles [5]. However, the zeta

potential started to increase as the amount of dispersant
was increased until it reached 3 wt.%, where the optimum
potential stability was achieved. This is consistent with the
fact that PAA is a polyelectrolyte that provides electrosteric
stabilization when it is adsorbed onto the particles’ surface
[5]. Meanwhile, as the amount of dispersant was further
increased, excess of dispersant led to agglomeration and
destabilization as was discussed earlier. Therefore, the zeta
potential decreased, indicating reduction in the potential
stability of the suspensions.

The amount and type of dispersant that provides opti-
mum potential stability (Figure 5) is similar to the amount
and type of dispersant that produces the smallest average
cluster size (Figure 3). In fact, the potential stability is at its
maximum when the average cluster size is minimum. Thus,
it can be deduced that 3 wt.% of PAA 2000 is the optimum
amount and type of dispersant to disperse and stabilize TiO2

suspensions. Finding the optimum dispersant is important
not only to improve the efficiency of the deagglomeration
process but also to improve the potential stability of the
suspension.

TEM was used to study the morphology of the TiO2

nanoparticles extracted from the suspensions as illustrated
in Figures 6(a)–6(c). It can be clearly seen from Figure 6(a)
that without ultrasonication, the nanoparticles are highly
agglomerated, with the agglomerates being relatively large,
more than 500 nm size structures. In contrast, Figure 6(b)
shows that ultrasonication caused a considerable reduction
on the agglomerate size and that the agglomeration of the
nanoparticles had been greatly reduced.

However, Figure 6(c) shows that the addition of the
dispersant had further reduced the size of the agglomerates
to approximately 100 nm size structures. The TEM images
support the findings that the addition of dispersant improves
the ultrasonication break up process of the nanoparticles
preventing the agglomeration of the nanoparticle aggregates
and/or agglomerates as was discussed earlier.

Furthermore, a stability test was done to determine
the ability of the TiO2 nanoparticle suspensions to remain
suspended over a period of time. The results are shown
in Figure 7. Since zeta potential only gives an indication
of the potential stability of the suspension, a stability test
was conducted to determine the long-term stability of the
suspension. The preparation of stable suspension is crucial
in determining the quality of the coatings.

Figure 7 shows that without ultrasonication, the sta-
bility of the suspension was fairly low. The nanoparticles
completely settled down at the bottom of the container
after around 3-week time. Nonetheless, with ultrasonication,
the stability of the suspension was fairly improved. The
nanoparticles in the suspension started to settle down at
around 1 week and were completely settled down upon
reaching week 5.

Moreover, it can be seen that with ultrasonication and
the addition of dispersant, the stability of the suspensions
was greatly enhanced. The nanoparticles remain suspended
up to 4 weeks. After 5 weeks, the suspensions prepared with
the addition of PAA 5000 and Darvan C started to settle
down with Darvan C being relatively faster compared to
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Figure 6: TEM micrographs of TiO2 nanoparticles extracted from the suspensions prepared (a) without ultrasonication, (b) with 40%
amplitude ultrasonication, and (c) with addition of 3 wt.% dispersant.
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Figure 7: Photos of TiO2 nanoparticle suspensions on (a) day 1, (b) week 1, (c) week 2, (d) week 3, (e) week 4, (f) week 5, (g) week 6, and
(h) week 8.
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Figure 8: FTIR spectra of TiO2 nanoparticles before and after
adsorption of PAA2000.

PAA 5000. This is due to the longer carbon chain (higher
molecular weight) of Darvan C compared to PAA 5000.
As discussed earlier, longer carbon chain dispersant can
adsorb onto the surfaces of many particles and bond them
with each other causing flocculation and destabilization of
the suspensions. The addition of the PAA 2000 dispersant
was found to produce TiO2 suspension with the best
stability, thus supporting previous potential stability findings
(Figure 5). The suspension remained stable for more than 2
months.

3.2.3. FTIR Analysis. FTIR analysis was done on PAA 2000
as well as TiO2 nanoparticles before and after adsorption
of 3 wt.% PAA 2000 as can be seen from Figure 8. The
assignments of various bands and peaks made in this study
are in reasonable agreement with those reported in the
literature for similar functional groups [12, 13, 20]. The
FTIR spectrum of PAA 2000 shows a strong absorption
band at 1650 cm−1 indicates –C=O stretching vibration for
carboxylic acids. The band at 1377 cm−1 is due to the C–
O stretching vibration. The broad peak at 3420 cm−1 is
attributed to the hydroxyl group (O–H) due to water. Note
that the FTIR spectrum of PAA 2000 was taken in liquid
form.

Meanwhile, the FTIR spectrum of TiO2 nanoparticles
shows intense broadband in the vicinity of 400 to 800 cm−1

attributed to the stretching vibration of Ti–O–Ti as expected
for TiO2 samples. The spectrum does not show peak
attributed to O–H group because the nanoparticles were in
solid form and that they have been dried overnight to remove
the moisture.

In contrast to TiO2 spectrum before adsorption, the
TiO2 spectrum after adsorption of PAA 2000 shows new
absorption peaks at around 1690 and 1390 cm−1 indicating
–C=O and –C–O stretching vibrations, respectively. These
findings proved that PAA was adsorbed onto the surface
of the nanoparticles. Moreover, there is also absorption
peak attributed to stretching vibration of O–H at around
3350 cm−1 which may originate from the adsorbed PAA
2000.

3.3. Coatings

3.3.1. Uniformity of the Coatings. An EDX spectrum imaging
was performed on the coated glass to characterize the unifor-
mity of TiO2 coatings prepared without and with dispersant.
Figure 9 shows the titanium (Ti) elemental distribution on
the surface of the coatings. It can be clearly seen that the
addition of the dispersant addition results in a higher surface
concentration of Ti and more uniform Ti distribution. These
findings indicate that the dispersant facilitated the TiO2

nanoparticles to distribute evenly in the suspensions and
hence produced better coatings.

3.3.2. Photocatalytic Activity. TiO2 suspensions without and
with dispersant were coated on quartz glass using an air
brush, and the coatings were tested for degradation of
formaldehyde gas under UV light irradiation. The degrada-
tion percentage of formaldehyde gas at a certain period of
time was estimated and plotted in Figure 10.

It can be seen from Figure 10 that all the coatings
were photocatalytically active because the formaldehyde was
able to be degraded after a certain period of time. The
degradation percentage of formaldehyde increased as the
irradiation time of the coatings was increased. The degrada-
tion percentage almost reached a plateau after the coatings
were irradiated under UV light for 20 minutes demonstrating
that the formaldehyde degradation was almost completed
within that time. The degradation of formaldehyde from
both types of coatings was almost comparable with each
other indicating that the addition of dispersant does not
affect the photocatalytic activity of the coatings. Nonetheless,
it is believed that the TiO2 coatings prepared with the
addition of dispersant have better adhesion to the glass
compared to that prepared without dispersant owing to the
fact that PAA is a polymer adhesive that can adhere or bond
the coating onto the glass.

4. Conclusion

PAA and Darvan C were employed to disperse and stabi-
lize TiO2 nanoparticles produced using MOCVD method
in aqueous suspensions. The use of ultrasonication was
found to assist the agglomerates to break down to smaller
agglomerates and aggregates. Rupture followed by erosion
were found to be the main break up mechanisms when
ultrasonication was employed. The deagglomeration process
and the stability of the suspensions were improved by
increasing the ultrasonication amplitude.

Moreover, the addition of dispersant was found to
improve the deagglomeration process via ultrasonication
by enhancing the separation between nanoparticles and
hindering the agglomeration of the nanoparticles. Low-
molecular-weight dispersant, PAA 2000, produced the most
stable suspension with the smallest average cluster size. The
optimum amount of dispersant to disperse and stabilize the
TiO2 aqueous suspensions was found to be 3 wt.%.

The TiO2 coatings produced from suspension pre-
pared with optimum dispersant result in a higher sur-
face concentration of Ti and more uniform Ti elemental
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Figure 9: EDX spectra of TiO2 coating (a) without dispersant and (b) with PAA 2000 dispersant.
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Figure 10: Degradation percentage of formaldehyde for TiO2

coatings produced from the suspensions prepared without and with
dispersant suspensions under UV light irradiation.

distribution. The degradation of formaldehyde for TiO2

coatings produced from the suspensions prepared without
and with dispersant was almost comparable with each other,
indicating that the addition of dispersant does not affect the
photocatalytic activity of the coatings.
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The purpose of this research is to develop a photocatalytic TiO2 that can be activated by visible light and can be conveniently
recollected for reusing. This research synthesizes the 20 to 40 nm TiO2/Fe3O4 particles with magnetization of 5.8 emu/g using the
modified sol-gel method followed by 500◦C calcinations. The experiment verified that visible fluorescent light (VFL, contains no
UV-A) could activate the photocatalytic activity of TiO2/Fe3O4 particles as did ultraviolet A light (UV-A, 360 nm). Regular magnets
can be used to separate TiO2/Fe3O4 particles from solution. The results indicate that VFL-sirradiated TiO2/Fe3O4 particles could
decompose isopropanol (IPA) in the absence of UV-A and the issue of TiO2/Fe3O4 recollection from water for reusing is also
resolved.

1. Introduction

In the typical semiconductor manufacturing processes, a
large amount of IPA is used for wafer cleaning. The wafer
cleaning processes invariably generate a large quantity of
wastewater that contains refractory and complex organic
compounds. Not only do these organic compounds pose
direct or indirect harm to the liver, kidney, central ner-
vous system, and skin, some of them have already been
verified as carcinogen, teratogenic agent, and gene mutagen
for humans. Traditional wastewater treatment approaches
involving physical-chemical decomposition or microorgan-
isms have shown only limited efficiencies [1]. Many advanced
oxidation processes (AOPs) have been extensively utilized for
the decomposition of hazardous or recalcitrant pollutants in
the environment. In recent years, TiO2 has attracted much
attention because of the low price and steady and high
photocatalytic activation [1–4]. However, requirement of
using UV light to activate TiO2 photocatalyst and difficultly
to recover the photocatalyst are still major limitationly for
degradation of environmental pollutants [5, 6]. There are

many types of conventional methods to modify quality of
photocatalyst. One of them is TiO2 photocatalyst doped
by the transition metal [7–22]. It makes the defect of
the structure of TiO2 and produces the lower energy gap.
Therefore, just less energy reacts with O2 and H2O in the
environment to form the excited electron and holes. As a
consequence, the absorbed spectrum of TiO2 can shift into
the region of visible light. V, Fe, Cr, Ni, Cu, and other
transition metals are well-known to be doped into TiO2

thin film to shift the band gap to visible light. Producing
visible-light-activated TiO2 powder for easy recovery can be
beneficial. Iron enhances TiO2 visible light absorption and
thus increases its photocatalytic activity. Previous researches
have reported that iron-based nanoparticles have been
superparamagnetic [1, 18, 23, 24] and have been coated with
organic polymers such as porphyrin and other dyes [6, 25,
26] or other inorganic elements such as N and H [27–29] and
other methods [29, 30]. This research uses sol-gel method
to add Fe3O4 during TiO2 synthesis and then uses visible-
light-irradiated TiO2/Fe3O4 to conduct photodegradation
effect on IPA. The photodegradation efficiency of IPA and
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the recovery rate of photocatalyst will be also evaluated in
this study.

2. Experimental/Materials and Methods

2.1. Preparation of Photocatalyst. In this study, the TiO2/
Fe3O4 complex was prepared using the modified sol-gel
method [4]. The sol-gel process is one of the versatile
methods to prepare high-pure and nanosize materials shaped
as powders or coatings. This approach does not need
complicated instruments such as chemical vapor deposition.
It provides a simple and easy method to synthesize nano-
size photocatalysts. First, soluble TiO2 precursor powder
was prepared using a mixture of tetraisopropyl orthoti-
tanate (Ti(OC3H7)4) (TTIP, >98%, Merck Co.), 2-propanol
(>99.7%, JT. Baker), and acetic acid (>99.9%, JT. Baker).
Then, the mixed solutions were stirred for 24 h and dried
at 105◦C followed by 150◦C for 1 h, respectively. The dried
gel was then pulverized into powder and calcinated in the
high-temperature oven. The parameters employed to control
the preparation of the catalyst include 2-propanol, acetic acid
(TTIP was fixed), calcinations time, and calcinations temper-
ature. The orthogonal arrays in the design of the experimen-
tal method proposed by Taguchi were adopted to conduct
the multiple-factor experiment. Second, the above-prepared
TiO2 powder was directly mixed with iron oxide (Fe3O4,
>98%, Aldrich) and Fe3O4/TiO2 at the designed molar ratio
of 0.1. Then, the mixed solutions were stirred for 1 h and
dried at 105◦C for 1 h. The conversion rate of IPA in this
experiment was employed to identify the optimal conditions
for assembly. The reactor containing TiO2/Fe3O4 complexes
was irradiated with 419 nm fluorescent lamps to undergo the
batch photocatalytic degradation experiment.

2.2. Photoelectrocatalytic Procedure. The liquid-phase photo-
electrocatalytic system consisted of 16 VFLs (Rayonet Model
RPR 100 Photochemistry Reactor, the Southern New Eng-
land Ultraviolet Company, fluorescent lamps λmax = 419 nm,
intensity = 724 lx), a completely mixing reactor, and an
air compressor for aeration and stirring use, and a peristaltic
pump was used to draw sample into the reactor for the
continuous refluxing batch experiments and the flow rate
controlled at 300 mL min−1. The apparatus is illustrated in
Figure 1. The experiment used the batch reaction system with
the aqueous sample of 850 mL, and the controlled param-
eters were pH values and the amount of photocatalyst. A
gas chromatography equipped with flame ionization detector
(GC-FID; Agilent Co., Model HP6890 Series) and chro-
matography column (60 m× 0.32 mm× 0.5 μm, Agilent HP-
INNOWax) were employed to determine the concentration
of IPA. Total organic carbon instruments (TOC; Shimadzu,
Japan, Model TOC-VCSN) were employed for the analysis of
the experiment to investigate the variations of the residual
rates and the mineralization rates under the parameters
described above. Besides, all the other chemicals were of
either analytical or reagent grade. The deionized water
(≥18 MΩcm−1) used for preparing the chemical solutions
was processed by the Milli-Ultrapure R/O System (Millipore,
USA) to ensure the quality of the prepared solution.

1
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(1) Photocatalystic chamber
(2) Reactor
(3) Visible light
(4) Air compressor

(5) Mass flow meter
(6) Peristaltic pump
(7) Sampling syringe

Figure 1: Schematic diagram of continuous photocatalytic degra-
dation system.

3. Results and Discussion

3.1. Optimal Preparation of Photocatalysts Using Taguchi
Method. The controlling factors, which include 2-propanol
(0.08, 0.16, and 0.32 mol), acetic acid (0.08, 0.16, and
0.32 mol), calcinations temperature (400, 500, and 600◦C),
and calcinations time (90, 120, and 180 min), were chosen
according to the work of Cheng et al. [4]. The orthogonal
arrays in the experimental design proposed by Zhang [31]
were adopted to conduct the multiple-factor experiment and
obtain the best combination of conditions for experimental
photocatalytic conversion of IPA. The four parameters of
various levels yield 9 different combinations as summarized
in the L9 orthogonal array table. Different photocatalysts
were prepared according to different combinations of con-
trolling factors for conducting the heterogeneous photocat-
alytic reactions to obtain the conversion rates of IPA. The
IPA conversion rates thus obtained were then statistically
analyzed by the F test to determine the significance and
variability of each factor. The result showed that, among the
factors, calcinations temperature had the greatest effect on
conversion rate of IPA in the photocatalysis system (42.06%),
followed by calcinations time (27.14%), the amount of 2-
propanol (14.86%), and, finally, the amount of acetic acid
(14.67%). In general, the effect of calcination temperature
was more significant due to its function in removing
impurities and increasing crystal strength. Table 1 shows the
contributions and major effects of different parameters. The
optimal preparation condition of TiO2 catalyst was achieved
under water 2-propanol of 0.08 mol, acetic acid of 0.32 mol
(i.e., TTIP/2-proanol/acetic acid with a molar ratio of
1 : 2 : 8), calcinations temperature of 500◦C, and calcinations
time of 90 min. The TiO2 was prepared at the above optimal
experimental conditions. Then, the above prepared TiO2

powder was directly mixed with Fe3O4 and Fe3O4/TiO2 at
the designed molar ratio of 0.1, and the mixed solutions
were stirred for 1 h and dried at 105◦C for 1 h. The solid
was calcinated in an atmospheric oven heated to 200◦C at



Journal of Nanomaterials 3

Table 1: Response of parameters in L9 table.

Factors
2-propanol

(mol)
Acetic acid

(mol)

Calcination
temperature

(◦C)

Calcination
time (min)

Level 1 61.89 48.52 52.98 67.51

Level 2 47.54 62.11 36.67 40. 64

Level 3 59.19 58.03 78.64 60.08

Main effect 14.86 14.67 42.06 27.14

Figure 2: The appearance of TiO2 particles.

the rate of 5◦C/min, held for 1 h and reheated to 500◦C at the
rate of 5◦C/min, and then held for another 3 h. The solid was
grounded into powder, washed with distilled water, and then
dried at 60◦C.

3.2. Properties Analysis of Photocatalysts. The photocatalyst
prepared by the modified sol-gel method under the optimal
conditions described above and the magnetism was tested
and is shown in Figures 2, 3, and 4. As can be seen, the pure
Fe3O4 particles and TiO2/Fe3O4 composite catalyst also had
good magenetism. The magnetization curve of TiO2/Fe3O4

composite catalyst was measured with Superconducting
Quantum Interference Device Magnetometer (SQUID;
SQUID-PMS5, Quantum Design Corp.), and Figure 5 illus-
trates the saturation magnetization intensity of TiO2/Fe3O4

composite catalyst was 5.8 emu/g. The field-emission scan-
ning electron micrographs (FE-SEM, JSM-6700F, JEOL,
Japan) of TiO2/Fe3O4 composite catalyst were shown in
Figure 6, and they clearly displayed that the particle was
little irregular and the size was about 20–40 nm. Anatase
TiO2 containing Fe3O4 was obtained and analyzed by the
X-ray diffractometer (XRD) and compared with the JCPDS
database (no. 84-1286 and 89-4319) (Figure 7). The X-ray
diffractometer (XRD, MAC MXTIII) was used to examine
the crystals form.

3.3. Adsorption Effect. In this study, the adsorption ability
of the TiO2/Fe3O4 composite catalyst has been studied
at varied pH (4, 7, and 10) with 30 mg L−1 IPA without
any irradiation at temperature of 25◦C in the reaction
chamber for 240 minutes. The adsorption ability for the
TiO2/Fe3O4 composite catalyst was weak under alkaline and
neutral conditions but not significantly different. Because
all of the adsorption rates were less than 1%, the effect of

Figure 3: The appearance of Fe3O4 particles.

Figure 4: The appearance of TiO2/Fe3O4 particles.

adsorption was not taken into consideration in the following
experiments, which did not affect the interpretation of the
data acquired.

3.4. Photoelectrocatalytic Tests. Because the photolytic effi-
ciency of UV irradiation treated with IPA was less than
2% in 3 replicates test, therefore the part experiment was
not taken into comparing in the subsequent experiments.
The photoactivity indicator of the TiO2/Fe3O4 composite
catalyst was investigated by the conversion rate of IPA. The
2.0 g TiO2/Fe3O4 composite catalyst was used to react with
30 mg L−1 IPA under 3.0 mW cm−2, 365 nm UV light (UV-
A), 724 lx VFL at pH 7 for 240 min. The results are illustrated
in Figure 8, and the destruction removal efficiency (DRE)
of the TiO2/Fe3O4 composite catalyst on the conversion of
IPA was higher than the TiO2 catalyst alone. Evidence reveals
that the system of the TiO2/Fe3O4 complexes has significantly
high efficiency of photocatalytic degradation than TiO2 only.

From the experimental data, we could find and under-
stand that the TiO2 and TiO2/Fe3O4 composites had good
performance under UV irradiation because UV light was
with higher energy, but this experiment verified that visible
fluorescent light could activate the photocatalytic activity
of TiO2/Fe3O4 particles as did ultraviolet A light. The
result showed that the TiO2/Fe3O4 composite catalyst also
had good destruction rate for IPA under visible light, and
this evidence revealed that the system of the TiO2/Fe3O4

composite catalyst could be used to treat organic pollutants
in practical wastewater treatment factories.

3.5. pH Effect. Although there was no significant variation
of adsorption experiments under different pH values, there



4 Journal of Nanomaterials

−40

−30

−20

−10

0

10

20

30

40

M
ag

n
et

iz
at

io
n
M

g
(e

m
u

/g
)

−5 −4 −3 −2 −1 0 1 2 3 4 5

Applied magnetic field Ba ≡ μ0H(T)

300 K

Fe3O4 mass: 172.35 mg
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Figure 6: The SEM image of TiO2/Fe3O4 particles.

were obvious variations in the photocatalytic reactions. In
general, the yield of hydroxyl radicals in the photocatalytic
reaction increases with increasing pH of the aqueous solu-
tion. However, the distribution ratios of the intermediates
produced in the solution were directly related to the pH
values. Moreover, the pH value alters the electrical behavior
on the surface of the photocatalyst leading to changes in
the absorption and desorption properties and capabilities of
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Figure 7: The X-ray diffraction spectrum of TiO2/Fe3O4.
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Figure 8: Comparison of the effect of TiO2/Fe3O4 catalyst on the
DRE of IPA under the UV-A and VFL irradiation.

the intermediates produced by the catalyst. Therefore, the
control of pH during the operation had significant impact
on the efficiency of the overall treatment.

The pHzpc value of TiO2 is 6.4. Therefore, the TiO2

surface carries a positive charge at pH below 6.4. However,
more and more oxygen ions dissociate from the TiO2 surface
at pH above 6.4, causing a negative charge to develop on
the catalyst surface. The substances formerly attached to the
catalyst surface as a result of electrostatic adsorption begin
to leave the catalyst under the influence of electric repulsion
between the substances and the catalyst, thus lowering the
oxidation/reduction rate of the reactants. Therefore, the
ionic reactants are more affected by the pH of the environ-
ment due to electrostatic interaction. Figure 9 illustrates the
destruction removal efficiency of IPA under the VFL irra-
diation for 240 minutes of photocatalytic reaction. As can
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be seen, the removal rate of IPA was higher under basic
conditions, and the result coincided with previous studies
[32].

3.6. Effect of Addition of Photocatalyst. The objective of the
present study was to identify the optimal quantity of the
TiO2/Fe3O4 composite catalyst added according to economic
consideration. This part of the experiment was carried out
under the following conditions: initial IPA concentration
of 30 mg L−1, pH 7, temperature of 25◦C, and VFL for
240 min. The variations in DRE thus obtained are illustrated
in Figure 10. As can be seen, when the photocatalyst added
was increased from 1 g to 5 g, the DRE was improved from
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Figure 11: Recovery of TiO2/Fe3O4 (3 g TiO2/Fe3O4 under 3
minutes settling time).

46% to 88%. However, when the amount of the TiO2/Fe3O4

composite catalyst added was increased from 5 g to 10 g, the
DRE was reduced. It was speculated that excessive amount of
the TiO2/Fe3O4 photocatalyst added to the solution caused
shielding of the light. Thus, both the light path and amount
of TiO2/Fe3O4 photocatalyst available for visible light irra-
diation were reduced, resulting in a decrease in overall
treatment efficiency. At the same time, the recovery rate of
photocatalyst could reach to 99.8% as we recollected easily
from recycled water using magnet (shown in Figure 11). It
is also illustrated that the system of TiO2/Fe3O4 has sig-
nificant efficiency of photodegradation under visible light
irradiation and can be used and recycled in the practical
wastewater treatment factories in the future.

4. Conclusions

Various dopants have been used for TiO2 to absorb visible
light. Fe3O4 was chosen and added during the preparation
of TiO2 photocatalystsusing sol-gel method that made TiO2

photocatalytic activity be activated by visible light. In this
study, the synthesized TiO2/Fe3O4 can be activated by
irradiation of UV-A and VFL. No significant photocatalytic
activity was lost after being recollected from water using
magnet for reusing. TiO2/Fe3O4 also demonstrated the
DRE of IPA under VFL and resolved TiO2/Fe3O4 recovery
problem when it was used in the practical wastewater
treatment factories. In additional, The prepared TiO2/Fe3O4

photocatalyst was identified as anatase, and particle size
was about 20∼40 nm formed by XRD and FE-SEM. In the
photodegradation experiments, the results indicated that
40∼88% DRE reached at different amounts of TiO2/Fe3O4,
and the best addition amount was 5 g TiO2/Fe3O4 under pH
10.
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Highly ordered transparent TiO2 macropore arrays were synthesized via a simple glass-clamping method at room temperature.
The as-synthesized TiO2 macropore arrays show high transmittance in the visible light region and can be used as transparent
photocatalysts for degradation of organic dyes.

1. Introduction

Transparent devices have received considerable attentions in
recent years due to their potential applications in fields where
traditional silicon-based technique could not approach, such
as transparent displays, transparent transistors, solar cells,
transparent supercapacitors, and ultraviolet (UV) detectors
[1–5]. TiO2, as one of the most important wide bandgap
semiconductors, has been studied to be used as transparent
device because of its outstanding physical and chemical
properties. For example, TiO2 transparent thin films would
make great impact in fields like photoelectrodes [5], antire-
flection films [6], self-clean glass [7], and nonlinear optical
devices [8].

Two-dimensional (2D) ordered arrays are of great sig-
nificance in many research areas of modern science and
technology, with the applications including optical and
optoelectronic devices [9], dye-sensitized solar cells [10],
surface-enhanced Raman spectroscopy [11], catalysis [12],
and sensors [13, 14]. Recently, 2D TiO2 ordered arrays,
combining the outstanding properties of TiO2 with their 2D
ordered assembling, have gained great research interests, and
many kinds of methods have been developed to synthesize
2D TiO2 ordered arrays. For example, Wang et al. described
an atomic layer deposition (ALD) method to fabricate TiO2

ordered nanobowl arrays, which can be used to separate
monosized submicron spheres [15]. Yang et al. reported

an rf-sputtering method to synthesize ordered hollow TiO2

hemisphere films [10], and described their applications in
dye-sensitized solar cells (DSSCs) as high-efficiency photo-
electrodes. Kannaiyan et al. developed a method to fabricate
2D hybrid CdS/TiO2 composite nanodot arrays [16] and
studied the photocatalytic properties of the hybrid thin film.
However, complicated procedures or expensive equipments
are usually required, and it is still quite desired to develop
simple method to synthesize 2D TiO2 ordered arrays. On
the other hand, it would be more desired to make the 2D
TiO2 ordered arrays transparent to fit special applications in
transparent electronics.

In this paper, we developed a simple and low-cost
glass-clamping method to synthesize highly ordered TiO2

macropore arrays by using hexagonally arranged PS sphere
monolayer as the sacrificial mask. As-synthesized highly
ordered TiO2 macropore arrays showed high transmittance
as approximately 92% in the visible light region and can
be used as interesting transparent photocatalysts for the
degradation of polluted organic dyes.

2. Experimental

Monodispersed polystyrene (PS) spheres were first synthe-
sized via the emulsifier-free method developed by Holland et
al. [17]. The corresponding SEM images of the as-obtained
PS can be seen in Figure S1 (see Supplementary Material



2 Journal of Nanomaterials

(a) (b)

(c) (d)

(e) (f)

Figure 1: (a) SEM of PS sphere monolayer on glass substrate, the insect image is FFT of the SEM image of PS monolayer. (b, c, and d) SEM
images of 2D TiO2 ordered arrays with magnification of 2500x, 40000x, and 140000x, respectively. The insect image of Figure 1(b) is FFT of
the SEM image of the TiO2 arrays. (e, and f) Photographs of large-scale 2D TiO2 ordered arrays under different incident angles of light.

available online at doi:10.1155/2012/762510). The second
step is to assemble a PS monolayer on a cleaned glass
substrate. During this step, a piece of glass substrate was
used, which was precleaned by boiling in piranha solution
(H2SO4 : H2O2 = 7 : 3 v/v). After being cleaned, the glass
substrate was put in the bottom of a Petri dish (Φ = 5 cm),
which was filled with deionised water until the level of the
water equals to the upper surface of the glass substrate.
Then, 15 μL monodispersed PS spheres suspensions (wt
5%; water : ethanol = 1 : 1) were dropped onto the glass,
which were found to rapidly spread and form a PS spheres
monolayer on the glass substrate (Scheme 1(a)).

After putting another piece of the precleaned glass sub-
strate on the surface of the PS spheres monolayer, a syringe
was utilized to drain the Petri dish, resulting in the formation
of dried PS spheres monolayer between the two pieces of
glass substrates (Scheme 1(b)). To get highly ordered TiO2

macropore arrays, a drop of tetra-n-butyl-titanate (TBT)
solution was then dripped from the edge of the PS spheres
monolayer as shown. Stored in air for several days, the TBT
solution slowly spread and filled the cavities of the PS spheres
monolayer, where it homogeneously hydrolyzed and formed
into amorphous Ti(OH)4 (Scheme 1(c)). After completely
hydrolyzed, the upper glass substrate was peeled off, and
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Scheme 1: Schematic representation of the procedures employed
for the fabrication of 2D TiO2 ordered arrays.
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Figure 2: Transmittance spectra of 2D TiO2 ordered arrays on glass
substrate. The insect image is photograph of 2D TiO2 ordered arrays
on glass (top) and bare glass (bottom).

the bottom glass substrate with Ti(OH)4/PS spheres was
annealed at 450◦C for 5 hours, resulted in the formation of
the final highly ordered TiO2 macropore arrays.

3. Results and Discussion

After annealing, the product was first characterized by
using X-ray diffraction (XRD) to get information about its
composition. Figure S2 is the corresponding XRD pattern of
the product, which can be easily indexed to crystalline TiO2

with the anatase phase (JCPDS Card, number 89-4203). No
peaks from other impurities were detected, indicating the
formation of pure TiO2 product.

The PS spheres used in the work have diameters of
about 500 nm (Figure S1). Figure 1(a) is a typical SEM
image of the as-synthesized PS spheres monolayer, which

is found to be hexagonal arranged on the glass substrate
on a large scale. The inset fast Fourier transform (FFT)
pattern of the PS monolayer shows regularly arranged spots,
confirming its uniform hexagonal arrangement. By using the
PS spheres monolayer as the templates, highly ordered TiO2

macropore arrays were obtained on a large scale, as can be
seen from Figure 1(b). The SEM image in Figure 1(c) also
reveals that the TiO2 product consists of highly ordered TiO2

hemispheres with diameters of around 500 nm, similar to the
PS spheres. The thickness of the TiO2 hemisphere is around
30 nm (Figure 1(d)). Confined by the PS spheres monolayer
templates, all the TiO2 hemispheres arranged hexagonally on
the substrate, forming into the final TiO2 macropore arrays.
The FFT pattern inset in Figure 1(b) confirms its regular
hexagonal arrangement.

Due to the regular macropore structures of the TiO2

product, it is interesting to find that the TiO2 film on glass
substrate exhibited different colours upon different tilts to
the illuminated solar light. Figures 1(e) and 1(f) are the
photographs of the TiO2 film to solar light with the tilt angles
of around 20◦ and 30◦, respectively. Under such angles, the
film exhibited sky-blue and light green colors, respectively.
This phenomenon can be well explained by the grating
model suggested by Billon et al. [18], which indicates that
highly ordered hexagonal pattern would behave as gratings.
Thus, the structures would obey the Grating equation:

mλ = d
(
sinα + sinβ

)
, (1)

where m is the diffraction order, λ is the wavelength, d is
the distance between centres of two adjacent hemispheres,
α is the incident angle, and β can be considered as the
observation angle. In this case, if we keep m, d, and α as
constants, then when the observation angle β is changed,
we can observe that the colour perception of the surface
will be changed. Such highly angular dependence character
demonstrates that the synthesized TiO2 arrays film from the
simple glass-clamping method has very good uniformity and
regularity.

Due to the superior uniformity, regularity, and homo-
geneous thickness of the TiO2 ordered arrays, the TiO2

films synthesized by the glass-clamping method show very
good transparency in the visible light region. Figure 2 is
the transmittance spectrum of the 2D TiO2 ordered arrays
on glass substrate, while a cleaned glass was also used
to check as baseline during the testing. For comparison,
the transmittance spectrum of a clean glass substrate was
also depicted in Figure 2. From the spectrum, we can
easily find out that the 2D TiO2 ordered arrays have great
transparency, with a transmittance value of approximately
92% (transmittance value was measured on a Shimadzu UV-
2550 spectrophotometer, Japan). Insets in Figure 2 are the
digital photographs of the TiO2/glass substrate as well as the
bare glass, where the under image (the image corresponds
to the symbol of our lab) can be easily seen through the
substrates. No obvious difference was found between the two
substrates, indicating the excellent transparency of the TiO2

product.
In comparison to other semiconductor photocatalysts,

TiO2 is a suitable material described as high-performance
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Figure 3: (a, b, and c) peak values of absorption spectra of MB (664 nm), MO (554 nm), RhB (460 nm), respectively. (d) changes of the
organic dye concentrations with reaction time during photocatalytic process.

photocatalysts because of its biological and chemical inert-
ness, cost-effectiveness, environmental friendliness, avail-
ability, and long-term stability against photo- and chemical-
corrosion [19–21]. With regular shapes and excellent optical
transparency, the as-obtained highly ordered TiO2 macrop-
ore arrays may be used as interesting transparent photocata-
lyst to fit some special applications. Photocatalytic properties
of the highly ordered TiO2 macropore arrays were studied
by photodegradation of organic dyes, such as methylene
blue (MB), methyl orange (MO), and rhodamine B (RhB).
All the organic dyes were dissolved in water with ratio of
15 μL : 15 mL. The TiO2 product was first immersed in the
organic dye solution for 60 minutes to reach an adsorption

equilibrium, before being irradiated by 365 nm UV light
(50 mW/cm2). After every 30 minutes of UV light exposure,
400 μL of the testing organic dyes solution was subjected
to UV-spectrophotometer. The concentration of organic dye
solution was determined by the peak values from the UV-Vis
absorption spectrum.

Figures 3(a), 3(b), and 3(c) show the spectra changes of
main peaks originated from MB (664 nm), MO (554 nm),
and RhB (460 nm) with the irradiation time, respectively.
Under UV light illumination, the peaks of three organic
dyes obviously decrease revealing good photocatalytic prop-
erties of the fabricated TiO2/glass. Furthermore, to quantify
photocatalytic abilities of the as-synthesized TiO2/glass,
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the changes of the organic dye concentrations with reaction
time were recorded and shown in Figure 3(d). Clearly,
TiO2/glass showed not only higher adsorption ability but also
higher photodecomposition ability to MB solution than to
other dyes solutions at room temperature. During the dark
reaction, about 20% of MB dyes were adsorbed. And about
93.6% of MB dyes were decomposed after 3 h irradiated
by UV light. While for MO and RhB dyes, the adsorption
effects in the presence of TiO2/glass were poor, and the
concentrations of MO and RhB solutions decreased to 87.2%
and 82.3% under exposure to UV light for 3 h, respectively,
which were lower than that of MB solution.

As described above, the current glass-clamping method
shows great superiority in fabricating transparent 2D
ordered arrays on glass substrate. We found that such a
simple method may also be extended to other substrates.
As an example, we successfully synthesized 2D TiO2 ordered
arrays on aluminium substrate, as can be seen in Figure S3.

4. Conclusion

In conclusion, we have developed a simple glass-clamping
method to fabricate 2D TiO2 ordered arrays on a large scale
by using hexagonally arranged PS monolayer as the sacrificial
mask. The as-obtained 2D TiO2 ordered arrays show great
uniformity and regularity with an excellent transparency of
about 92%. The as-obtained 2D TiO2 ordered arrays were
used as high performance transparent photocatalysts for
the photodegradation of organic dyes, such as MB, MO,
and RhB. Considering the high transmittance, the 2D TiO2

arrays might be utilized as self-cleaning glass, transparent
optoelectronic devices, and other applications. Moreover,
we have applied this simple method on the fabrication of
2D TiO2 ordered arrays on other substrates, which widely
expands its potential applications.
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