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Semiconductor photocatalyticmaterial and technology are of
great significance in degradation of pollutant and conversion
of solar energy. Among various oxide semiconductor photo-
catalysts, titania is the most important one up to now due
to its chemical inertness, low price, nontoxicity, and strong
oxidation and reduction ability under solar light. However,
the photocatalytic performance of titania should be further
improved from the viewpoint of practical application and
commerce. To achieve this purpose, we invited investigators
to contribute review and original research articles on TiO

2

photocatalytic materials. This special issue consists of 19
papers, mainly related to environmental purification of TiO

2

photocatalytic materials. Among them, 15 papers are about
TiO
2
photocatalytic materials. A brief summary of all 19

accepted papers is provided below.
In “Effect ofCeDoping onRGO-TiO

2
Nanocomposite for

High Photoelectrocatalytic Behavior,” the paper indicates that
the Ce-doped RGO-TiO

2
composite film showed higher pho-

toelectrochemical performance than that of RGO-TiO
2
com-

posite and pure TiO
2
under solar simulator irradiation.

The paper “Theoretical Study on Electronic Structure and
Optical Performance of Nickel and Nitrogen Codoped Rutile
Titanium Dioxide” reports ab initio calculations of nickel-
doped, nitrogen-doped, and nickel + nitrogen-codoped rutile
TiO
2
based on density functional theory.

The paper “Application of Glass Fiber-Based N-Doped
Titania under Visible-Light Exposure for Photocatalytic Deg-
radation of Aromatic Pollutants” reports fabrication of flexi-
ble glass fiber-supported nitrogen-dopedTiO

2
photocatalysts

by a dip-coatingmethod followed by a low-temperature heat-
treatment process and their application for the degradation of
aromatic volatile organic compounds (VOCs) under visible-
light irradiation.

The paper “Effects of UV-Vis Irradiation on Vanadium
Etioporphyrins Extracted from Crude Oil and the Role
of Nanostructured Titania” reports the use of N-TiO

2
/Cu

induces an important delay in the initiation of the porphyrins’
photodegradation process.

The paper “Influence of Nd-Doping on Photocatalytic
Properties of TiO

2
Nanoparticles and Thin Film Coatings”

reports structural, optical, and photocatalytic properties of
TiO
2
and TiO

2
:Nd nanopowders and thin films.

The paper “Effect of Aging Time and Film Thickness
on the Photoelectrochemical Properties of TiO

2
Sol-Gel

Photoanodes” reports a nonaqueous based sol-gel process to
produce TiO

2
based photoelectrodes for solar water splitting.

The paper “Synthesis of Submicron Hexagonal Plate-
Type SnS

2
and Band Gap-Tuned Sn

1−xTixS2 Materials and
Their Hydrogen Production Abilities on Methanol/Water
Photosplitting” reports SnS

2
and Sn

1−xTixS2 (x = 0, 0.1,
0.3, 0.5, and 0.7mol) materials designed using solvothermal
method with the aim of enhancing hydrogen production
from water/methanol aqueous solution.

The paper “Role of Platinum Deposited on TiO
2
in

Photocatalytic Methanol Oxidation and Dehydrogenation
Reactions” reports that the platinized titanium dioxide sam-
ples are alwaysmore active than the corresponding bare TiO

2

for both methanol oxidation and dehydrogenation processes.
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The loading with various platinum amounts resulted in a sig-
nificant improvement of the photocatalytic activity of TiO

2
.

This beneficial effectwas attributed to an increased separation
of the photogenerated electron-hole charge carriers.

The paper “An Overview: Recent Development of Tita-
nium Oxide Nanotubes as Photocatalyst for Dye Degrada-
tion” presents a critical review of recent achievements in the
modification of TiO

2
nanotubes for dye degradation.

The paper “TiO
2
Nanotube Arrays Composite Film as

Photoanode for High-Efficiency Dye-Sensitized Solar Cell”
presents a double-layered photoanode made of hierarchical
TiO
2
nanotube arrays (TNT-arrays) as the overlayer and

commercial-grade TiO
2
nanoparticles (P25) as the under-

layer for dye-sensitized solar cells (DSSCs).
The paper “Hole-Phonon Relaxation and Photocatalytic

Properties of Titanium Dioxide and Zinc Oxide: First-
PrinciplesApproach” presents first-principles calculations for
the temporal characteristics of hole-phonon relaxation in the
valence band of titanium dioxide and zinc oxide.

The paper “Electronic Structures of S/C-Doped TiO
2

Anatase (101) Surface: First-Principles Calculations” presents
the electronic structures of sulfur- (S-) or carbon- (C-) doped
TiO
2
anatase (101) surfaces investigated by density functional

theory (DFT) plane-wave pseudopotential method.
The paper “Synthesis and Photocatalytic Activity of Mag-

netically RecoverableCore-Shell Nanoparticles” presents TiO
2
/

SiO
2
/Fe
3
O
4
(TSF) core-shell nanoparticles with good photo-

catalytic activity and capable of fast magnetic separation after
photocatalytic reaction.

The paper “Photocatalytic Bactericidal Efficiency of Ag
Doped TiO

2
/Fe
3
O
4
on Fish Pathogens under Visible Light”

presents photocatalytic bactericidal efficiency of Ag-TiO
2
/

Fe
3
O
4
under visible light using target pollutants that include

Aeromonas hydrophila, Edwardsiella tarda, and Photobac-
terium damselae subsp. piscicida.

The paper “Boundary Layer of Photon Absorption
Applied to Heterogeneous Photocatalytic Solar Flat Plate
Reactor Design” presents the design of heterogeneous pho-
tocatalytic solar reactors with flat plate geometry used in
treatment of effluents and conversion of biomass to hydrogen.

The paper “Antimicrobial Activity of TiO
2
Nanoparticle-

Coated Film for Potential Food Packaging Applications”
presents the antimicrobial activity of the films investigated
by their capability to inactivate Escherichia coli (E. coli) in an
actual food packaging application test under various condi-
tions, including types of light and the exposed light time.

The paper “Preparation, Characterization, and Biotox-
icity of Nanosized Doped ZnO Photocatalyst” presents
preparation of five types of nondoped ZnO, iron-doped
ZnO, cobalt-dopedZnO, nickel-dopedZnO, andmanganese-
doped ZnOmaterials by a wet chemical method, which were
then exposed to Daphnia magna (D. magna) at low and high
concentrations (50 and 250 𝜇gL−1).

The paper “Manipulation of MWCNT Concentration in
MWCNT/TiO

2
Nanocomposite Thin Films for Dye-Sensi-

tized Solar Cell” presents preparation of dye-sensitized solar
cell (DSSC) using multiwalled carbon nanotube/titanium
dioxide (MWCNT/TiO

2
) using sol-gel method.

The paper “Oxidation of 4-Chlorophenol by Mesoporous
Titania: Effect of Surface Morphological Characteristics”
presents preparation of mesoporous nanocrystalline anatase
via EISA employing CTAB as structure directing agent.
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This work has focused on the investigation of a non-aqueous based sol-gel process to produce TiO
2
based photoelectrodes for

solar water splitting. In particular, the effect of the aging time of the sol and TiO
2
film thickness on the photoelectrochemical

properties of the photoanodes has been investigated. In order to achieve optimal performances (i.e., photocurrent density up to
570 𝜇A/cm2 and IPCE of 26% at 300 nm), the sol needs to be aged for 3 to 6 h, before being dip-coated to produce the photoanodes.
The importance of the aging time can also be appreciated from the optical properties of the TiO

2
films; the absorbance threshold of

the sol-gel aged for 3–6 h is slightly shifted towards longer wavelenghts in comparison to 0 h aging. Aging is necessary to build up a
well-interconnected sol-gel network which finally leads to a photoelectrode with optimized light absorption and electron collection
properties. This is also confirmed by the higher IPCE signal of aged photoelectrodes, especially below 340 nm. Among thicknesses
considered, there is no apparent significant difference in the photoresponse (photocurrent density and IPCE) of the TiO

2
sol-gel

films.

1. Introduction

The photoelectrochemical solar water splitting promoted
by TiO

2
has been first reported in 1972 by Fujishima and

Honda [1] and extensively investigated over the last 40 years
[2–4]. TiO

2
is recognized as an environmentally friendly,

economically accessible, photostable, and biologically inert
photocatalyst [3, 4], although its large band-gap (3.0 to 3.2 eV)
allows only the absorption of a small portion of the photons
available from the solar spectrum [3]. To date, various
attempts to modify the band-gap of TiO

2
by introducing

suitable dopants within its lattice [3, 5, 6] have failed to
deliver a material with an enhanced photoactivity. Such dop-
ing increases visible light absorption but increases also the
probability of charge carriers recombination (i.e., new defects
formed within the doped structure act as traps [7] for e− and
h+). More promising results are instead obtained by inducing
oxygen nonstoichiometry in TiO

2
via thermal treatment in

a reducing atmosphere; in this case, the conductivity and to

some extent the optical properties of the oxide are improved
and the photoactivity is also enhanced, with the oxide
remaining free from defects typically introduced whenever
attempting to dope with foreign species [8–10]. It is also
possible to optimize the electron transport properties of TiO

2

by selecting the most appropriate morphology for a given
application [11, 12]. Concerning solar driven water splitting,
Hartmann et al. [13] suggested that mesoporous TiO

2
sol-gel

represents the ideal morphology to ensure good electronic
interconnectivity and therefore a much more efficient collec-
tion of the photogenerated e− than in TiO

2
nanoparticles.

It should also be considered that, unlike mesoporous sol-
gel films, TiO

2
nanoparticles are too small to support an

inbuilt electrical field [14], meaning there is no space-charged
layer [15] to assist the water splitting process. Under such
conditions, the surface intermediates (Tis–O

∙ radicals, Tis–
O–O–Tis peroxo species) involved in the photooxidation of
water act as scavengers of e− in the conduction band of
TiO
2
nanoparticles; hence, the photocurrent is drastically
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reduced [11]. Concerning the electron transport within a
network of nanoparticles, it has been shown that it is aided
by self-doping, occurring under illumination and enhanc-
ing the conductivity of the nanoparticles [16]. Therefore,
Augustyński et al. [15] argue that the superior water splitting
performances of sol-gel should not be ascribed to the good
electronic interconnectivity but rather to the absence of
a space-charged layer in the case of nanoparticles. Based
on our recent studies on TiO

2
sol-gel, electrospun fibres,

and nanoparticles [17], we suggest that both the absence
of an inbuilt electric field in nanoparticles and the better
interconnectivity (due to the Ti–O–Ti network) within the
sol-gel are contributing to the better performances of sol-
gel photoanodes. Among the possible sol-gel routes to obtain
TiO
2
from a Ti alkoxide precursor, a better control over the

structure of the sol and nanocrystallinity in the spin- (or dip-
) coated films can be established, for example, by replacing
water with an organic acid and an alcohol and also by using
nonionic surfactants such as Triton X-100 [18] or Tween 20
[19, 20]. A similar approach is adopted and implemented
within this work. As discussed later in Section 3, an added
value and novelty of this work are the development of a
system where the thickness of the film is not influenced by
the aging time and the viscosity of the sol but only by the
number of dip-coated layers.This allows a direct comparison
between photoanodes aged for different times (as they have
the same thickness). Furthermore, only few studies on the
effect of film thickness on the photochemistry of the sol-gel
are available to date. Yasumori et al. [21, 22] showed a nearly
linear correlation between the thickness (up to 400 nm)
of sol-gel photocatalyst and the amount of H

2
produced.

Similarly, it has been recently reported that at a given wave-
length (365 nm) the IPCE also increases (almost) linearly
with the thickness of TiO

2
sol-gel photoanode (maximum

thickness investigated was 1.3 𝜇m) [23]. Nevertheless, further
investigations are required to understand to which extent
(in terms of thickness, porosity, aging, and crystallinity) a
carefully chosen sol-gel synthetic route can lead to TiO

2

photoanodes with optimal electron transport properties. The
aims of this work are

(i) to investigate the effect of film thickness on the
photocurrent density and the IPCE response of TiO

2

sol-gel films,

(ii) to optimize the photoelectrochemical properties of
our sol-gel processing method [17, 24] by investigat-
ing the influence of aging time on the performances
of TiO

2
photoanodes.

As a result of this study, a robust correlation between the
processingmethod (aging and thickness), themicrostructure,
and crystallinity of the sol-gel photoelectrodes and their
photoelectrochemical properties is established by the use
of different characterization techniques (Section 2.2) and
presented in detail in Section 3.

2. Materials and Methods

2.1. Fabrication of TiO
2
Sol-Gel Photoelectrodes. The sol-gel

photoelectrodes were prepared according to the following
procedure: 2.84mL (9.6mmol) of titanium tetraisopropoxide
[Ti(OPri)

4
, Merck] was mixed in 2.84mL (50mmol) of

acetic acid (Sigma-Aldrich) and kept under magnetic stirring
for 10minutes. The sol was then additionally kept in the
dark for 15 minutes, before adding 0.8mL (7.8mmol) of
acetylacetone (Acac, Sigma-Aldrich), 0.1mL of Triton-x-100
(Sigma-Aldrich) [24], and a solution of 0.32 g (5wt.%) of PVB
(Mowital B 30H, Omya) in 8ml of dry EtOH. The sol was
finally aged in the dark for different times, 0 h (i.e., no aging),
3 h, or 6 h, before being dip-coated (Compact DipMaster 50
Dip Coater, Chemat Scientific Inc.) on FTO glass substrates
(Pilkington NSG TEC 8A, Xop Fı́sica) previously cleaned
by sonication in isopropanol for 10 minutes, rinsed with
distilled water and EtOH, and dried under an air flow. Dip
coating parameters to obtain a 1-layer-thick green sol-gel
photoelectrode were (a) substrate dipping/withdrawal speed
of 50mm/min and (b) dipping time of 30 s. In the case of
multilayered films, the entire procedure described above was
repeated to obtain 2 or 3 layers of green sol-gel photoanodes.
All the photoelectrodes were left to dry for 24 h before being
calcinated at 500∘C in air (heating rate of 1.6∘C/min, dwelling
time: 2 h). In the case of multilayers photoanodes, the time
interval between each dip coating was also kept for 24 h and
the calcination done only once, when all the desired layers
had been dip-coated on the FTO glass.

2.2. Characterization

2.2.1. Rheology. Measurements were performed using a Rhe-
olab MC 120 (Anton Paar GmbH, Germany) rheometer. The
viscosity (Pa⋅s) and the shear stress (Pa) of the sols were
measured as a function of the shear rate (from 100 to 1000 s−1)
at different time intervals (0, 3, and 6 h) to monitor changes
of flow behavior occurring during the aging process.

2.2.2. Morphology, Microstructure, and Crystallinity. The
morphology, microstructure, and thickness of the photo-
electrodes were analyzed by scanning electron microscopy
(SEM, either TS5136 MM-Tescan or a Field Emission Nova
NanoSEM 230-Nova FEI) and the crystal phases determined
by grazing angle X-ray diffraction (GAXRD) analysis, per-
formed on TiO

2
thin film photoelectrodes (grazing angle 𝜔

= 1∘, using a Panalytical, X’Pert Pro instrument (Cu-K𝛼1, 𝜆 =
1.5406 Å). The porosity of the thin film photoelectrodes was
estimated from SEM images using the freeware ImageJ.

2.2.3. Specific Surface Area of Photoelectrodes. The surface
area of the thin films was determined by dye adsorp-
tion/desorption measurements, using a commercial N719
dye (Sigma-Aldrich), assuming a dye monolayer coverage
of the TiO

2
and a dye molecular footprint of 180 Å2 [26].

Photoelectrodes were first left to dry at 80∘C overnight and
then soaked for 3 h in a 0.2mM solution of N719 in tert-
butanol/acetonitrile (1 : 1 in volume). Samples were removed
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from the above solution, rinsed with EtOH and acetonitrile,
and left to dry at 60∘C for 1 h. The N719 dye adsorbed onto
the TiO

2
films was desorbed by soaking (1 h) the films in a

known volume of 0.01M KOH in water. From UV-Vis (UV
3600 Spectrophotometer, Shimadzu) absorbance analysis and
knowing the porosity of the films, it was then possible to
calculate the specific surface area of the TiO

2
photoelectrodes

aged for different times.

2.2.4. Photoelectrochemical and Optical Characterizations.
The photocurrent measurements were performed using
a 3-electrode system (working electrode: TiO

2
photoan-

ode; counter electrode: platinum plate, XM120, Radiometer
Analytical; reference electrode: Ag/AgCl/3M-KCl, XR300,
Radiometer Analytical) inserted into a cappuccino cell [27]
filled with 10mL of 1M KOH solution (pH = 13.8) and
connected to a potentiostat (Voltalab80PGZ402, Radiometer
Analytical). The cappuccino cell was irradiated by a Xe
lamp (solar simulator, Oriel Lamp by LOT-Oriel AG), at an
intensity correspondent to 1.5AM (1 sun, 1,000W/m2), and
the resulting photocurrent density (𝐽) measured as a function
of a potential sweep from −900 to +600mV (vs the Ag/AgCl
ref. electrode), at a scan rate of 20mV/sec.

Additionally, incident photon to current efficiency
(IPCE) action spectra were also performed adopting a
2-electrode system, using a Xe lamp (by LOT-Oriel AG) as
light source and a monochromator (Omni-𝜆 300, LOT-Oriel
AG). A typical experiment consisted in illuminating a
TiO
2
photoanode (immersed in 1M KOH) with light of

wavelength (𝜆) ranging from 600 nm to 300 nm (at 1 nm
step). A Keithley 2450 source meter was used to provide
a bias (0.00V or 0.23V) between the photoanode and a
Pt counter electrode and to measure the photocurrent
as a function of the wavelength, 𝐽Photo(𝜆). The power of
the irradiating source, 𝑃(𝜆), was recorded with a ThorLabs
PM100USB powermeter and the IPCE(𝜆)% values calculated
as

IPCE (𝜆)% = 1240 ⋅ (
𝐽Photo (𝜆) (𝜇A ⋅ cm

−2
)

𝜆 ⋅ 𝑃 (𝜆) (nm ⋅W ⋅m−2)
) . (1)

For the photocurrent and IPCE measurements, a minimum
of 5 specimens for each different type of photoelectrodes
were tested and results are given together with their relative
standard deviations. UV-Visible analysis (UV 3600 Spec-
trophotometer, Shimadzu) was performed to determine the
transmittance and diffuse reflectance of the photoelectrodes
(𝑇TiO

2

, 𝑅TiO
2

) and the FTO substrate (𝑇FTO, 𝑅FTO), rang-
ing 𝜆 from 650 to 250 nm (sampling interval 1 nm). The
absorbance, that is, optical density, opt. dens. (𝜆), is then
given by

Opt. dens. (𝜆) = −Log
10
(

(𝑇TiO
2

/𝑇FTO)

1 − ((𝑅TiO
2

− 𝑅FTO) /100)
)

=
𝛼 ⋅ 𝑑

2.303
,

(2)
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Figure 1: Rheology measurements showing how the viscosity and
shear stress of the sol change during the aging process.

Table 1: Thickness of sol-gel TiO2 photoelectrodes measured by
SEM. The indirect band-gap obtained from the Tauc plot [25]
applied to the optical data in Figure 3 is also given.

Photoelectrode Thickness (𝑑) (𝜇m) Indirect band-gap (eV)
0 h aging, 1 layer 0.6 ± 0.1 3.25 ± 0.08
3 h aging, 1 layer 0.6 ± 0.1 3.25 ± 0.06
6 h aging, 1 layer 0.6 ± 0.1 3.21 ± 0.08
6 h aging, 2 layers 1.1 ± 0.1 3.22 ± 0.06
6 h aging, 3 layers 1.6 ± 0.2 3.21 ± 0.02

where 𝛼 is the absorption coefficient and 𝑑 is the thickness
of the film.The indirect band-gap of the photoelectrodes was
extrapolated from a plot of (𝛼ℎ])1/2 versus ℎ], Tauc plot [25].

3. Results and Discussion

As expected, the rheology measurements performed on the
TiO
2
sol-gel system, Figure 1, are showing an increase in shear

stress and viscosity occuring during the aging process of the
sol, which was monitored at 0, 3, and 6 h. The increase in
shear stress and viscosity is more pronounced between 0 and
3 h than between 3 and 6 h aging, suggesting that the most
significant physical and chemical changes within the TiO

2
sol

are occuring within the first 3 h of the aging process.This is in
good agreement with previous reports on the preparation of
sols using metal alkoxide based precursors [28]. The results
of the SEM analysis, summarized in Table 1, reveal that aging
time has no effect on the thickness of the photoanode, which
remains as 0.6 ± 0.1 𝜇m for 1 layer TiO

2
dip-coated after 0,

3, or 6 h aging. This was expected, considering there is no
real gelling effect (i.e., shear thinning effect) in the TiO

2
sol;

from Figure 1, it is clear that the sol behaves almost as a new-
tonian fluid [29]. The viscosity is almost independent of the
shear rate and the shear stress shows linear behavior versus
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the shear rate. It is therefore assumed that the film thickness
is mainly influenced by the solid TiO

2
content (kept constant

in this study) inside the sol-gel system. The TiO
2
sol system

does not show a real gelling effect for the following reasons.

(i) The water required for hydrolysis of Ti(OPri)
4
is

initally absent and it is only slowly released in the
sol via reaction between the alcohol (EtOH) and the
acetic acid. The Ti–O–Ti network can also be created
by alcoholysis of the Ti alkoxide precursor, which
again is slower than hydrolysis and easier to control
[18].

(ii) It has been previously shown that chelating agent
such as Acac, used in this study, despite causing
the Ti alkoxide precoursor to be more prone to
hydrolysis/alcoholysis, is in fact slowing down (or
preventing) gelation because it offers alternative paths
to the polymerization reaction [30].

(iii) An excess of acetic acid is used in our system and this
is also known to retard the gelation of Ti alkoxides
by promoting the formation of stabilized dimeric
complexes (the coordination of Ti also changes from
4 to 6 upon addition of acetic acid) [29].

Our study shows that it is possible to prepare films
with thickness independent of aging time; as previously
mentioned, this allows evaluating the impact of aging time
on the ability of the photoelectrodes to sustain electron
transport.

The results of the GAXRD analysis of the photoelectrodes
(after calcination at 500∘C) are summarized in Figure 2.
Anatase is the dominant phase (>95%) in all the photoelec-
trodes, although a small amount of rutile is also present.
An additional and important fact emerging from Figure 2 is
the impact of the sol-gel aging process on the crystallinity
of the film. By comparing the XRD spectra of 1-layer-thick
photoelectrodes (i.e., same thickness) without aging (0 h)
and aged for 3 or 6 h, the anatase peaks appear to be more
pronounced in the case of aged films. In other terms, when
the aging step is not performed (0 h), the XRD signals of the
FTO substrates dominate over the TiO

2
peaks. This is best

appreciatedwhen comparing the anatase peak at 25.4∘ and the
FTO peak at 26.6∘. Crystallinity is indeed a very important
requirement towards the design of effective photocatalysts for
the formation ofH

2
via solarwater splitting [31]. Additionally,

the analysis of the crystalline particles size by applying the
Scherrer equation [32] to the anatase peak (101) at 2𝜃 =
25.3 − 25.4∘, Figure 2, reveals that they are sufficiently big to
allow efficient electron transport. The size of the crystalline
domains for all the different photoelectrodes is approximately
30 nm and sufficiently larger domains (at least >15 nm) are
generally suggested to be required to facilitate transport of
electrons during the water splitting process [13].

Despite having no significant effect on the thickness
of TiO

2
films, aging time appears to influence the optical

properties of the photoanodes, as shown in Figure 3; the
absorbance threshold of the sol-gel aged for 3 and 6 h is
slightly shifted towards higher wavelenghts in comparison to
0 h aging. Furthermore, for a givenwavelenght, by comparing
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Figure 2: GA-XRD analysis of the different TiO
2
sol-gel photoelec-

trodes. The crystallinity of aged sol-gel is improved in comparison
with the gel without aging (0 h). Anatase is the dominant phase in
all the photoelectrodes, although a small amount of rutile is also
present.
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Figure 3: Absorbance (optical density) of the different sol-gel pho-
toelectrodes. The slight changes in the optical properties induced
by the aging time, as well as by the dip coating of multilayer
photoelectrodes, are better appreciated in the inset.

the 1-layer photoelectrodes aged for difference times, it is
evident that the absorbance intensity is higher in 6 h aged
films. This is best appreciated in the region 300–320 nm,
Figure 3, and must be a consequence of the chemical and
physical changes [33] occuring within the sol. As previously
discussed, the sizes of crystalline domains are very similar
(approximately 30 nm) in all the photoelectrodes and cannot
explain the differences in their optical properties. However,
XRD analysis, Figure 2, has shown that aged photoelectrodes
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Figure 4: Effect of aging time on the photocurrent of TiO
2
sol-gel photoelectrodes: (a) SG/1 layer/0 h, (b) SG/1 layer/3 h, and (c) SG/1 layer/6 h.

The effect of the thickness of TiO
2
on the photocurrent density is also reported; see (d) SG/2 layers/6 h and (e) SG/3 layers/6 h.

have a higher degree of crystallinity than nonaged films and,
as a result, may interact differently with the incident light.
We therefore tentatively assign the shift of the absorbance
threshold to differences in the light scattering phenomena
occuring within films aged for different times.

The optical properties are also in good agreement with
the photocurrent measurements, reported in Figures 4(a)–
4(c) for different aging times, 0, 3, and 6 h. By taking the
value of the photocurrent density at 0.23V versus Ag/AgCl
(i.e., 1.23 V vs RHE in 1M KOH), the reponse increases from
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460 𝜇A/cm2 for 0 h aging time to 550 and 570 𝜇A/cm2 in
the case of 3 and 6 h aging time, respectively. The standard
deviation between the photocurrent measurements for a
given aging time is typically in the order of ±10% and
it can be concluded that there is no significant difference
between the photoresponses of the sol-gel aged after 3 and
6 h, whereas the sol-gel with no aging (i.e., 0 h) clearly has
the lowest performance. We ascribe the shift observed in the
absorbance, Figure 3, and the enhanced photocurrent density
in aged photoelectrodes, Figure 4, to the building-up of the
sol-gel network occuring during the aging process. Clearly,
the formation of such network has an impact on both the
crystallinity and the optical properties as well as ability to
collect the photogenerated electrons.

Additional information on the photoelectrochemical
properties of sol-gel films is provided by the IPCE analysis in
Figures 5(a)–5(c). The study of the IPCE curve, particularly
in the region 300–340 nm, provides information on the
electron transport properties of the photoelectrodes. What
clearly emerges from the IPCE analysis, in good agreement
with the photocurrent densitymeasured previously discussed
(Figures 4(a)–4(c)), is the superior ability of aged films
(see comparison between 0 h aging, Figure 4(a), and 3 h,
Figure 4(b), and 6 h aging, Figure 4(c)) to absorb photons
and collect them at the back FTO electrode. Despite having
practically the same IPCE in the range of 460 to 340 nm,
the SG/1 layer/6 h photoelectrodes provide higher IPCE than
SG/1 layer/0 h films for 𝜆 < 340 nm: 10% versus 7% at
340 nm, 17.5% versus 12.5% at 320 nm, and 26% versus 20%
at 300 nm, as shown in Figures 5(a) and 5(c). The values for
SG/1-layer/3 h aging, 7.5% at 340 nm, 14% at 320 nm, and 20%
at 300 nm, Figure 5(b), are in between those of 0 and 6 h
aging. The reason for the higher photocurrent density of 3
and 6 h aging times in comparison with 0 h aging time can
therefore be confidently linked to the superior ability of aged
photoelectrodes to collect electrons photogenerated from the
absorption of shorter wavelength (300 nm ≤ 𝜆 ≤ 340 nm).
Considering that the photoanodes were “front illuminated”
and the absorption coefficient (𝛼) of the light is a decreasing
function of 𝜆 (i.e., shorter 𝜆 have higher 𝛼 than longer 𝜆),
light of 300 nm ≤ 𝜆 ≤ 340 nm is mostly absorbed in the 10 to
100 nm region [34] closest to the electrolyte.Therefore, in the
SG/1 layer/0–6 h aged photoelectrodes, the photogenerated
electrons have to diffuse through the entire film (0.6± 0.1𝜇m)
in order to be collected at the FTO back contact.This requires
an excellent network interconnectivity, which can be ensured
by aging the photoelectrodes, as clearly shown in Figures
4(a)–4(c) and Figures 5(a)–5(c). SEM analysis also reveals
an additional feature responsible for the good performances
of the SG photoelectrodes: their mesoporosity, Figures 6(a)-
6(b), is in fact crucial to ensure penetration of the electrolyte
within the photoanode. It should be noted that Figures 6(a)-
6(b) show the microstructure of 6 h aged photoelectrodes;
however, no significant differences in the morphology and
mesoporosity of photoelectrodes aged for 0 or 3 h were
observed. From the analysis of Figures 6(a)-6(b), it is not
possible to provide an exact value for the pore size within the
TiO
2
films; however, it is clear that such pores are bigger than

10 nm and are very likely to allow a good contact/interface

within the film and electrolyte [13]. In contrast, whenever the
diameter of the pore is below 10 nm, the bulk of the film may
not be in contact with the electrolyte and therefore does not
contribute to the charge transfer process, limiting the film’s
photoactivity [23]. It is likely that the presence of 5wt.% PVB
in the sol also contributes to establish such an optimal porous
structure, although further studies are necessary to confirm
this hypothesis.

The porosity of the thin films photoelectrodes has been
estimated (from SEM micrograph) to be 21.8 ± 0.6%, 20.2 ±
0.7%, and 19.4 ± 0.5% for 0, 3, and 6 h aged photoelectrodes,
respectively. As expected, considering the rather small win-
dow of investigated range of aging time (0 to 6 h), no major
changes are observed. It has also been possible to estimate
the specific surface area of the photoelectrodes by dye
adsorption/desorption. Again, no significant differences were
osberved, with values of 22 ± 3m2/g, 20 ± 2m2/g, and 19 ±
2m2/g for 0, 3, and 6 h aged photoelectrodes, respectively.
Typically, larger modifications of surface area and porosity as
a function of aging time are better appreciated by extending
the aging to days or even weeks [35]. Nevertheless, there
seems to be a trend suggesting a small decrease in porosity
and surface area as the aging time increases; this could be due
to further condensation reactions and formation of Ti–O–Ti
within the sol. Such small changes of porosity and surface area
(observed between 0 and 6 h aging time) may also contribute
to generate differences in the light scattering behaviour and
optical properties of the various photoelectrodes.

In addition to the influence of aging time, we have also
investigated the effect of film thickness on the performances
of the photoanodes, while keeping the aging time of the sol
constant (6 h), attempting to optimize their light absorption
properties. As it can be appreciated from Table 1, by increas-
ing the number of dip-coated layers from 1 to 2 and 3, the
thickness of the film increases from 0.6 ± 0.1 𝜇m to 1.1 ±
0.1 𝜇m and 1.6 ± 0.2 𝜇m, respectively. As an example, the
SEM cross section profile of a SG/3-layer-thick photoanode
is given in Figure 6(b).

The photocurrent measurements of multilayered pho-
toanodes are reported in Figures 4(d)-4(e). By comparison
with Figure 4(c) (1 layer, 6 h aging), it can be concluded that
the photocurrent is not affected by the thickness/number
of layers dip-coated on the FTO substrate and remains in
the order of 550 to 570𝜇A/cm2 at 0.23V vs Ag/AgCl. Like-
wise, the IPCE curves of SG/2 layers/6 h and films, Figures
5(d)-5(e), are very similar to the IPCE response of SG/1
layer/6 h, Figure 5(c). The IPCE values of SG/3 layers/6 h,
SG/2 layers/6 h, and SG/1 layer/6 h are, respectively, 12, 11, and
10%at 340 nm, 18, 19, and 17.5% at 320 nm, and 25, 25, and 26%
at 300 nm. This is in contrast with a recent report [23] on a
nearly linear increase in the IPCE on TiO

2
films up to 1.3 𝜇m

thick, but once more it confirms the good electron transport
properties of the photoelectrodes; the photogenerated charge
carriers from light of 300 nm ≤ 𝜆 ≤ 340 nm can be also
successfully collected in multilayers film (up to 1.6 𝜇m thick,
Table 1).

Even at 300 nm, where the light’s penetration depth is
estimated to be 10–30 nm, based on the absorption spectrum
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Figure 5: IPCE of the different types of sol-gel photoelectrodes investigated within this study: (a) SG/1 layer/0 h, (b) SG/1 layer/3 h, (c) SG/1
layer/6 h, (d) SG/2 layers/6 h, and(e) SG/3 layers/6 h.

(a) (b)

Figure 6: (a) Showing the mesoporosity of the SG photoelectrodes and (b) the view of a SG/3 layers/6 h photoelectrode. The mesoporosity
of the film allows good penetration of the electrolyte within the film and it is likely to be responsible for the good photoactivity shown by the
SG photoanodes.

by Eagles [34] and accounting for film’s porosity and the
presence of anatase [16], the IPCE is still 25% in both
SG/3 layers/6 h and SG/2 layers/6 h. Films thinner than
0.6 ± 0.1 𝜇m (1 layer with dip coating parameter adopted
within this work) were not considered in this study; it has

been recently reported that 0.2 𝜇m thick mesoporous sol-
gel provides photocurrent density (related to solar water
splitting) in the range of 1mA/cm2 [13] and it could be
argued that also in our case thinner films may lead to an
improved photoresponse. A final consideration to highlight
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Figure 7: Tauc plot [25] of SG/1 layer/6 h photoelectrode. The
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This indicates the presence of oxygen vacancies (shallow donors)
within the photoanodes and explains the small IPCE signal observed
for the photoelectrodes above 400 nm.

regarding the sol-gel photoelectrodes is their weak response
in the region 400–440 nm, which can be appreciated in all
the IPCE spectra, Figures 5(a)–5(e).The indirect band-gap of
the photoelectrodes, Table 1, estimated by applying the Tauc
plot to the optical data in Figure 3 is in the range of 3.21 to
3.25 eV, corresponding to an absorption threshold of 386.3
to 381.5 nm. The IPCE response well above the absorption
threshold can be explained by the presence of shallow donor
states within the TiO

2
; for example, the use of carbon based

precursors for the preparation of the TiO
2
sol-gel, as well as

the sintering performed in air, is likely to introduce oxygen
vacancies within the oxide.The presence of oxygen vacancies
acting as donor states [36] also emerges from the Tauc plot
of the photoelectrodes. As an example, the Tauc plot of SG/1
layer/6 h is shown in Figure 7. In addition to the indirect
band-gap, extrapolated to be 3.21 ± 0.08 eV, there is a tail
(Figure 7 inset) corresponding to a sub-band-gap of 2.90
± 0.06 eV. Similar donor levels were also highlighted in a
previous study on the activation energy for conduction in
TiO
2
[37]. Finally, the trapping of a small amount of visible

light within the photoanode could also be a consequence of
the mesoporosity of the film, Figures 6(a)-6(b).

4. Conclusions

The optimization of a sol-gel process aimed at producing
mesoporous TiO

2
based photoelectrodes for solar water

splitting has been presented within this work. In particular,
we have investigated two parameters, aging time of the
sol and thickness of the TiO

2
films, and their impact on

the photoelectrochemical properties of the material. Our
results show that aging the sol for 3 to 6 h before the dip

coating onto FTO substrates is crucial to ensure optimal
performance of the photoelectrodes. It should be noticed
that the aging time did not influence the thickness of the
film. It is assumed that the concentration of the titanium
tetraisopropoxide in the sol-gel system should instead affect
the coating thickness (and should possibly also modify the
long stability of the sol); this will be investigated in a separate
study. The absorbance threshold of aged sol-gels is slightly
shifted towards higher wavelenghts in comparison to 0 h
aging and their photocurrent density (up to 570 𝜇A/cm2,
among the highest photocurrent densities reported for TiO

2

sol-gel) and IPCE response (10% at 340 nm and 26% at
300 nm) confirm the superiority of aged films also in terms of
network interconnectivity and electron collection properties.
It is also evident that the crystallinity of the films is improved
after aging. No significant changes of the photoresponse were
instead observed by increasing the thickness of the TiO

2

films. The presence of weak IPCE signals in all TiO
2
pho-

toelectrodes, above 400 nm, is explained in terms of donor
levels (oxygen vacancies) introduced during the processing
and sintering of the sol-gel. Due to its wide band-gap (above
3 eV), TiO

2
alone cannot lead towards the development

of photoelectrochemical water splitting devices with a 10%
solar to hydrogen (STH) efficiency (the threshold above
which such technology becomes industrially viable [27]).
However, considering its unique properties, the study and the
optimization of the photoelectrochemical behavior of TiO

2

based mesoporous photoanodes are very important, as we
believe they can be used as an efficient, stable, and robust
support for materials/particles capable of harvesting visible
light.
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The nickel doped, nitrogen doped and nickel + nitrogen codoped rutile titanium dioxide have been investigated by ab initio
calculations based on density functional theory. The electronic structure and optical performance of different ions doping
models are researched through the obtained results, which reflects that the band gap of nickel and nitrogen codoped system
declines apparently; the decrease of electron-hole pairs separation and charge carriers recombination rate becomes more
desirable. Moreover, the optical absorption curves of nitrogen and nickel codoped rutile titanium dioxide demonstrate the higher
photoresponse for visible-light than that of nickel or nitrogen single doped. The above results could provide theoretical basis for
further developing of titanium dioxide photocatalyst and related experimental studies.

1. Introduction

Titanium dioxide has characteristics of strong catalytic activ-
ity, a long lifetime of photon-generated carrier, high chemical
and thermal stability, and low cost; it has become one of the
most extensively utilized ideal photocatalytic materials [1–3].
Generally, titanium dioxide has three basic crystalline phases
containing brookite, anatase, and rutile titanium dioxide.
Anatase titanium dioxide has been widely studied, and rutile
titanium dioxide as the most stable one should be further
studied and applied. Unfortunately, rutile titanium dioxide
has intrinsic wide band gap value of 3.0 eV, and it can be
activated only under the ultraviolet radiation from sunlight
with only a small portion of the solar energy, resulting in
its quite low solar energy usage [4–6]. Therefore, the high
efficient usage of visible-light has become one of the most
urgent purposes for the photocatalytic materials, and a large

number of related theoretical and experimental studies have
been performed to regulate the electronic structure and
optical performance for titanium dioxide.

At present, many efforts have been made in enhanc-
ing the photocatalytic performance of titanium dioxide,
including transition metal doping, nonmetal doping, noble
metal loading, organic dye sensitizing, and semiconductor
compounding [7–11]. Among the above methods, ion doping
has been regarded as one of the most effective ways. The
previous studies havemostly focused on the single ion doping
for titanium dioxide [12–15], but relatively few recent exper-
imental works show that various ions codoping into tita-
nium dioxide can enhance the optical absorption scope and
photocatalytic activity. However, the above experimental ions
codoping work has disadvantages of variable experimental
conditions and sample fabrication methods, resulting in the
difficulty in studying the ion doping effect and modification
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mechanism [16–19]. Alternatively, the computer simulation
could conquer the experimental work drawback and be
applied to analyzing the ion doping effects and modification
mechanism deeply.

In this paper, the density functional theory plane-wave
ultrasoft pseudopotentials method within the first-principles
framework has been applied to investigating the electronic
structure and optical performance of different ions doping
models, including nitrogen and/or nickel doping rutile tita-
nium dioxide. The corresponding properties of pure rutile
titanium dioxide are also calculated as a reference. Based
on the above mentioned work, the effect of these ions on
the electronic structure and optical performance of rutile
titanium dioxide has been also illustrated.

2. Models and Computation Details

A 2 × 2 × 1 supercell containing twenty-four atoms for rutile
titanium dioxide has been developed in the calculations. As
shown in Figure 1, in nickel and nitrogen doped titanium
dioxidemodel, one titanium atom and one oxygen atomwere
substituted by nickel and nitrogen atom, respectively. As a
result, one supercell consisted of seven titanium atoms, fifteen
oxygen atoms, one nickel atom, and one nitrogen atom; the
atomic concentration of impurity was about 4.17% (atomic
fraction) in total.The other models were developed using the
almost identical way.

Ab initio calculations based on the density functional the-
ory were performed with the Cambridge Serial Total Energy
Package code in Materials Studio 5.5 provided from Accelrys
Software Inc. [20, 21]. The ultrasoft pseudopotential was
selected to depict the interaction between electrons and the
ionic core. The electronic exchange-correlation energy was
handled with Perdew-Burke-Ernzerhof (PBE) function in
the generalized gradient approximation (GGA) framework.
The energy cutoff for the plane-wave basis was 340 eV and
Brillouin zone integrations were finished using aMonkhorst-
Pack grid of 3×3×8 k-points [22, 23]. To obtain stable atomic
configuration and accurate results comparable with experi-
mental data, pure and various doped models were geometri-
cally optimized by means of the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) algorithm. The convergence threshold for
self-consistent tolerance was set to 1 × 10−5 eV per atom
and atomic relaxations were conducted until the residual
forces were below 0.03 eV/Å. The above parameters were
suitable for getting well-converged total energy and geometry
optimization results. After the geometry optimization, the
band structure, density of states, and optical properties of the
optimized supercells were calculated. For optical properties
calculations, polycrystalline models and “scissors operators”
were adapted.

3. Results and Discussions

After the geometry optimization, the lattice parameters of
the pure rutile titanium dioxide supercell are obtained as
follows: 𝑎 = 9.32939 Å, 𝑏 = 9.32939 Å, and 𝑐 = 2.966985 Å.
The above lattice parameters are in good agreement with

Figure 1: Supercell model for Ni + N-codoped rutile titanium
dioxide in the present work (red ball represents the O atom; white
ball represents the Ti atom; blue ball represents the Ni atom; yellow
ball represents the N atom).

the experimental results [24, 25], which reflects that the
chosen calculationmethods are reasonable, and the authentic
results could be obtained. Aiming at conveniently comparing
the electronic structures of different ions doping models,
the same k-points mesh is set to sample the first Brillouin
zone for all models. The calculated band gap of pure rutile
titanium dioxide is 1.87 eV at G (gamma point) shown in
Figure 2; however, the value is much lower than 3.0 eV as the
experimental value.The reason for the above phenomenon is
that the discontinuity in the exchange-correlation potential
is not taken into account within the framework of density
functional theory, and the calculated band gap value is often
lower than the experimental value [26, 27]. The calculated
band structures of Ni-doped, N-doped, and Ni + N-codoped
rutile titanium dioxide are shown in Figure 2, respectively.

From Figure 2, we can see that the energy levels decline
and are split due to the reduction of crystal symmetry
degree and destruction of periodic potential field by means
of doping. As a result, the valence band top and conduction
band bottom of rutile titanium dioxide are both removed
towards low energy. Meanwhile, the new energy levels
between valence band and conduction band are introduced
by electrons of impurity atoms, thus the band gap values of
the doped system are all decreased. Specifically, the band gap
decreases of Ni-doped, N-doped, and Ni + N-codoped rutile
titanium dioxide doped system are 0.08, 0.11, and 0.44 eV,
respectively. For Ni-doped rutile titanium dioxide, isolated
impurity energy levels are mainly located in the middle of
band gap. The above impurity energy levels overlap with
valence band maximum or conduction band minimum of
rutile titanium dioxide fully. For N-doped rutile titanium
dioxide, the impurity energy levels mainly located above the
valence band are acceptor states. These states lead to the
decrease of band gap and photoelectron transition energy.
For N + Ni-codoped rutile titanium dioxide, the energy
levels splitting becomes more apparent due to the further
decrease of crystal symmetry degree, and more impurity
energy levels are developed in the band gap of rutile titanium
dioxide. Compared with the single N- or Ni-doped rutile
titanium dioxide, the overlapping between impurity energy
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Figure 2:The calculated band structures of (a) pure rutile titanium dioxide, (b) Ni-doped rutile titanium dioxide, (c) N-doped rutile titanium
dioxide, and (d) Ni + N-codoped rutile titanium dioxide.

levels and valence band maximum or conduction band
minimum is more apparent. Nickel and nitrogen codoping
can adjust the band structure of rutile titanium dioxide, and
impurity energy levels are developed in the band gap of
rutile titanium dioxide. As a result, the band gap of doped
system is decreased effectively, and the separation of electron-
hole pairs becomes more desirable, which has significant
influence on increasing the catalytic activity and visible-light
absorption of rutile titanium dioxide [28, 29].

The calculated total density of states and partial density
of states of doped models are shown in Figure 3, in order
to analyze the origin of the band gap change and the vari-
ation of electronic structures caused by doping. Specifically,
Figure 3(a) shows the total density of states of all the models;
Figures 3(b)–3(e) represent the calculated partial density of
states of different doped models, and the vertical dot line at
0 eV is Fermi level.

From Figure 3, it can be seen that valence band and con-
duction band are mainly composed of O-2p states and Ti-3d
states in all rutile titaniumdioxidemodles. For the pure rutile
titanium dioxide, the conduction band is primarily provided

by the Ti-3d states, and the valence band is primarily given
by the O-2p and partial Ti-3d states. The obtained electronic
structures described in the present work are consistent with
the results of other theoretical methods [30]. For Ni-doped
rutile titanium dioxide, the impurity states are in the middle
of band gap, which are composed of O-2p and N-3d states.
These states service as a “ladder” through which the electrons
in the valence band can be excited to them and then excited
to the conduction band. ForN-doped rutile titaniumdioxide,
the valence band around Fermi level is composed by electrons
in both the O-2p and N-2p orbit, and it is mainly composed
by electrons in theO-2p orbit for pure rutile titaniumdioxide.
In addition, the valence band aroundFermi level is wider than
that of pure rutile titanium dioxide, and the valence band
top has been shifted up. On the other hand, the conduction
band width around Fermi level is approximate to that of pure
rutile titanium dioxide, and the conduction band bottom has
been shifted down. As a result, the band gap of the N-doped
rutile titanium dioxide is decreased, which is consistent with
the band structure calculated result. For nickel and nitro-
gen codoped titanium dioxide, the valence band is mainly
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Figure 3: (a) Calculated and comparison total density of states; calculated partial density of states of (b) pure rutile titanium dioxide, (c)
Ni-doped rutile titanium dioxide, (d) N-doped rutile titanium dioxide, and (e) Ni + N-codoped rutile titanium dioxide. The dot line at zero
point energy is Fermi level.
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Figure 4: The calculated optical absorption curves for different
kinds of rutile titanium dioxide models.

developed by O-2p states hybridization with N-2p states.The
impurity energy levels developed by N-2p states overlapped
with valence band maximum are situated on the valence
bandmaximum, and the impurity energy levels developed by
Ni-3d states are situated on the top of valence band, resulting
in the decrease of charge carriers recombination rate and
photocatalytic activity improvement of titanium dioxide [31–
33]. Meanwhile, the electrons in the valence band can be
excited to them and then excited to the conduction band
subsequently by visible-light absorption, which is caused by
the above impurity energy levels in the band gap. Therefore,
these impurity energy levels have advantages on extending
the sensitive light wavelength towards visible-light region.

The calculated optical absorption spectra of different
doped titanium dioxide models between 200 and 700 nm are
shown in Figure 4, in order to investigate the doping effect
on the optical performance of rutile titanium dioxide. For all
calculations, the scissors operator is chosen as 1.13 eV based
on the difference between the experimental and calculated
band gap, which could make the obtained results consistent
with experimental values.

From Figure 4, it can be seen that the fundamental
absorption edges red-shift toward visible-light region after
nitrogen or nickel doping. The above phenomenon is more
apparent for nitrogen and nickel codoped rutile titanium
dioxide than that of nitrogen or nickel single doped rutile
titanium dioxide. Therefore, the optical absorption curves
of nickel and nitrogen codoped rutile titanium dioxide
indicate the highest photoresponse for visible-light, which is
consistent with the conclusions obtained from the electronic
structure analysis.

4. Conclusion

We have developed and calculated the supercells of pure
rutile titanium dioxide, nitrogen, and/or nickel doping rutile

titanium dioxide, using ab initio calculations with the plane-
wave ultrasoft pseudopotentials method. On the basis of
the above calculational results, the electronic structure and
optical performance of the above various ions doping mod-
els have been also studied. The results indicate that the
energy levels splitting becomes apparent for nitrogen and
nickel codoped rutile titanium dioxide, and the overlapping
between impurity energy levels and valence band maximum
or conduction band minimum is more apparent than that of
single ion doping. Nitrogen and nickel codoping is quite use-
ful for the decrease of charge carriers recombination rate and
energy gap, thus resulting in the great photocatalytic activity
increase of rutile titanium dioxide. The optical absorption
curves of nitrogen and nickel codoped rutile titaniumdioxide
indicate that the fundamental absorption edges red-shift
toward visible-light region after nitrogen or nickel doping,
especially for nitrogen and nickel codoped rutile titanium
dioxide. Moreover, the highest photoresponse for visible-
light is consistent with the conclusions obtained from the
electronic structure analysis. The above conclusions could
give the theoretical advice for further developing of titanium
dioxide photocatalyst and related experimental research.
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SnS
2
and Sn

1−xTixS2 (x = 0, 0.1, 0.3, 0.5, and 0.7mol) materials were designed using solvothermal method with the aim to enhance
hydrogen production from water/methanol water photosplitting. Scanning electron microscopy revealed hexagonal plates with
one side, 3.0 𝜇m in length, in the SnS

2
materials. Pure SnS

2
showed absorption band edges of above 660 nm, and the absorption

was shifted to low wavelengths with the insertion of Ti ions. The evolution of H
2
from MeOH/H

2
O (1 : 1) photosplitting over

SnS
2
hexagonal plates in the photocatalytic liquid system was 0.016mLh−1 g−1, and the evolutions were enhanced in Sn

1−xTixS2.
In particular, 0.049mLh−1 g−1 of H

2
gas was produced in Sn

0.7
Ti
0.3
S
2
without electrolytes and it increased significantly to more

than 90.6% (0.47mLh−1 g−1 evolutions) at higher pH using 0.1M of KOH. Based on the UV-visible absorption spectra, the high
photocatalytic activity of Sn

1−xTixS2 was attributed to the existence of an appropriate band-gap state that retarded recombination
between the electrons and holes.

1. Introduction

Many attempts have been shown to produce hydrogen as a
renewable energy carrier to satisfy future demands because
of its versatility and friendly properties. With this in mind,
the photocatalytic formation of hydrogen and oxygen on
semiconductors, such as pure TiO

2
(anatase) [1, 2] and metal

loaded-TiO
2
[3–6] or non-metal loaded-TiO

2
[7–9], has been

studied extensively because of their relatively low band gap
and high corrosion resistance. On the other hand, these
materials are activated only by UV because of their large
energy band gap (e.g., 3.2 eV for anatase TiO

2
). To improve

the utilization of solar energy, considerable research effort has
focused on shifting the photocatalytic hydrogen producing
activity of TiO

2
into the visible wavelength above 450 nm,

which accounts for ∼42% of solar energy. Recently, studies
of metal sulfide photocatalysts, particularly ZnS, Bi

2
S
3
, and

CdS-loadedTiO
2
, have covered topics ranging from synthesis

to applications in new photocatalytic reaction mechanisms
[10–15]. A narrow band gapmakes it possible to absorb longer

wavelengths compared to the wide band gaps of conventional
metal oxide semiconductor systems.

Some researchers have reported SnS
2
materials. In par-

ticular, nanostructures of SnS
2
often demonstrated shape

and size-dependent physical and chemical properties that
are of technological and scientific importance [16, 17].
Consequently, a great deal of effort has been focused on
designing methods for the synthesis of SnS

2
with different

characteristics [18, 19] to exploit their potential. SnS
2
has

abundant optical, electrical, and photoelectric properties
[20, 21] and has a band gap of 2.25 eV [22]. Owing to
its photoconductivity, it is also considered a prospective
candidate for solar cells and optoelectronic devices [20, 21].
Crystals of SnS

2
consist of planar triple layers (sandwiches,

S–Sn–S with strong ion-covalent bonding) that are coupled
weakly to one another by van der Waals forces. One of
the most salient properties of layered SnS

2
is their ability

to act as a host for atomic and molecular guest species,
which are accommodated at the empty sites bounded by
van der Waals forces between the adjacent close packed
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Scheme 1: Synthesis procedure of SnS
2
and Sn

1−xTixS2 by a solvothermal method.

chalcogen layers [23]. Owing to this property, lithium can
be inserted into SnS

2
, meaning that SnS

2
can become a

promising candidate as a cathode material in the preparation
of lithium batteries [24–26]. In addition, the absence of
surface states associated with dangling bonds, which can act
as recombination centers for photoinjected electrons, makes
SnS
2
an ideal model system for dye sensitization studies and

contributes to the high quantum yields [27]. Recently, the
application of SnS

2
is shifting to its photocatalytic activity.

Yang et al. [28] attributed the greatly enhanced photocatalytic
activity of the SnS

𝑥
/TiO
2
composites to the matching band

potentials and efficient charge transfer and separation at
the tight-bonding interface between SnS

𝑥
and TiO

2
. On the

other hand, there are few reports of SnS
2
for photocatalytic

hydrogen production, particularly the replacement of the
SnS
2
framework with Ti ions (Sn

1−𝑥
Ti
𝑥
S
2
).

In this study, the SnS
2
submicron hexagonal plate shaped

particle was synthesized by a solvothermal method. Ti
ions were incorporated into SnS

2
at various molar ratios

(Sn
1−xTixS2) to regulate the potential energies of the valence

and conduction bands for efficient hydrogenproduction from
MeOH/H

2
O photosplitting. The relationship between their

spectroscopic properties and the photocatalytic performance
on the production of H

2
is discussed and the characteristics

of SnS
2
and Sn

1−xTixS2 were determined by X-ray diffraction
(XRD), transmission electronmicroscopy (TEM), UV-visible
absorption spectroscopy, and photoluminescence (PL) spec-
troscopy.

2. Experimental

SnS
2
and Sn

1−xTixS2 were prepared using a solvothermal
method, as shown in the experimental flowchart in Scheme 1.
To prepare the sol mixture, SnCl

4
, sulfur powder, and TiCl

4

were used as the Sn, S, and Ti precursors, respectively. First,
1 − 𝑥 moles (𝑥 is Ti concentration, 𝑥 = 0, 0.1, 0.3, 0.5, and
0.7mol) of SnCl

4
were dissolved inN, N-dimethylformamide

as a solvent. 2moles of S powders and 0, 0.1, 0.3, and 0.5moles
of TiCl

4
were added slowly to the solution with constant

stirring and stirred to homogeneity for 2 h. Subsequently, the

final solution was transferred to an autoclave for the thermal
treatment. Sn and Ti ions were sulfurized during thermal
treatment at 200∘C for 24 h in a nitrogen environment. The
resulting precipitates were obtained, washed with acetone,
and dried at 50∘C for 24 h. Finally, four different materials,
SnS
2
, Sn
0.9
Ti
0.1
S
2
, Sn
0.7
Ti
0.3
S
2
, and Sn

0.5
Ti
0.5
S
2
were pre-

pared.
The synthesized SnS

2
and Sn

1−xTixS2 particles were
examined by XRD (X’Pert Pro MPD PANalytical 2-circle
diffractometer at the Yeungnam University Instrumental
Analysis Center) using nickel-filtered CuK𝛼 radiation (30 kV
and 30mA). The sizes and shapes of the SnS

2
and Sn

1−xTixS2
particles were examined by field emission scanning elec-
tron microscopy (FE-SEM, S-4100, Hitachi). The UV-visible
absorption spectra of SnS

2
and Sn

1−xTixS2 particles were
obtained using a Cary 500 spectrometer with a reflectance
sphere. PL spectroscopy was also performed to determine
the number of photoexcited electron hole pairs using a
photoluminescence mapping system (LabRamHR, Sci-Tech
Instruments).

Photosplitting in a MeOH/H
2
O solution was carried

out using a liquid photoreactor designed in our labora-
tory, as shown in Figure 1. For water photosplitting, 0.5 g
of SnS

2
or Sn

1−xTixS2 particles were added to 1.0 L dis-
tilled water in a 2.0 L Pyrex reactor. UV-lamps (6 × 3
Wcm−2 = 18Wcm−2, 30 cm length × 2.0 cm diameter; Shi-
nan Com., Korea) emitting radiation of 365 nm were used.
Methanol/water (MeOH/H

2
O) photosplitting was carried

out for 10 h with constant stirring, and hydrogen evolution
was measured at an interval of 1 h. The concentration of
each added electrolyte was 0.1 moles. The hydrogen gas
(H
2
) produced during water photosplitting was analyzed

by TCD-type gas chromatography (GC, model DS 6200;
Donam Instruments Inc., Korea). To determine the products
and intermediates, the GC was connected directly to the
water decomposition reactor. The following GC conditions
were used: TCD detector; Carbosphere column (Alltech,
Deerfield, IL, USA); 140∘C injection temp: 30∘C initial temp.;
150∘C final temp.; 300∘C detector temp.
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Figure 1: Liquid photoreactor designed in our laboratory for photosplitting in a MeOH/H
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O solution.
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Figure 2: XRD patterns of the as-synthesized SnS
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and Sn

1−xTixS2
particles.

3. Results and Discussions

Figure 2 shows XRD patterns of the SnS
2
and Sn

1−xTixS2
particles.The XRD peaks in the SnS

2
materials corresponded

to pure hexagonal phase SnS
2
(Berndtite-2T, P-3m1, JCPDS

card number 23-677), whereas those of Sn
1−xTixS2 revealed

the formation of SnS
2
and anatase TiO

2
(tetragonal phase,

JCPDS card number 65-5714) mixtures. The XRD patterns

in hexagonal phase SnS
2
showed the main peaks at 15.0,

28.3, 32.2, 42.2, 50.1, 52.6, 55.3, 60.9, 67.3, 70.5, 82.4, and
88.4∘ 2𝜃, which were assigned to the (001), (100), (101), (102),
(110), (111), (103), (201), (202), (113), (211), and (212) planes,
respectively. In the case of Sn

0.9
Ti
0.1
S
2
, although there was

very little reduction in intensity, the peak positions for the
SnS
2
structure were not changed and no peaks assigned to

TiO
2
were observed despite the addition of Ti ions to the

framework because of the very small amount. The peaks for
TiO
2
at 25.38, 38.08, 48.28, 54.8, and 63.8∘ were assigned

to the (101), (004), (200), (105), and (204) crystal planes in
Sn
0.7
Ti
0.3
S
2
[29]. The peaks for Sn

0.5
Ti
0.5
S
2
were very weak,

which might be caused by structural damage to the SnS
2

hexagonal phases depending on the level of substitution of
Ti ions. This result can be predicted as follows more specif-
ically. The sample nonadded Ti ingredient (SnS

2
) exhibits

a complete hexagonal crystal structure. However, the SnS
2

framework turns into a new crystal structure (orthorhombic
SnS) with an increase of Ti concentration. Sn

0.9
Ti
0.1
S
2
includ-

ing Ti 0.1moL presented to the same framework of SnS
2
;

however two crystal structures (SnS
2
and SnS) coexisted in

Sn
0.7
Ti
0.3
S
2
with Ti concentration increasing to be 0.3moL.

Here the crystal growth directions in two structures are
different, and thus the two crystals are competitively grown,
and eventually the peak intensities in XRD patterns are
decreased. At this time, the anatase TiO

2
crystals rapidly

formed between Ti components which not fully inserted into
SnS
2
framework are shown in Sn

0.5
Ti
0.5
S
2
and Sn

0.7
Ti
0.3
S
2

samples. It is maybe attributed to too slow crystal growth
of SnS

2
and SnS. The result was also similar in Sn

0.5
Ti
0.5
S
2
.

Otherwise, the Sn
0.3
Ti
0.7
S
2
expressed an orthorhombic SnS

crystal structure; thus the crystal growth rate increased and
finally the strong peak intensities in XRD patterns were



4 International Journal of Photoenergy

shown in Sn
0.3
Ti
0.7
S
2
. On the other hand, the full width at

half maximum (FWHM) of the 25.38 2𝜃 peak for Sn
0.7
Ti
0.3
S
2

and Sn
0.5
Ti
0.5
S
2
was estimated. The Scherrer’s equation was

used to estimate the crystallite size [30]. The calculated
crystallite sizes of the Sn

0.7
Ti
0.3
S
2
and Sn

0.5
Ti
0.5
S
2
were 13.7

and 10.0 nm, respectively. Surprisingly, the diffraction peaks
of the Sn

0.3
Ti
0.7
S
2
were rather similar to the orthorhombic

SnS (JCPDS card, number 01-0984, Pmcn, 𝑎 = 3.99A, 𝑏 =
4.34A, 𝑐 = 11.2 A) structure. This suggests that the hexagonal
SnS
2
structure can be transferred to an orthorhombic SnS

structure when many Ti ions are inserted.
Figure 3 shows low-magnification SEM images of SnS

2

and Sn
1−xTixS2 particles. SEM revealed hexagonal plates of

one side 3.0 𝜇m in the SnS
2
materials. In contrast, the mor-

phologies of the Sn
1−xTixS2 materials varied according to the

level of Ti ions insertion: broken sheets, coexisting formswith
TiO
2
nanoparticles, and peanut-shaped have been appeared

in Sn
0.9
Ti
0.1
S
2
, Sn
0.7
Ti
0.3
S
2
, and Sn

0.5
Ti
0.5
S
2
, respectively.

Otherwise, microrods with a similarmorphology to SnS were
observed in Sn

0.3
Ti
0.7
S
2
. On the other hand, the specific

surface areas of SnS
2
, Sn
0.9
Ti
0.1
S
2
, Sn
0.7
Ti
0.3
S
2
, Sn
0.5
Ti
0.5
S
2
,

and Sn
0.3
Ti
0.7
S
2
exhibited 38.72, 44.24, 54.20, 68.52, and

48.30 cm2/g, respectively. Typically, it is well known that the
surface area differs on the particle shape and size. However,
the specific surface area values in this study seem to be
related to the bulk pores formed by the contacts between the
particles rather than the particle size and shape. Especially the
larger surface area in the case of Sn

0.5
Ti
0.5
S
2
sample can be

considered by bulk pores much formed between the smaller
and round-shaped particles. Generally, the larger surface area
has, the catalytic performance increases.However, the surface
area in our study was not directly related to the catalytic
activity. The surface area in Sn

0.7
Ti
0.3
S
2
was greater than

Sn
0.5
Ti
0.5
S
2
; however, the photocatalytic activity (hydrogen

production) was more excellent in Sn
0.5
Ti
0.5
S
2
. It can be

concluded in this study that the proper band gap and light
absorption ability of samples were more advantageously
affected to the catalytic activity.

Figure 4 shows the UV-visible diffuse reflectance spec-
tra of the as-synthesized SnS

2
and Sn

1−xTixS2 powders.
All products displayed optical absorption capabilities over
the entire visible light spectrum (400–700 nm). The broad
spectrum response suggests that the as-synthesized SnS

2

hexagonal plates should be an excellent visible light respon-
sive photocatalyst for MeOH/H

2
O splitting. With Ti ion

insertion, the curves were shifted to shorter wavelengths.The
optical band-gaps were determined based on the theory of
optical absorption for direct band gap semiconductors [31]:
𝛼ℎV = 𝐵(ℎV − Eg)1/2. The curves of (𝛼ℎV)2 versus (ℎV) for
the as-synthesized SnS

2
hexagonal plates were plotted. By

extrapolating the straight line portion of the plots of (𝛼ℎV)2
versus (ℎV) to 𝛼 = 0, the Eg values of the as-synthesized SnS

2
,

Sn
0.9
Ti
0.1
S
2
, Sn
0.7
Ti
0.3
S
2
, and Sn

0.5
Ti
0.5
S
2
were estimated to

be 1.87 (670 nm), 1.88 (660 nm), 1.90 (650 nm), and 2.25
(550 nm) eV, respectively. Generally the band gaps of SnS

2

and SnS are 2.2 and 1.08 eV [32]. However, the absorption
in the visible region was attributed to the transition from
the ground state to a few defect related deep states. This

excitation character of the absorption spectra indicated the
excellent crystal quality of the semiconductor. A red-shift
is observed in the optical absorption spectra of the SnS

2

hexagonal columns, which indicates that the SnS
2
particles

were too large to show quantum confinement related effects.
This absorption in the visible region was attributed to the
transition from the ground state to a few defect related deep
states. Consequently, the band gap can be varied according to
the particle size or crystal defects.

Photoluminescence (PL) spectroscopy measures the
spectrum emitted by the recombination of photogene-rated
minority carriers and is a direct way of measuring the band
gap. On the other hand, the large quantity of impurities
induces a large free carrier density in the bands. Con-
sequently, different carrier interactions cause remarkable
modifications of the line shape and spectral energy of the PL
features. Figure 5 shows the PL spectra of SnS

2
and Sn

1−xTixS2
taken at room temperature. The spectra exhibited a strong
emission peak at 549.9 nm corresponding to green emission.
The strong PL peaks might be related to crystalline defects
induced during growth. SnS

2
exhibits a luminescence peak

for near band emission at 549.78 nm (2.25 eV).The intensities
of PL curves of samples were smaller with an increase of Ti
insertion, and those were decreased in the following order:
SnS
2
< Sn
0.9
Ti
0.1
S
2
< Sn
0.5
Ti
0.5
S
2
< Sn
0.7
Ti
0.3
S
2
. Otherwise,

the emission bands of TiO
2
(at 420 nm) were not observed

because SnS
2
is a real light sensitizer. Typically, a smaller PL

intensity indicates better photoactivity [33].
Figure 6 summarizes the evolution of H

2
from

MeOH/H
2
O photosplitting over the SnS

2
, Sn
0.9
Ti
0.1
S
2
,

Sn
0.7
Ti
0.3
S
2
, and Sn

0.5
Ti
0.5
S
2
photocatalysts in a batch-type

liquid photosystem. The catalytic activity of Sn
1−xTixS2

was enhanced considerably compared to that of pure
SnS
2
. 0.08mL of H

2
gas was collected over 0.5 g SnS

2

photocatalyst after MeOH/H
2
O photosplitting for 10 h. SnS

2

easily absorbed longer wavelengths in UV-visible absorption
but the recombination between the excited electrons and
holes also rapidly generated rapid catalytic deactivation.
In contrast a significant amount of H

2
gas was collected

over the Sn
1−xTixS2, and the amount of H

2
produced

reached 0.245mL (0.049mLh−1 g−1) over 0.5 g Sn
0.7
Ti
0.3
S
2
.

Sn
1−xTixS2 will show stronger oxidation-reduction ability

than pure SnS
2
with decreased electron-hole recombination

due to the wider band gap, which increases the photocatalytic
performance. This can be related to the PL result. The PL
intensity of Sn

0.9
Ti
0.1
S
2
sample was larger, and this fact

means that the recombination between holes and electrons
in Sn
0.9
Ti
0.1
S
2
sample is larger than those in Sn

0.5
Ti
0.5
S
2
. The

holes and electrons generated from Sn
0.9
Ti
0.1
S
2
eventually

did not play well in catalytic reaction. Consequently, the
recombination time between electrons and holes for sample
with mixed structure is expected to be longer rather than a
sample having a perfect crystal structure like as SnS or SnS

2
.

In particular, the catalytic performance for MeOH/H
2
O

decomposition over Sn
0.7
Ti
0.3
S
2
was enhanced further in

the alkali solution electrolytes (B). Hydrogen production
was increased dramatically in the alkali solution (NaOH
and KOH) due to the generation of more OH radicals from
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(c)

Sn0.5Ti0.5S2

(d)

Sn0.3Ti0.7S2

(e)

Figure 3: Low-magnification SEM images of the as-synthesized SnS
2
and Sn

1−xTixS2 particles.

alkali compounds, and it is reaching up to 0.47mLh−1 g−1
evolution in a KOH solution. In acidic solutions as like
H
2
SO
4
and CH

3
COOH, the hydrogen production decreased

because the unstable S ions in the Sn
0.7
Ti
0.3
S
2
catalyst which

dissolved in acidic solution oxidized with O ions in water

and resulted in forming SO
4

2− ions. The ions combined
with the hydrogen ions generated during the MeOH/H

2
O

photosplitting process to formH
2
SO
4
, and thus the hydrogen

production was decreased. Otherwise, when neutral Na
2
SO
4

compounds are added into the reaction solution, there is
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Figure 4: UV-visible diffuse reflectance spectra of the as-synthesized SnS
2
and Sn

1−xTixS2 powders.
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Figure 5: PL spectra of the as-synthesized SnS
2
and Sn

1−xTixS2 at room temperature.

already the excess amount of SO
4

2− ions, and thus SO
4

2− ions
formations are suppressed by the principle of Le Chatelier.
Consequently, the catalytic activity in Na

2
SO
4

solution
relatively increased compared to it in the solution with
nonadditives.

The UV-visible absorption and PL spectra indicated two
photocatalysis models, as shown in Scheme 2. In model (a),
combination between TiO

2
and SnS

2
was perfectly formed

as in the Sn
0.9
Ti
0.1
S
2
composite, despite the initial photore-

action being slower because of the larger band gap but the
recombination of electrons and holes was slower, resulting
in an increase in catalytic performance. In model (b), if
TiO
2
particles are physically loaded on the surface of SnS

2

particles, the first electronic transition would occur in the
SnS
2
semiconductors from the 365 nm radiation source, and

the electrons at a higher conduction band in SnS
2
move to

the TiO
2
conduction band, whereas the holes in TiO

2
move

to the valence band of SnS
2
, which is formed by the current

recycle. Therefore, the recombination of excited electrons
and holes will be suppressed during photocatalysis. These
phenomena increase the evolution of OH radicals formed
from the electrons and holes that will eventually enhance
the photocatalytic performance of MeOH and H

2
O degra-

dation.Therefore, the Sn
1−xTixS2 composites exhibited better

catalytic performance than the TiO
2
and SnS

2
monocata-

lysts.
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Figure 6: Evolution of H
2
gases from MeOH/H

2
O photosplitting over the as-synthesized SnS

2
, Sn
0.9
Ti
0.1
S
2
, Sn
0.7
Ti
0.3
S
2
, and Sn

0.5
Ti
0.5
S
2

photocatalysts. (a) On the photocatalysts without electrolytes and (b) on Sn
0.7
Ti
0.3
S
2
with various electrolytes.

e− e−

e−
e−

h+

h+

h+

h+

2.25 eV

2.25 eV
+TiO2 (3.2 eV)

SnS2

SnS2

For Sn0.9Ti0.1S2

Slower recombination

Slower 
recombination

CB

VB
3.2 eV

TiO2
For Sn0.3Ti0.7S2 Sn0.5Ti0.5S2and

(a) If Ti ions are inserted into SnS2 framework (b)  If TiO2 particles are loaded on the surface of SnS2 particles

Scheme 2: Two photocatalysis models suggested in this study. (a) Ti ions are inserted into SnS
2
framework, and (b) TiO

2
particles are loaded

on the surface of the SnS
2
particles.

4. Conclusions

This reported the development of new photocatalysts using
a metal sulfide framework for hydrogen production from
MeOH/H

2
O splitting. SnS

2
and Sn

1−xTixS2 exhibiting
activity in the visible radiation were synthesized using a
solvothermal method. UV-visible absorption spectroscopy
revealed estimated band gaps of 1.87, 1.88, 1.90, and 2.25 eV for

the as-synthesized SnS
2
, Sn
0.9
Ti
0.1
S
2
, Sn
0.7
Ti
0.3
S
2
, and

Sn
0.5
Ti
0.5
S
2
, respectively. The PL intensity of SnS

2
and

Sn
1−xTixS2 decreased with the addition of Ti and was

smallest in Sn
0.7
Ti
0.3
S
2
. A significant amount of H

2
gas

was collected over the Sn
0.7
Ti
0.3
S
2
photocatalyst, and the

amount reached 0.049mLh−1 g−1 without an electrolyte with
a maximum yield of 1.88mL after 8 h in a KOH solution.This
is due most likely to the slower recombination of electrons
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and holes, which enables higher catalytic performance for
Sn
0.7
Ti
0.3
S
2
.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This work was supported by the National Research Founda-
tion of Korea (NRF) Grant funded by the Ministry of Educa-
tion, Science and Technology (no. 2012R1A1A3005043), for
which the authors are very grateful.

References

[1] S. Sakulkhaemaruethai and T. Sreethawong, “Synthesis of
mesoporous-assembled TiO

2
nanocrystals by a modified urea-

aided sol-gel process and their outstanding photocatalytic H
2

production activity,” International Journal of Hydrogen Energy,
vol. 36, no. 11, pp. 6553–6559, 2011.

[2] J. Yu, M. Jaroniec, G. Lu, C. Trapalis, and G. Liu, “TiO
2
photo-

catalytic materials 2013,” International Journal of Photoenergy,
vol. 2013, Article ID 534164, 2 pages, 2013.

[3] C. Zhao, A. Krall, H. Zhao, Q. Zhang, and Y. Li, “Ultrasonic
spray pyrolysis synthesis of Ag/TiO

2
nanocomposite photo-

catalysts for simultaneous H
2
production and CO

2
reduction,”

International Journal of Hydrogen Energy, vol. 37, no. 13, pp.
9967–9976, 2012.

[4] X.Wu, Q. Song, L. Jia, Q. Li, C. Yang, and L. Lin, “Pd-Gardenia-
TiO
2
as a photocatalyst for H

2
evolution from pure water,”

International Journal of Hydrogen Energy, vol. 37, no. 1, pp. 109–
114, 2012.

[5] B.-S. Huang, F.-Y. Chang, and M.-Y. Wey, “Photocatalytic
properties of redox-treated Pt/TiO

2
photocatalysts for H

2

production from an aqueous methanol solution,” International
Journal of Hydrogen Energy, vol. 35, no. 15, pp. 7699–7705, 2010.

[6] H. Bai, J. Juay, Z. Liu, X. Song, S. S. Lee, and D. D. Sun, “Hier-
archical SrTiO

3
/TiO
2
nanofibers heterostructures with high

efficiency in photocatalytic H
2
generation,” Applied Catalysis B:

Environmental, vol. 125, pp. 367–374, 2012.
[7] B. Viswanathan andK. R. Krishanmurthy, “Nitrogen incorpora-

tion in TiO
2
: does it make a visible light photo-active material?”

International Journal of Photoenergy, vol. 2012, Article ID
269654, 10 pages, 2012.

[8] K. M. Parida, S. Pany, and B. Naik, “Green synthesis of fibrous
hierarchical meso-macroporous N doped TiO

2
nanophotocata-

lyst with enhanced photocatalytic H
2
production,” International

Journal of Hydrogen Energy, vol. 38, no. 9, pp. 3545–3553, 2013.
[9] H. Bai, K. S. Y. Kwan, Z. Liu, X. Song, S. S. Lee, and D. D.

Sun, “Facile synthesis of hierarchicallymeso/nanoporous s- and
c-codoped TiO

2
and its high photocatalytic efficiency in H

2

generation,” Applied Catalysis B: Environmental, vol. 129, pp.
294–300, 2013.

[10] J. Kim andM. Kang, “A newly designed a Tio
2
-loaded spherical

ZnS nano/micro-composites for high hydrogen production
from methanol/water solution photo-splitting,” Bulletin of the
Korean Chemical Society, vol. 33, no. 7, pp. 2133–2139, 2012.

[11] J. Kim andM. Kang, “High photocatalytic hydrogen production
over the band gap-tuned urchin-like Bi

2
S
3
-loaded TiO

2
com-

posites system,” International Journal of Hydrogen Energy, vol.
37, no. 10, pp. 8249–8256, 2012.

[12] J. Kim, Y. Sohn, and M. Kang, “New fan blade-like core-
shell Sb

2
Ti
𝑥
S
𝑦
photocatalytic nanorod for hydrogen produc-

tion from methanol/water photolysis,” International Journal of
Hydrogen Energy, vol. 38, no. 5, pp. 2136–2143, 2013.

[13] J. S. Jang, H. G. Kim, U. A. Joshi, J. W. Jang, and J. S. Lee,
“Fabrication of CdS nanowires decorated with TiO

2
nanoparti-

cles for photocatalytic hydrogen production under visible light
irradiation,” International Journal of Hydrogen Energy, vol. 33,
no. 21, pp. 5975–5980, 2008.

[14] S. Peng, Y. Huang, and Y. Li, “Rare earth doped TiO
2
-CdS

and TiO
2
-CdS composites with improvement of photocatalytic

hydrogen evolution under visible light irradiation,” Materials
Science in Semiconductor Processing, vol. 16, no. 1, pp. 62–69,
2013.

[15] C. Li, J. Yuan, B. Han, L. Jiang, and W. Shangguan, “TiO
2

nanotubes incorporated with CdS for photocatalytic hydrogen
production from splitting water under visible light irradiation,”
International Journal of Hydrogen Energy, vol. 35, no. 13, pp.
7073–7079, 2010.

[16] Y. C. Zhang, Z. N. Du, K. W. Li, and M. Zhang, “Size-
controlled hydrothermal synthesis of SnS

2
nanoparticles with

high performance in visible light-driven photocatalytic degra-
dation of aqueous methyl orange,” Separation and Purification
Technology, vol. 81, no. 1, pp. 101–107, 2011.

[17] H. Mukaibo, A. Yoshizawa, T. Momma, and T. Osaka, “Particle
size and performance of SnS

2
anodes for rechargeable lithium

batteries,” Journal of Power Sources, vol. 119–121, pp. 60–63, 2003.
[18] H. Yang, C. Huang, andX. Su, “Synthesis of homogeneous PVP-

capped SnS
2
submicron particles via microwave irradiation,”

Materials Letters, vol. 60, no. 29-30, pp. 3714–3717, 2006.
[19] S. Liu, X. Yin, L. Chen, Q. Li, and T. Wang, “Synthesis of self-

assembled 3D flowerlike SnS
2
nanostructures with enhanced

lithium ion storage property,” Solid State Sciences, vol. 12, no.
5, pp. 712–718, 2010.

[20] R. W. Miles, O. E. Ogah, G. Zoppi, and I. Forbes, “Thermally
evaporated thin films of SnS for application in solar cell devices,”
Thin Solid Films, vol. 517, no. 17, pp. 4702–4705, 2009.

[21] R. B. V. Chalapathy, G. S. Jung, and B. T. Ahn, “Fabrication
of Cu

2
ZnSnS

4
films by sulfurization of Cu/ZnSn/Cu precursor

layers in sulfur atmosphere for solar cells,” Solar Energy Materi-
als and Solar Cells, vol. 95, no. 12, pp. 3216–3221, 2011.

[22] S. C. Ray, M. K. Karanjai, and D. Dasgupta, “Structure and
photoconductive properties of dip-deposited SnS and SnS

2
thin

films and their conversion to tin dioxide by annealing in air,”
Thin Solid Films, vol. 350, no. 1, pp. 72–78, 1999.

[23] R. Schlaf, N. R. Armstrong, B. A. Parkinson, C. Pettenkofer,
and W. Jaegermann, “Van der Waals epitaxy of the layered
semiconductors SnSe

2
and SnS

2
: morphology and growth

modes,” Surface Science, vol. 385, no. 1, pp. 1–14, 1997.
[24] T.-J. Kim, C. Kim, D. Son, M. Choi, and B. Park, “Novel SnS

2
-

nanosheet anodes for lithium-ion batteries,” Journal of Power
Sources, vol. 167, no. 2, pp. 529–535, 2007.

[25] T. Momma, N. Shiraishi, A. Yoshizawa et al., “SnS
2
anode for

rechargeable lithium battery,” Journal of Power Sources, vol. 97-
98, pp. 198–200, 2001.

[26] Q. Wang, Y. Huang, J. Miao, Y. Zhao, and Y. Wang, “Synthesis
and electrochemical characterizations of Ce doped SnS

2
anode



International Journal of Photoenergy 9

materials for rechargeable lithium ion batteries,” Electrochimica
Acta, vol. 93, pp. 120–130, 2013.

[27] N. Takeda and B. A. Parkinson, “The relationship between
squaraine dye surface morphology and sensitization behavior
on SnS

2
electrodes,” Electrochimica Acta, vol. 45, no. 28, pp.

4559–4564, 2000.
[28] C. Yang, W. Wang, Z. Shan, and F. Huang, “Preparation

and photocatalytic activity of high-efficiency visible-light-
responsive photocatalyst SnS

𝑥
/TiO
2
,” Journal of Solid State

Chemistry, vol. 182, no. 4, pp. 807–812, 2009.
[29] Y. Li, X. Sun, H. Li, S.Wang, and Y.Wei, “Preparation of anatase

TiO
2
nanoparticles with high thermal stability and specific

surface area by alcohothermalmethod,” Powder Technology, vol.
194, no. 1-2, pp. 149–152, 2009.

[30] S. Modak, M. Ammar, F. Mazaleyrat, S. Das, and P. K.
Chakrabarti, “XRD, HRTEM andmagnetic properties of mixed
spinel nanocrystalline Ni-Zn-Cu-ferrite,” Journal of Alloys and
Compounds, vol. 473, no. 1-2, pp. 15–19, 2009.

[31] X. Hu, G. Song, W. Li et al., “Phase-controlled synthesis
and photocatalytic properties of SnS, SnS

2
and SnS/SnS

2
het-

erostructure nanocrystals,”Materials Research Bulletin, vol. 48,
no. 6, pp. 2325–2332, 2013.

[32] M. L. Toh,K. J. Tan, F. X.Wei, K.K. Zhang,H. Jiang, andC.Kloc,
“Intercalation of organic molecules into SnS

2
single crystals,”

Journal of Solid State Chemistry, vol. 198, pp. 224–230, 2013.
[33] B. Liu, X. Zhao, Q. Zhao, X. He, and J. Feng, “Effect of heat

treatment on the UV-vis-NIR and PL spectra of TiO
2
films,”

Journal of Electron Spectroscopy and Related Phenomena, vol.
148, no. 3, pp. 158–163, 2005.



Research Article
Boundary Layer of Photon Absorption Applied to
Heterogeneous Photocatalytic Solar Flat Plate Reactor Design

Héctor L. Otálvaro-Marín,1 Miguel Angel Mueses,2 and Fiderman Machuca-Martínez1

1 GAOX Group, Chemical Engineering School, Universidad del Valle, A.A. 25360 Cali, Colombia
2 Photocatalysis and Solar Photoreactors Engineering, Department of Chemical Engineering, Universidad de Cartagena,
A.A. 1382 Cartagena, Colombia
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This study provides information to design heterogeneous photocatalytic solar reactors with flat plate geometry used in treatment
of effluents and conversion of biomass to hydrogen. The concept of boundary layer of photon absorption taking into account the
efficient absorption of radiant energy was introduced; this concept can be understood as the reactor thickness measured from
the irradiated surface where 99% of total energy is absorbed. Its thickness and the volumetric rate of photons absorption (VRPA)
were used as design parameters to determine (i) reactor thickness, (ii) maximum absorbed radiant energy, and (iii) the optimal
catalyst concentration. Six different commercial brands of titanium dioxide were studied: Evonik-Degussa P-25, Aldrich, Merck,
Hombikat, Fluka, and Fisher. The local volumetric rate of photon absorption (LVRPA) inside the reactor was described using six-
flux absorption-scattering model (SFM) applied to solar radiation. The radiation field and the boundary layer thickness of photon
absorption were simulated with absorption and dispersion effects of catalysts in water at different catalyst loadings.The relationship
between catalyst loading and reactor thickness that maximizes the absorption of radiant energy was obtained for each catalyst by
apparent optical thickness. The optimum concentration of photocatalyst Degussa P-25 was 0.2 g/l in 0.86 cm of thickness, and for
photocatalyst Aldrich it was 0.3 g/l in 0.80 cm of thickness.

1. Introduction

Heterogeneous photocatalysis based on TiO
2
and modified

photocatalysts is widely used in energetic and environmental
applications, including water and air purification systems
[1, 2], self-cleaning surfaces [3], wettability patterns, and
printing applications [4], and as a clean production route of
hydrogen fuel [5]. The first step of photocatalytic reaction
mechanism [6] is the radiant energy absorption higher than
the band gap of the semiconductor to generate electron-
hole pairs on its surface, which can initiate oxidation and
reduction reactions.

A clean route for hydrogen production has been proposed
by photogenerated electrons at the conduction band from
reduction of water in the absence of oxygen and oxidation
of waste biomass using solar energy [7].

Regarding the mineralization of organic contaminants,
Turchi and Ollis proposed a path based on the generation
of oxidizing species (Table 1) [6]; adsorbed water on the
TiO
2
’s surface (reactions 2a and 2b) reacts with holes to

generate hydroxyl radicals (reactions 6a and 6b). The attack
of the hydroxyl radical (reactions 9–12) on a C–H bond
is the prevailing step for the oxidative breakdown, which
is responsible for the mineralization of a wide range of
pollutants (e.g., cyanide, arsenic, halogenated hydrocarbons,
pesticides, endocrine disruptors, estrogens, inorganics, aro-
matics, emerging pollutants, and many others) [8–14]. More
details of the mechanism and their considerations are in [15].

The above mentioned applications present a trend
towards the use of solar energy as a sustainable source of
energy, development of efficient reactors geometries, and
scale-up of reactors. Therefore, rigorous methodologies have
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Table 1: Heterogeneous photocatalysis reaction scheme based on semiconductor TiO2, extracted from Turchi and Ollis [6].

Activation TiO2
ℎ]
→ 𝑒
−
+ ℎ
+ (1)

Adsorption

O2−
Lattic + TiIV +H2O  OLH

−
+ TiIV −OH− (2a)

TiIV +H2O  TiIV −H2O (2b)
Site + 𝑅

𝑖
 𝑅
𝑖,ads (3)

OH∙ + TiIV  TiIV −OH∙ (4)
Recombination 𝑒

−
+ ℎ
+
→ heat (5)

Hole trapping
TiIV −OH− + ℎ+  TiIV −OH∙ (6a)

TiIV −H2O + ℎ
+
 TiIV −OH∙ +H+ (6b)

𝑅
𝑖,ads + ℎ

+
 𝑅
+

𝑖,ads (7)

Electron trapping TiIV + 𝑒−  TiIII (8a)
TiIII +O2  Ti

IV
−O
2

∙− (8b)
Hydroxyl attack

Case I TiIV −OH∙ + 𝑅
𝑖,ads → TiIV + 𝑅

𝑗,ads (9)
Case II OH∙ + 𝑅

𝑖,ads → 𝑅
𝑗,ads (10)

Case III TiIV −OH∙ + 𝑅
𝑖
→ TiIV + 𝑅

𝑗
(11)

Case IV OH∙ + 𝑅
𝑖
→ 𝑅
𝑗

(12)

been developed for design and optimization of photoreactors
based on scientific knowledge of the photocatalytic process
[8, 9, 14, 16–18], allowing a more economical and technically
feasible process.

The rigorous description of photoreactor requires (i)
radiation field, (ii) hydrodynamic field, and (iii) mass balance
with kinetic expression whose parameters should be inde-
pendent of photon absorption. The study of the radiation
field provides optimal design information such as reactor
geometry, catalyst selection, catalyst loading, and dimensions
of the reactor [19, 20].

The variable most employed to quantify the spatial
distribution of radiant energy absorbed within the reactor
is the local volumetric rate of photon absorption (LVRPA);
it depends on the geometry, radiation source, loading, and
type of photocatalyst, in some cases on the pollutant if this
presents absorption of radiant energy. A rigorous approach
to determine the LVRPA is the solution of the radiative
transfer equation (RTE), by the discrete ordinate method
(DOM), which requires spatial, directional, and spectral
discretizations inside the reactor [8, 20, 21].

A useful approach is the six-flux absorption-scattering
model (SFM); it has been applied to different geometries:
compound parabolic collector (CPC) photoreactors [10, 19],
annular reactors [12, 13, 22–24], and flat plate reactors
[25]. This model calculates the LVRPA through a system of
algebraic equations, where the scattering event can occur only
along the six directions of the Cartesian coordinates [25]; it
reduces the mathematical complexity to an analytical system,
thus saving computational time and effort.

Flat plate reactors are scalable, and these can be used
with solar radiation, so they are very attractive and also
provide an excellent configuration for efficient excitation of
the semiconductor photocatalyst TiO

2
[26]; their modeling

requires a complex analysis of the radiation field inside
the photoreactor [27]. In water treatment, for a dilute
pollutant is considered the photon absorption only by the

solid photocatalyst particles [28, 29], therefore, the pollutant
concentration and the radiation field are decoupled [20, 25]
allowing us to separately study the effect of photon absorption
of the water-catalyst solution.

In this study, design parameters of a flat plate photore-
actor with photocatalysts based on TiO

2
and solar radiation

were analyzed in terms of absorption of photons. For math-
ematical convenience, the variable LVRPA/𝐼

0
was employed;

it is estimated by SFM model and does not require emission
model. Also, a new design parameter for selection of the
optimum reactor thickness called boundary layer thickness
of photon absorption is presented.The information presented
might be used in kineticmodels of pollutants degradation and
hydrogen production.

2. Methodology

2.1. Model of Boundary Layer of Photon Absorption. This
paper proposes a new concept for heterogeneous photocat-
alytic reactor design, which allows us to determine the best
thickness. Figure 1 shows a schematic representation of a
double flat plate reactor with thick𝐻

𝑅
, located perpendicular

to the source. Additionally, the figure presents a profile of
LVRPA along the 𝑦-coordinate, with maximum value at
the interface surface-flow (LVRPA

𝑠
) and minimum value at

reactor bottom (LVRPA
∞
).

The region where there is a gradient of energy absorption
has been called “boundary layer of photon absorption,” and
its thickness 𝛿abs is defined as 𝑦-value which satisfies the
following ratio:

LVRPA
𝑠
− LVRPA (𝛿abs)

LVRPA
𝑠
− LVRPA

∞

= 0.99. (1)

This definition of boundary layer thickness for transport
phenomena and absorption of radiant energy is analogous
to the definition of thickness of hydrodynamic, thermal, and
concentration boundary layer on a flat plate [30]. The 𝛿abs
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LVRPA(y)
Boundary layer of
photon absorption 

y

Irradiated surface
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HR(𝛿abs)
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Figure 1: Boundary layer of photon absorption in a double flat plate reactor irradiated onto upper plate.

can be understood as the reactor thickness measured from
the irradiated surface where 99% of total energy is absorbed.
For this reason, boundary layer thickness becomes a design
parameter for selection of optimum thickness of flat plate
reactors. Oversizing of reactor thickness can lead to the
presence of a dark sublayer, where there is no considerable
photon absorption.

This design parameter is similar to the apparent optical
thickness used for sizing of annular reactors and CPCs
[19, 31]. The 𝛿abs uses the analogous concept of boundary
layer thickness to obtain the optimal light absorption. 𝛿abs
depends of catalyst (type and loading) and it can be used
as a geometrical parameter equal to the optimum reactor
thickness𝐻

𝑅
(see Figure 1).

2.2. Volumetric Rate of Photon Absorption VRPA. VRPA is
defined as an average value of LVRPA in the whole volume.
For a flat plate reactor the VRPA is expressed as [20]

VRPA = ⟨LVRPA⟩𝑉
𝑅

=
1

𝐻
𝑅

∫

𝐻
𝑅

0

LVRPA (𝐶
𝑚,cat, 𝑦) 𝑑𝑦. (2)

VRPA is a design parameter established and validated to
determine catalyst concentrations in photocatalytic processes
[20].

VRPA and boundary layer thickness presented above are
design parameters of photoreactors and their calculations
require a model of radiant field, which quantify LVRPA
within the reactor.

2.3. Radiant FieldModel. The radiation field of a reactor with
incident solar radiation was modeled by six-flux absorption-
scattering model (SFM) [10, 12, 14, 19, 24, 25]. LVRPA divided
by flux of incident radiant energy in reactor 𝐼

0
expressed by

this model is
LVRPA
𝐼
0

= [(𝜔corr − 1 + √1 − 𝜔
2

corr) 𝑒
(−𝑟
𝑝
/𝜆
𝜔corr )

+𝛾 (𝜔corr − 1 − √1 − 𝜔
2

corr) 𝑒
(𝑟
𝑝
/𝜆
𝜔corr )]

× (𝜆
𝜔corr

𝜔corr (1 − 𝛾))
−1

,

(3)

where 𝑟
𝑝
is the coordinate of photon, 𝑟

𝑝
= 𝑦 in a flat

plate reactor, 𝜔corr is the corrected scattering albedo, 𝜆
𝜔corr

corresponds to the corrected value of mean free path of
photons in the suspension, and 𝛾 is a SFM parameter.

The parameters of (3) are function of average values of
the scattering and absorption coefficients of catalyst, which
are calculated as well:

⟨𝜎
∗
⟩ =

∫
𝜆max

𝜆min
𝜎
∗

𝜆
𝐼 (𝜆) 𝑑𝜆

∫
𝜆max

𝜆min
𝐼 (𝜆) 𝑑𝜆

⟨𝜅
∗
⟩ =

∫
𝜆max

𝜆min
𝜅
∗

𝜆
𝐼 (𝜆) 𝑑𝜆

∫
𝜆max

𝜆min
𝐼 (𝜆) 𝑑𝜆

,

(4)

where 𝜆min and 𝜆max correspond to 280 y 395 nm, respec-
tively, given by the interception of solar emission spectrum
and TiO

2
absorption spectrum; 𝐼(𝜆) is the spectrum of

solar emission power [32]; 𝜎∗
𝜆
and 𝜅

∗

𝜆
are the spectrums of

scattering and absorption coefficients, respectively, per mass
unit of catalyst, reported in [33] using a phase function with
diffuse reflectance for different commercial brands of TiO

2
.

Extinction coefficient 𝛽 is the sum of the absorption
and scattering average coefficients 𝛽 = ⟨𝜅

∗
⟩ + ⟨𝜎

∗
⟩. This

parameter is used to calculate the scattering albedo 𝜔 =

⟨𝜎
∗
⟩/𝛽 which determines the fraction of dispersed energy.
Scattering albedo requires a correction 𝜔corr to the model

of six directions [25], through probabilities of forward,
backward, and sideways scattering (𝑝

𝑓
, 𝑝
𝑏
, 𝑝
𝑠
):

𝜔corr =
𝑏

𝑎
, (5)

where

𝑎 = 1 − 𝜔𝑝
𝑓
−

4𝜔
2
𝑝
2

𝑠

(1 − 𝜔𝑝
𝑓
− 𝜔𝑝
𝑏
− 2𝜔𝑝

𝑠
)

𝑏 = 𝜔𝑝
𝑏
+

4𝜔
2
𝑝
2

𝑠

(1 − 𝜔𝑝
𝑓
− 𝜔𝑝
𝑏
− 2𝜔𝑝

𝑠
)
;

(6)

𝑝
𝑓
, 𝑝
𝑏
, 𝑝
𝑠
values are 0.11, 0.71, and 0.045 for a phase function

of great sphere with diffuse reflectance [10]. Mean free path
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of photons in the suspension 𝜆
0
and its corrected value 𝜆

𝜔corr
,

which dependon catalyst concentration, are calculated aswell
[10]:

𝜆
0
=

1

𝛽𝐶
𝑚,cat

𝜆
𝜔corr

=
𝜆
0

𝑎√1 − 𝜔2corr

.

(7)

Finally, the parameter 𝛾 is calculated through the following
equation:

𝛾 =

1 − √1 − 𝜔2corr

1 + √1 − 𝜔2corr

𝑒
(−2𝜏app), (8)

where 𝜏app is apparent optimal thickness defined as

𝜏app = 𝜏𝑎√1 − 𝜔2corr (9)

and 𝜏 is the optical thickness, for a flat plate reactor 𝜏 =

𝐻
𝑅
/𝜆
0
[25, 26].

To obtain the new parameter, boundary layer thickness of
photon absorption 𝛿abs is proposed to minimize an objective
function (10), which is obtained from the definition (1), using
the Nelder-Mead optimization algorithm:

𝐹obj (𝛿abs)

= [(LVRPA
𝑠
− LVRPA (𝛿abs))

−0.99 (LVRPA
𝑠
− LVRPA

∞
)]
2

,

(10)

where LVRPA
𝑠
and LVRPA

∞
correspond to the SFM evalu-

ated in 𝑟
𝑝
equal to zero and𝐻

𝑅
, respectively.

3. Results and Discussion

3.1. Optical Properties under Solar Radiation. The SFM
parameters that are independent of the catalyst concentration
are shown in Table 2 for six different commercial brands
of TiO

2
and solar radiation using (4)–(6). Parameters of

photocatalytic activity are different due to the percentage of
anatase, rutile, and brookite present in each trademark.

The values reported here disagree with those reported by
[10] for Degussa under the same radiation condition (⟨𝜎∗⟩ =
1.30 × 10

4 and ⟨𝜅∗⟩ = 1.75 × 10
3) due to the use of different

phase functions. Colina-Márquez et al. [10] applied optical
properties described by Henyey and Greenstein phase func-
tion [34]; in contrast, this study employed optical properties
of catalyst and scattering probabilities 𝑝

𝑓
, 𝑝
𝑏
, 𝑝
𝑠
from a phase

function model of diffuse reflectance [22, 25].

3.2. LVRPA. Figure 2 shows the LVRPA/𝐼
0
profiles (3) as a

function of 𝑦-coordinate inside a flat plate photoreactor with
solar radiation for catalyst Degussa and Aldrich for different
catalyst concentrations. The optical properties presented in

Table 2: Average optical properties of commercial photocatalysts
based on titanium dioxide under solar radiation.

Catalyst ⟨𝜎
∗
⟩ ×10−4

(cm2 g−1)
⟨𝜅
∗
⟩ ×10−3

(cm2 g−1)
𝛽×10−4
(cm2 g−1) 𝜔 𝜔corr

Aldrich 3.73 2.43 3.98 0.94 0.84
Degussa 5.42 2.87 5.71 0.95 0.87
Merck 2.97 2.68 3.24 0.92 0.81
Hombikat 2.52 1.17 2.64 0.96 0.88
Fischer 1.60 2.65 1.86 0.86 0.72
Fluka 1.64 2.89 1.92 0.85 0.71

Table 2 were used. A reactor thickness 𝐻
𝑅
equal to 1 cm

was considered, because it is enough for photon absorption
[20, 35]. Therefore, the dimensionless optical thickness (𝜏 =

𝐻
𝑅
/𝜆
0
) varies from 4 to 22 depending on loading and type of

catalyst.
The LVRPA/𝐼

0
at irradiated surface of the reactor

increases with catalyst concentration due to the amount of
surface-exposed catalyst and back-scattering energy absorp-
tion from internal layer inside the reactor.These results agree
with the literature [20]. In addition, it was found that the
distribution of LVPRA is similar when the apparent optical
thickness is used in annular and CPCs reactors [31].

The change of LVRPA/𝐼
0
with respect to 𝑦 near the

irradiated surface is associated with extinction coefficients;
the total energy available in the system is quickly extinguished
by increases in catalyst concentration and high extinction
coefficients 𝛽.

Finally, the distance from the surface (𝑦 = 0) where the
radiant energy is absorbed (i.e., boundary layer thickness)
depends on concentration and type of catalyst. For catalyst
loading greater than 0.3 g/l, the LVRPA/𝐼

0
at the bottom of

the reactor is negligible.
To validate the SFM in a flat plate reactor, the model was

run against rigorous solution of RTE proposed by [9, 36].
The reported reactor had 1.2 cm of thickness, UV lamps as
radiation source, Aldrich andDegussa P-25 as photocatalysts.
The SFM parameters were calculated to the experimental
conditions reported (⟨𝐼

0
⟩ ≈ 1.81 × 10

−8 Einstein cm−2 s−1,
catalyst Aldrich, ⟨𝜎⟩ = 3.60 × 10

4 cm2 g−1, and ⟨𝜅⟩ = 3.28 ×

10
3 cm2 g−1) with a local percent error of LVRPA lower than

12, and 2.4 for VRPA.

3.3. Design of Reactors. Figure 3 shows the VRPA/𝐼
0
profiles

(2) in solid lines as a function of catalyst loading inside a
flat plate reactor, for six different commercial brands of TiO

2

catalysts. The dashed lines represent the values of 𝛿abs that
satisfy (1).

For all catalysts, a catalyst loading less than 0.2 g/l has low
rate of photon absorption; from 0.2 to 0.4 g/l there are high
values of VRPA/𝐼

0
and thus the best operating conditions

of the system are within this interval; loadings greater than
0.4 g/l reach some form of saturation; therefore, there is no
justification for extra consumption of catalyst.

From VRPA/𝐼
0
profile in Figure 3 and Table 2, it is

established that the absorption of radiant energy is faster
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Figure 2: Profile of energy absorption rate (LVRPA/𝐼
0
) through fluid (𝑦-coordinate) for Degussa P-25 (a) and Aldrich (b). Catalysts loading

(g⋅l−1): line 1 = 0.5; line 2 = 0.3; line 3 = 0.2; line 4 = 0.1.
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2
as a function of its
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0
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for catalysts with a low coefficient of scattering albedo 𝜔. In
other words, high absorption coefficients and low scattering
coefficients have greater absorption of photons, increas-
ing the mathematical relationship 1 − 𝜔. As a result, the
absorption presents the following order: Fluka > Fischer >
Merck > Aldrich > Degussa P-25 >Hombikat.

The catalyst Aldrich has a maximum VRPA 7% higher
than the one presented by the catalyst Degussa. A similar
trend was reported for polychromatic radiation using UV
lamps, where the catalyst Aldrich is 19% more efficient than
Degussa P-25 [36].

For all catalysts and loadings lower than 0.1 g/l, the
absorption of photons occurs in the entire thickness of the
reactor (1 cm), but the VRPA has small values. Catalyst
loadings between 0.1 and 0.2 g/l employ the entire thickness
of the reactor with approximately zero values of the LVRPA at
the bottom of the reactor and begin to show a boundary layer
of photon absorption thinner than 1 cm, due to some form of
saturation between photon transport and the catalyst amount
to absorb them.

For catalyst loading higher than 0.2 g/l, different bound-
ary layer thicknesses of absorption can be seen. Catalysts
with higher coefficient of photon extinction have a thinner
boundary layer because the energy is quickly extinguished as
it travels through the fluid.

However, Hombikat catalyst has the largest boundary
layer of photon absorption, despite having an intermediate
value of extinction coefficient; this is due to its low absorption
coefficient 𝜅 and its high coefficient of scattering albedo
𝜔; most of the photons are dispersed in a large layer of
fluid phase with a photon absorption rate slower than other
catalysts.

Profile of boundary layer thickness of photon absorption
represents the best conditions of design. A point above this
curve presents a dark layer inside reactor, while a point below
it presents VRPA less than the maximum possible.

3.4. Optimal Configuration of Reactors. Figure 3 provides
useful information to define the design thickness of a flat



6 International Journal of Photoenergy

plate reactor and type and loading of catalyst. For applications
in very thin reactors (e.g., thin films of continuous fluid by
sliding on an inclined flat plate), the catalyst with the best
performance isDegussa P-25 followed byAldrich; the catalyst
selection is based on reactor thickness. On the other hand,
for applications in very thick reactors, the catalyst with the
best performance is Fluka followed by Fischer; the catalyst
selection is based on the greater amount of energy absorb-
ed.

To design a photoreactor using a specific catalyst, for
example, Degussa P-25 (point line), the VRPA/𝐼

0
profile in

Figure 3 recommends 0.2 g/l of catalyst to take the maximum
energy absorbed with the minimum consumption of catalyst.
The 𝛿abs profile in the same figure suggests a design thickness
of reactor equal to or slightly higher than 0.86 cm and take
advantage of the entire volume within the reactor for the
photon absorption. Table 3 was reported using the procedure
above.

The optimum catalyst loading was calculated for cata-
lysts water system; this increases in systems where there is
absorption of radiant energy by substrate. Other authors have
reported optimum values of catalyst loading similar to those
reported in this paper. Brandi et al. report a loading close
to 0.3 g/l based on the simulation of photon absorption for
Aldrich and Degussa catalysts with radiation fromUV lamps
in a flat plate reactor [20, 36].

Experimental researches developed at the solar platform
from Almeria obtained an optimal loading of Degussa P-
25 in a plate flat solar reactor equal to 0.2 g/l [37–39]; this
concentration is the same obtained by simulation in this
work.

Different geometries are not comparable; however, the
reported values of optimum catalyst loading have proved
to be very similar in different reactors. An example of this
result is the work made by Colina-Márquez and coworkers.
They found optimum catalyst loadings from 0.17 to 0.4 g/l
for catalysts with scattering albedo between 0.75 and 0.95 in
a CPC solar reactor and catalyst loadings between 0.2 and
0.6 g/l for a tubular reactor [19]. Particularly, they obtained
0.21 g/l as optimal loading for Degussa P-25.

For thicknesses not near 1 cm, it is recommended to
use the design parameter called apparent optical thickness
𝜏app = 𝜏𝑎√1 − 𝜔2corr, where 𝜏 = 𝐻

𝑅
𝛽𝐶
𝑚,cat; the parameter was

proposed by [19] and modified here for its application to flat
plate reactor. At conditions reported in Table 2, the 𝜏app values
obtained were 4.39, 4.08, 4.15, 3.77, 3.99, and 4.10 to Aldrich,
Degussa, Merck, Hombikat, Fisher, and Fluka, respectively.
The best design conditions for different catalyst loadings and
reactor thicknesses are obtained by keeping 𝜏app constant.

Reactor design information presented in this paper is
useful to determine the optimum catalyst loading, the opti-
mal thickness of reactor, and the radiant energy absorbed.
In addition, it eliminates the need of statistical analysis of
experiment design which involves considerable consumption
of time and resources [19]. New photocatalysts can be
analyzed using the methodology presented here by varying
absorption and scattering coefficients.

Table 3: Optimum catalyst loading, maximum energy absorbed,
and design thickness of flat plate reactor under solar radiation.

Catalyst Loading
(g/L)

VRPAmax/𝐼0
(cm−1)

Suggested thickness
of the reactor (cm)

Degussa P-25 0.2 0.42 0.86
Aldrich 0.3 0.45 0.80
Merck 0.3 0.49 0.85
Hombikat 0.4 0.40 0.90
Fisher 0.4 0.56 0.88
Fluka 0.4 0.57 0.86

4. Conclusions

This study has presented a new parameter for selection of
thickness of a flat plate reactor called boundary layer thick-
ness of photon absorption 𝛿abs, which represents an effective
thickness of absorption. Its use allows the elimination of
dark zones within the reactor and absorption of the largest
amount of photons. Also, together with the VRPA, it provides
sufficient criteria for sizing of reactor thickness, the choice of
catalyst, and its loading. Its use is applicable to the scale-up of
solar reactors.

The parameter was evaluated for TiO
2
semiconductors

Degussa P-25, Aldrich, Merck, Hombikat, Fluka, and Fisher,
as a function of reactor thickness, catalyst loading, and
the maximum amount of energy absorbed getting optimal
operating conditions in the catalyst loading.

Nomenclature

𝑎 : SFM parameter, dimensionless
𝑏: SFM parameter, dimensionless
𝐶
𝑚,cat: Catalyst concentration, g l−1

𝐹obj: Objective function, mol2 cm−6
𝐻: Thickness, cm
𝐼: Emission spectrum of radiation source,

Einstein cm−2 s−1
𝐼
0
: Flux of radiation at surface, Einstein

cm−2 s−1
LVRPA: Local volumetric rate of photon

absorption, Einstein cm−3 s−1
𝑝
𝑏
: Probability of backward scattering,

dimensionless
𝑝
𝑓
: Probability of forward scattering,

dimensionless
𝑝
𝑠
: Probability of side scattering,

dimensionless
𝑟
𝑝
: Auxiliary coordinate in the photon flux

direction, cm
𝑥: Cartesian coordinate, cm
𝑦: Cartesian coordinate, cm
𝑧: Cartesian coordinate, cm.
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Greek Letters

𝛽: Specific extinction coefficient, cm2 g−1
𝛾: SFM parameter, dimensionless
𝛿abs: Boundary layer thickness of photon absorption, cm
𝜅: Specific absorption coefficient, cm2 g−1
𝜆: Radiation wavelength, nm
𝜆
0
: Mean free path of photons, cm

𝜆
𝜔corr

: Extinction length, cm
𝜎: Specific scattering coefficient, cm2 g−1
𝜏: Optical thickness, dimensionless
𝜏app: Apparent optical thickness, dimensionless
𝜔: Scattering albedo, dimensionless
𝜔corr: Scattering albedo corrected, adimensional.

Subscripts

corr: Corrected
max: Maximum
min: Minimum
𝑅: Reactor
𝑠: Irradiated surface
∞: Bottom of reactor.
𝜆: Spectral.

Superscripts

∗: Specific.

Special Symbols

⟨⟩: Average value.
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The electronic structures of sulfur (S) or carbon (C)-doped TiO
2
anatase (101) surfaces have been investigated by density functional

theory (DFT) plane-wave pseudopotential method.The general gradient approximation (GGA) +U (Hubbard coefficient) method
has been adopted to describe the exchange-correlation effects. All the possible doping situations, including S/C dopants at lattice
oxygen (O) sites (anion doping), S/C dopants at titanium (Ti) sites (cation doping), and the coexisting of anion and cation doping,
were studied. By comparing the formation energies, it was found that the complex of anion and cation doping configuration forms
easily in the most range of O chemical potential for both S and C doping. The calculated density of states for various S/C doping
systems shows that the synergistic effects of S impurities at lattice O and Ti sites lead a sharp band gap narrowing of 1.35 eV for
S-doped system comparing with the pure TiO

2
system.

1. Introduction

Many researchers have paid much attention on titanium
dioxide (TiO

2
). As a promising photocatalytic semiconductor

for environmental treatment, it has excellent functionality,
long-term stability, and nanotoxicity [1]. However, TiO

2
is

a kind of wide band gap semiconductor (3.2 eV for anatase
phase and 3.0 eV for rutile phase [2]). It needs ultraviolet
(UV) radiation to excite the electrons fromvalence band (VB)
to conduction band (CB). Unfortunately, the energy of UV
light accounts for only small fraction of the sunlight. Then,
how to enhance the ability of visible light (VIS) absorption
of TiO

2
is critical to enable the utility of TiO

2
photocatalyst

materials.
Many efforts have been made to achieve this purpose,

including introducing metal or nonmetal species for doping.
S andC species are special among nonmetal species. For these
two species, both cation and anion doping could be formed
in TiO

2
. The group of Umebayashi [3, 4] have synthesized

S-doped TiO
2
by ion implantation and oxidation annealing

of TiS
2
. They found that the S atoms occupied oxygen sites

to form Ti-S bonds and lead a decrease in the band-gap
energy. Based on the theoretical analyses using ab initio
band calculations, they thought that mixing of the S 3p
states with the valence band contributes to the band gap
narrowing. Ohno’s group [5] have synthesized S-doped TiO

2

photocatalysts chemically in which S (S4+) substitute some
of the lattice titanium atoms, which showed strong absorp-
tion for visible light and high activities for degradation of
methylene blue, 2-propanol in aqueous solution, and partial
oxidation of adamantane under irradiation at wavelengths
longer than 440 nm. Long et al. [6] have discussed the struc-
tural and electronic properties of S-doping configurations by
substitution and adsorption at the rutile TiO

2
(110) surface

with first-principles density functional theory calculations.
Their results indicate that S dopants replace surface O atoms
or bind to Ti atoms preferentially. S-cation doping led to
relatively small reductions of the photon transition energy,
while S-anion doping and adsorption on the surface resulted
in significant red shifts of the optical absorption edge. For
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C-dopedTiO
2
, some experimental researches have been done

by Nakano et al. [7]. They have prepared C-doped TiO
2
film

by oxidative annealing of sputteredTiCfilms at 550∘C in flow-
ing O

2
gas. Deep-level optical spectroscopy measurements

revealed three deep levels located at 0.86, 1.30, and 2.34 eV
below the CB. They thought the 2.34 eV band introduced by
the C-doping contributes to band gap narrowing by mixing
with the O 2p valence band. Both anion doping and cation
doping have been studied by Kamisaka et al. [8] for C-doped
TiO
2
. It was found that neither in-gap impurity states nor

visible-light absorbance were observed in the case of cation
doping, while a density-of-states analysis revealed three in-
gap impurity states for anion doping. Kesong et al. [9] have
also discussed the structural and electronic properties of two
possible substitutional carbon-doped structures of anatase
and rutile TiO

2
.They found that the band gap changes slightly

for C-anion doping and the optical absorption energy is
reduced by about 0.18 and 0.3 eV for cation C-doped anatase
and rutile TiO

2
, respectively. Lee et al. [10] presented first-

principles density-functional calculations for the electronic
properties anion C-doped TiO

2
. They found that three C 2p

bands appear in the band gap; they were located at 0.52, 0.96,
and 1.48 eV away from the VBmaximum of TiO

2
.The energy

gap between the highest O 2p band and the lowest Ti 3d band
is 2.42 eV, close to 2.39 eV in undoped TiO

2
.

However, these theoretical and experimental studies are
not enough to give a clear insight of the real mechanism
for VIS sensitivity of S/C-doped TiO

2
. In this paper, we

demonstrated a relatively more comprehensive investigation
on the effects of S/C impurities on the electronic structures
of TiO

2
. Firstly, the surface models were adopted to calculate

the band structure of S/C-doped TiO
2
anatase. To our

opinion, the surface model is more suitable to simulate
synthesized powder or film samples than bulk model. Of
the anatase single-crystalline surfaces, the (101) surface is
the predominant face that is exposed on anatase minerals
and polycrystalline powders, and theory calculations also
show that it is thermodynamically the low-energy surface
[1, 11].Moreover, besides the isolated anion and cation doping
that have been discussed in our calculations, the case of
anion and cation codoping with two S/C atoms (lattice O
and Ti atoms are replaced by S/C atoms synchronously) has
also been studied. Furthermore, because the local density
approximation (LDA) and general gradient approximation
(GGA) which are generally used to describe the exchange-
correlation effects always lead to a severe underestimation
of the band gap [12] for transition metal oxides, GGA +
U (Hubbard coefficient) was used in this present work to
compensate for the limitation for those strongly correlated
systems [13] which introduces an additional term based on
a simple Hubbard model for electron on-site repulsion.

2. Methods and Models

2.1. Computational Details. The computational calculations
have been performed by density-functional theory (DFT)
plane-wave pseudopotential method [14], as implemented in
the CASTEP 5.0 codes [15]. GGA+U was used for describing

the exchange-correlation effects. Within GGA + U, the
Coulomb correlation interaction of Ti 3d electrons has been
taken into account. The U = 8.50 eV of Ti 3d electrons was
adopted in all energy calculations which has been confirmed
by our previous works [16–18]. The ultrasoft pseudopotential
was used to describe electron-ion interactions. The kinetic
energy cutoff for the plane-wave basis was chosen as 380.0 eV.
The Brillouin zone sampling was restricted to the point in
surface geometry optimization. In energy calculations, it was
set to 1 × 2 × 4. Structure optimization was performed by
minimizing the total energy and the ionic force, until all the
components of the residual forces were less than 0.01 eV⋅Å−1.
The energy and the displacement tolerance were set to 5.0 ×
10−6 eV⋅atom−1 and 5.0 × 10−4 Å, respectively.

2.2. Models. The TiO
2
(hereafter referring to the anatase

structure exclusively) (101) surfaces weremodeled by vacuum
slabs. According to our previous computational results [19]
and some references [20, 21], we have selected a slab of
Ti
24
O
48
(TO) with surface area of 11.15 × 7.55 Å2 and slab

thickness of 3 layers (see Figure 1(a)). The surface species,
namely, the bridging two-fold coordinated oxygen atom
(O
2C), three types of three-fold coordinated oxygen atom

(O1
3C, O
2

3C, and O3
3C), and five/six-fold coordinated titanium

atoms (Ti
5C and Ti

6C), are denoted in Figure 1(a) as well.
The models of anion doping surfaces Ti

24
O
47
S(A-STO)

and Ti
24
O
47
C(A-CTO) were built by replacing a surface

oxygen atom with a sulfur or carbon atom in the slab of TO
(the configuration of an S or C atom substituting an O atom
is denoted SO or CO). There are four types of surface oxygen
site, namely, the O

2C, O
1

3C, O
2

3C, and O3
3C site (as shown in

Figure 1(a)), for a sulfur or carbon atom to substitute. For
the models of cation doping surfaces Ti

23
SO
48
(C-STO) and

Ti
23
CO
48
(C-CTO), there are two possible surface sites, Ti

5C
and Ti

6C site, for a sulfur or carbon atom to substitute (the
configuration of a S or C atom substituting a Ti atom is
denoted STi or CTi). By comparing the total energy of the
optimized slabs for S/C doping (the values are shown in
Table 1), it was clear that the O

2C site and Ti
5C site are ener-

getically favored for anion and cation doping, respectively.
Long’s results also show that S dopants replace surface O
atoms preferentially [6].

Figures 2(a), 2(b), 2(d) and 2(e) exhibit the relaxed
configurations of SO, CO and STi, CTi. It can be seen from
the structures that S atom substituting Ti atom at Ti

5C site
(see Figure 2(d)) and C substituting O atom at O

2C site (see
Figure 2(b)) do not lead significant lattice distortion, while
substitutional S atomatO

2C site extends upwards and tends to
leave the surface (see Figure 2(a)) and substitutional C atom
at Ti
5C site seems to be attracted by O atoms at O

2C and O3
3C

site strongly (see Figure 2(e)), forming two short C−O bond
with distance of 1.360 and 1.387 Å, which is consistent with
[6].

According to the above discussions, the model of anion
and cation codoping surface with two S atoms, Ti

23
SO
47
S

(AC-STO), or that with two C atoms, Ti
23
CO
47
C(AC-CTO),

was created by one S or C atom substituting an O atom at
O
2C site and the other S or C atom substituting a Ti atom
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Figure 1: (a) Relaxed structure of Ti
24
O
48
surface cell (TO) with surface area of 11.15 × 7.55 Å2, the first layer is in the dashed line. (b) Relaxed

structure of the first layer of TO, the bond length of Ti
5C with its neighboring O atoms and O

2C with its neighboring Ti atoms are labeled. Ti
and O atoms are represented by grey and red spheres, respectively.

Table 1: Energy differences for S and C dopant at different substi-
tutional doping site on TiO2 anatase (101) surface. A-STO and A-
CTO denote anion doping surfaces Ti24O47S and Ti24O47C; C-STO
and C-CTO denote cation doping surfaces Ti23SO48 and Ti23CO48,
respectively.

Substitutional doping site
O2C O3C

1 O3C
2 O3C

3 Ti5C Ti6C
A-STO 0.00 0.45 1.51 2.47 — —
A-CTO 0.00 0.06 0.17 0.21 — —
C-STO — — — — 0.00 1.16
C-CTO — — — — 0.00 1.13
Unit: eV.

at Ti
5C site in the slab of TO. For the case of coexistent SO

and STi(SO + STi) or CO and CTi(CO + CTi) on TO surface,
there are four Ti

5C sites around a O
2C site, which could be

distinguished by distance, namely, the nearest one, the next
nearest one, the next next nearest one, and the farthest one.
For S doping, the total energy differences are 0.14, 0.08, 0.07,
and 0.00 eVof the optimized slabs, forCdoping, and the total
energy differences are 0.00, 0.04, 0.07, and 0.12 eV of each
optimized configuration. It was found that SO and STi tend
to be apart, while CO and CTi tend to be close; the optimized
C–C bond length is only 1.360 Å. Figures 2(c) and 2(f) exhibit
the relaxed configuration of SO + STi and CO + CTi.

3. Results and Discussion

3.1. Defect Formation Energy. In order to evaluate the relative
stability of various doping configurations under deferent
oxygen atmosphere, the defect formation energies (𝐸

𝑓
) of

each doping configuration as a function of O chemical
potential (𝜇(𝑂)) has been calculated and the results were
exhibited in Figure 3. Taking S doping, for example, the
calculation scheme was displayed as follows.

Firstly, for the neutral SO, STi defect, and the complex SO+
STi defect, the substitutional formation energies are calculated
as the following equations [22]:

𝐸
𝑓
(SO) = 𝐸 (A-STO) − 𝐸 (TO) − 𝜇 (S) + 𝜇 (O)

𝐸
𝑓
(STi) = 𝐸 (C-STO) − 𝐸 (TO) − 𝜇 (S) + 𝜇 (Ti)

𝐸
𝑓
(SO + STi) = 𝐸 (AC-STO) − 𝐸 (TO)

− 2𝜇 (S) + 𝜇 (Ti) + 𝜇 (O) ,

(1)

where 𝐸(TO), 𝐸(A-STO), 𝐸(C-STO), and 𝐸(AC-STO) are
the total energies of TO, A-STO, C-STO, and AC-STO,
respectively. 𝜇(S), 𝜇(Ti), and 𝜇(O) are the chemical potentials
of S, Ti, and O atom, respectively.

Nextly, the atom chemical potentials of Ti andOmust sat-
isfy the boundary conditions 𝜇(O) ≤ 1/2𝜇(O

2
) and 𝜇(Ti) ≤

𝜇(Ti metal), where 𝜇(O
2
) and 𝜇(Ti metal) are the chemical

potentials of oxygen gas and titanium metal, respectively.
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Figure 2: Relaxed structure of the first layer of S/C-doped surfaces: (a) Ti
24
O
47
S(A-STO), (b) Ti

23
SO
48
(C-STO), (c) Ti

23
SO
47
S(AC-STO), (d)

Ti
24
O
47
C(A-CTO), (e) Ti

23
CO
48
(C-CTO), and (f) Ti

23
CO
47
C(AC-CTO). The bond length of S or C dopants with its neighboring Ti or O

atoms is labeled. Ti and O atoms are represented by grey and red black spheres, respectively. Substitutional S and C dopants are represented
by yellow and green spheres.

Under the oxygen-rich (metal-poor) condition, 𝜇(O) is
set as 1/2𝜇(O

2
). While, under the oxygen-poor (metal-rich)

condition, 𝜇(Ti) = 𝜇(Ti metal). Correspondingly 𝜇(Ti) or
𝜇(O) is derived from the relation 𝜇(Ti) + 2𝜇(O) = 𝜇(TiO

2

bulk) [23–25]. 𝜇(TiO
2
bulk) is the chemical potentials of

TiO
2
anatase bulk.

Figure 3(a) exhibits the formation energies of SO, STi and
the complex SO + STi, as a function of 𝜇(O), with the zero of
the vertical scale corresponding to the formation energy of
STi. 𝐸𝑓(SO + STi) is always lower than 𝐸𝑓(STi), only under the
sufficient O-poor (Ti-rich) growth condition; 𝐸

𝑓
(SO + STi) is

larger than 𝐸
𝑓
(SO), which indicates that in the most range of

𝜇(O), the complex SO + STi forms much more easily. Thus,
SO and STi could be created synchronously in S-doped TiO

2

samples.
For the case of Cdoping, the defect formation energies are

calculated in the same way. Figure 3(b) shows the formation
energies of CO, CTi and the complex CO+CTi, as a function of
𝜇(O), with the zero of the vertical scale corresponding to the
formation energy of CTi. Namely, in the most range of 𝜇(O),
𝐸
𝑓
(CTi) is lower than 𝐸𝑓(CO) and 𝐸𝑓(CO +CTi) is always the

lowest in all the range of 𝜇(O), which shows that isolated CTi

formsmore easily than isolated CO and CO+CTi has themost
possibility to be on the C-doped TiO

2
surfaces.

3.2. Electronic Structures of Substitutional S/C-Doped Surfaces.
The density of the states (DOS) for TO is shown in Figure 4,
with the Fermi level being 0 eV on the energy axis. For the
pure surface TO, the calculated band gap energy is about
2.64 eV which is smaller than 3.2 eV calculated for bulk
structure. The valence band (VB) consists of Ti 3d and O 2p
orbits with the width of 5.40 eV, and the conductive band
(CB) consists of Ti 3d states mainly.

The calculated partial density of the states (PDOS) of S-
doped surfaces is shown in Figure 5. In the PDOS of A-STO
(Figure 5(a)), S 3p states are localized; a part of them are lying
at the Femi level and adjacent to the TiO

2
VB maximum,

which leads an expansion of VB from 5.40 to 5.80 eV. The
electron excitation energy from the occupied VB states to the
CB minimum shortens to 2.00 eV. However, in the PDOS of
C-STO (see Figure 5(b)), the majority of S 3p states locates
far away from the Femi level; only a few of them disperse and
mix withO 2p and Ti 3dVB states.There is a slight change for
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the band gap energy from 2.64 eV to 2.45 eV.The conclusion
accords with [6] that S-anion doping leads significant red
shifts of the optical absorption edge.

For the AC-STO, the PDOS (Figure 5(c)) shows that
the localized S 3p states introduced by S dopant at O

2C
site still appear at the top of VB, and S dopant at Ti

5C
site provides some localized 3p states at the bottom of CB;
thus the width of VB states expands to 6.10 eV and the
band gap energy decreases to 1.45 eV, which indicates a
great decrease of excited energy for electronic transition

and a red shift of the optical absorption for S-doped TiO
2
.

Obviously, the electronic properties of codoped systems are
not a mechanical mixture of those of both single-doped
systems, but the coupling contribution of surface S impurities
at O
2C and Ti

5C sites, which is consistent with [26, 27].
The calculated PDOSs of C-doped surfaces are shown in

Figure 6. Figure 6(a) exhibits the PDOS of A-CTO. A part
of localized C 2p states locate at the TiO

2
VB maximum,

which leads a slight expansion of VB from 5.40 to 5.50 eV,
the band gap energy has a very small shortness of 0.14 eV.
Additionally, another part of localized C 2p is lying in the gap
and 1.70 eV away from the Femi level. In the PDOS of C-CTO
(Figure 5(b)), C dopants do not introduce any states around
the Femi level, and the calculated band gap energy is almost
equal to that of TO. These conclusions are similar with [8].

For the AC-CTO, the PDOS (Figure 6(c)) shows that the
C dopant at O

2C site still provides two parts of localized 2p
states: one is at the bottom of VB and the other is in the
gap, 1.23 eV away from the Femi level. The band gap energy
decreases from 2.64 eV to 2.23 eV, and the VIS absorption of
C-doped TiO

2
could be improved by the decrease of intrinsic

absorption energy. On the other hand, extrinsic absorption
from VB states to unoccupied gap states contributes to the
VIS sensitivity of C-doped TiO

2
, either. However, the gap

states may also act as the electron-cavity recombination
centers, thus reducing the photocatalytic efficiency.

4. Conclusions

In this present work, all spin-polarized density-functional
theory plane-wave pseudopotential method has been adopt-
ed to investigate the electronic properties of TiO

2
anatase

(101) surfaces with S and C doping. GGA + 𝑈 (Hubbard
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Figure 5: Density of the states (DOS) calculated for S-doped surfaces: (a) Ti
24
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STO). Fermi level is at 0 eV and 𝑈 is 8.50 eV for Ti 3d electrons. The 3p states of S dopant at O
2C site and that of S dopant at Ti

5C site are
represented by dark grey and black area, respectively.
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Figure 6: Density of the states (DOS) calculated for C-doped surfaces: (a) Ti
24
O
47
C(A-CTO), (b) Ti
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2C site and that of C dopant at Ti
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coefficient) method has been used to describe exchange-
correlation effects. For the case of S doping, our calculations
demonstrated that the formation energy of the complex SO +
STi is lower than that of the isolated STi or SO in themost range
of chemical potentials of O, which indicates that the complex
SO+STi may formmore easily undermost of conditions for S-
doped TiO

2
. The calculated density of the states of anion and

cation codoping surface AC-STO shows that there is a sharp
decrease for the band gap energy from 2.64 to 1.45 eV due to

the synergistic effect of SO and STi defects.Thus, the ability of
VIS absorption for S-doped TiO

2
could be improved greatly.

For the case of C doping, the formation energy of the complex
CO + CTi is the lowest in all the range of chemical potentials
of O. The calculated density of the states of anion and cation
codoping surfaceAC-CTOalso shows a decrease for the band
gap energy from2.64 to 2.23 eV and theVIS absorption could
be improved by the decrease of intrinsic absorption energy
appreciably, but the gap states induced by CO defect may act
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as the electron-cavity recombination centers, thus reducing
the photocatalytic efficiency.
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This research evaluates photocatalytic bactericidal efficiencies of Ag-TiO
2
/Fe
3
O
4
in visible light using target pollutants that include

Aeromonas hydrophila, Edwardsiella tarda, and Photobacterium damselae subsp. piscicida. The investigation started with Ag-
TiO
2
/Fe
3
O
4
synthesis and calcination followed by a series of product tests that include the examination of crystallite phase, light

absorption, element composition morphology, and magnetic properties. The results of the experiment indicate that Ag and Fe
3
O
4

significantly enhanced the light absorption capacity of TiO
2
in the entire visible light range. The Ag-TiO

2
/Fe
3
O
4
prepared in

this study displays significantly enhanced visible light absorption and narrowed band gap energy. The magnetic property of Ag-
TiO
2
/Fe
3
O
4
made it easy for retrieval using a permanent magnet bar. The photocatalytic activity of Ag-TiO

2
/Fe
3
O
4
remains above

85% after three application cycles, which indicates high and favorable efficiency in bactericidal evaluation. The experiments have
proved that the Ag-TiO

2
/Fe
3
O
4
magnetic photocatalyst is a promising photocatalyst for antibacterial application under visible light.

1. Introduction

Bacterial pathogens are a main cause of fish mortalities in
cultured fish and occasionally in wild fish. As facultative
pathogen exists for both fish and human [1, 2], human
infections caused by pathogens transmitted from fish or
aquatic environment are quite general. Such infection varies
by seasons, dietary habits, and the immune system status
of the exposed individual. Traditional methods such as
chlorination are chemical intensive and have many disad-
vantages. For example, chlorine used in water treatment
for disinfection can react with organic material to generate
carcinogenic chloroorganic compounds. Moreover, certain
pathogens, bacteria, and protozoans have been known to be
resistant to chlorine disinfection [3].

Applications of photocatalytic processes are viable solu-
tions to environmental problems. Heterogeneous photocat-
alytic oxidation (PCO) has been proposed as one of the
advanced oxidation techniques for mineralization of hydro-
carbon pollutants. PCO helps to create strong oxidation
agents that breakdown organics to CO

2
in the presence of

the photocatalyst, H
2
O, and light. Heterogeneous systems

also have the advantages of minimal waste generation and
reusability of catalysts.

TiO
2
, one of the most promising semiconductor pho-

tocatalysts for removing pollutant and cleaning water, is of
low cost, nontoxic, and physically and chemically stable.
TiO
2
particles are both photocatalytic and antimicrobial [4].

Anatase TiO
2
is superior to rutile and brookite for organic

compound removal. However, its wide band gap (3.2 eV)
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allows it to be activated only by UV. Also, the high rate
of electron-hole (e−-h+) recombination in TiO

2
particles

results in low photocatalytic efficiency. Doping TiO
2
with

various transition metal ions narrows the band gap [5] and
expands the photoresponse of TiO

2
into visible spectrum

[6]. Also, electron transfer between those metal ions and
TiO
2
can alter e−-h+ recombination as the metal ions are

incorporated into the TiO
2
lattice. Feng et al. [7] have studied

the antibacterial mechanism of Ag+ on bacteria and found
that Ag+ deprives DNA molecules’ replication abilities. In
addition, Ag+ increases visible light absorption and holds up
the e−-h+ recombination of TiO

2
.

Many of the particles used in the separation technology
are superparamagnetic, which can be magnetized with an
external magnetic field and redispersed upon the removal
of magnet [8, 9]. For example, the magnetic property Fe

3
O
4

helps to enhance the recovery of the catalyst via external
magnetic field.Magnetic Fe

3
O
4
particles suspended in carrier

fluids are referred to as magnetic fluids. Additionally, Fe
3
O
4

also enhances the visible light absorptionwhich resulted from
the band gap reduction [10].

2. Materials and Methods

2.1. Materials. The chemicals used in this study include
titanium (IV) isopropoxide (98% Acros Organics), isopropyl
alcohol (99.9% Carlo Erba), acetylacetone (99.5% Carlo-
Erba), silver nitrate (99.8% Sigma-Aldrich), ferric chloride
anhydrous (98% Katayama Chemical Inc.), ferrous chloride
(97% Katayama Chemical Inc.), and sodium hydroxide (97%
Katayama Chemical Inc.). These chemicals are analytical
reagent grades and used without further modification.

2.2. Synthesis of Ag-TiO
2
/Fe
3
O
4
. The Ag-TiO

2
/Fe
3
O
4
mag-

netic photocatalyst was synthesized in two steps. First, mag-
netite (Fe

3
O
4
) nanoparticles were synthesized via coprecip-

itation method, in which FeCl
3
anhydrous and FeCl

2
⋅4H
2
O

salts in the molar ratio of 2 : 1 were dissolved and vigorously
stirred in double-distilled water. NaOH was then dropped
slowly into the solution until a large amount of black precipi-
tates formed.The resulting precipitates were collected using a
magnet and washed several times with double-distilled water
and ethanol. The reaction in this process is as follows:

2FeCl
3
+ FeCl

2
+ 8NaOH → Fe

3
O
4
+ 8NaCl + 4H

2
O (1)

In the second step, Ag-TiO
2
/Fe
3
O
4
composite particles

were prepared using modified sol-gel method. Acetylacetone
(Acac), as a chelating agent, was added into isopropyl alcohol
and stirred magnetically. Titanium isopropoxide (TTIP) was
then added gradually to the mixture with Acac : IPA : TTIP
in molar ratio of 2.84 : 23.64 : 1. An appropriate volume of
aqueous silver nitrate was added to the titanium solution
to attain 1 wt% of Ag on TiO

2
and stirred vigorously for

30 minutes. Meanwhile, Fe
3
O
4
particles were dispersed in

isopropyl alcohol and sonicated in an ultrasonic apparatus
for 10 minutes.Thereafter, slowly add the mixture of Ag-TiO

2

into Fe
3
O
4
suspension with TTIP : Fe

3
O
4
ratio of 10 (weight

basis) and stir the mixture at room temperature for 3 hours

to ensure uniform composition.The obtained suspensionwas
placed in a hot air oven at 90∘C for the particles to dry. Finally,
the composite particleswere calcinated in oxygen at 450∘C for
3 hours to form Ag-TiO

2
/Fe
3
O
4
.

2.3. Characterization of Ag-TiO
2
/Fe
3
O
4
. The properties of

Ag-TiO
2
/Fe
3
O
4
magnetic photocatalyst were characterized

with various instruments. The crystal structure of the par-
ticles was characterized with X-ray diffraction (XRD) on a
Bruker AXS diffractometer with CuK𝛼 radiation. The X-ray
was generated with a current of 40mA and a potential of
40 kV in angular range (2𝜃) from 10∘ to 80∘. The UV-Visible
diffuse reflectance spectra in the range of 320–800 nm were
acquired from a Hitachi U3501UV-visible diffuse reflectance
spectrophotometer (UV-Vis DRS) equipped with integrating
sphere. Pure BaSO

4
powder was used as a reflectance stan-

dard. Transmission electron microscopy (TEM) observation
of the samples was performed on a HITACHI 7500 transmis-
sion electron microscope operated at 80 kV. The magnetiza-
tion of photocatalyst was measured using superconducting
quantum interference device (SQUID).

2.4. Evaluation of Photocatalytic Bactericidal Activities. The
research team has evaluated photocatalytic bactericidal activ-
ities using modified antibacterial drop test. In order to
differentiate the effect of TiO

2
and silver, the experiment was

conducted both under visible light and in dark to block pho-
tocatalytic process to assure that the bactericidal activity is
exclusively from silver. Fish pathogens used in the experiment
included Aeromonas hydrophila (BCRC13018), Edwardsiella
tarda (BCRC10670), and Photobacterium damselae subsp.
piscicida (BCRC17065). Bacterial cells were collected via
centrifugation at 9500 rpm for 10 minutes to remove super-
natants. The pellets were then rinsed twice with 15mL phos-
phate buffer saline (PBS, 137mM sodium chloride; 10mM
phosphate; 2.7mM potassium chloride; pH 7.4). Ten mL
of pathogens in PBS was added to each 6 cm diameter
sterilized glass Petri dish containing various amounts of Ag-
TiO
2
/Fe
3
O
4
and irradiated with visible fluorescence light

(FL40S⋅N-EDL⋅NU, Mitsubishi/Osram, Japan, 𝜆 > 420 nm,
1040 lux) for various time intervals. The control groups
were without photocatalyst. All control and experimental
groups had 3 replicates. At each time interval, 20𝜇L of such
solution was transferred from each Petri dish to 96-well
plate containing 180 𝜇L of 0.05% 2,3,5-triphenyl tetrazolium
chloride (TTC) and incubated at 28∘C for 10 hours. The
absorbance of each tube at 540 nmwasmeasured with ELISA
reader after adding 50 𝜇L of isopropanol to the tubes to
terminate reaction [11].

The inhibition efficiencies to fish pathogen were calcu-
lated as

[Abs]𝑖 − [Abs]𝑡
[Abs]𝑖

× 100%, (2)

where [Abs]
𝑖
is the absorbance of control group at certain

time interval and [Abs]
𝑡
is the absorbance of experimental

group at the same time interval.
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Figure 1: XRD spectra of Ag-TiO
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/Fe
3
O
4
.

3. Results and Discussion

Figure 1 displays the XRD patterns of P25 TiO
2
, Fe
3
O
4,

and Ag-TiO
2
/Fe
3
O
4
. The main peaks of Ag-TiO

2
/Fe
3
O
4
are

present at 25.3, 38, 48, and 54∘ corresponding to (101),
(004), (200), and (211) planes of TiO

2
, respectively (JCPDS,

number 21-1272). With no evidence of its correspondence
to the rutile phase, the patterns correspond to the anatase
phase exclusively at the calcination temperature of 450∘C.
These results help to conclude that the presence of the
iron oxide has no accelerating effect on the anatase-rutile
phase transformation of the TiO

2
. In addition, there is no

characteristic peak of Ag presented in the pattern, which
implies that the amount of Ag particles is not adequate to
present their characteristic patterns [12, 13]. The pattern of
Fe
3
O
4
does not appear in the XRD, which may indicate that

Fe
3
O
4
is encapsulated by Ag-TiO

2
. However, the broadened

patterns suggest that Ag+ doping suppresses the growth of
TiO
2
crystals.

The average crystallite size (𝐷) of catalyst is estimated
using Scherrer’s equation:

𝐷 =
𝑘𝜆

𝛽 cos 𝜃
, (3)

where 𝐷 is crystallite size (nm), 𝑘 is crystallite shape factor
(0.90), 𝜆 is X-ray wavelength, for CuK𝛼 (0.15418 nm), 𝛽 is
the full-width-half-maximum (FWHM) of the peak, and 𝜃 is
Bragg angle.

The crystallite size can be measured via the diffraction
data in Figure 1 according to the Scherrer equation for the
peak at 25.3∘. The estimated size is about 12.53 nm.

Figure 2 shows the influence of Ag and Fe
3
O
4
on the

UV-Visible light absorption. Fe
3
O
4
slightly enhances the

visible light absorption of TiO
2
. With the modification of

Ag, the shifting of Ag-TiO
2
absorption spectrum to longer

wavelengths is noticeable, which is due to the interaction
between Ag and TiO

2
matrix. In addition, Ag-TiO

2
/Fe
3
O
4

demonstrates significantly higher absorption in the 400–
800 nm range.
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Figure 2: UV-Vis diffuse reflectance spectra for the as-synthesized
samples.

Table 1: Estimated band gap energy of as-synthesized samples.

Sample Band gap energy
(eV) Band edge wavelength (nm)a

TiO2/Fe3O4 2.9 428
Ag-TiO2 2.7 460
Ag-TiO2/Fe3O4 2.35 528
a
𝐸bg = ℎ𝑐/𝜆.

As shown in Figure 3, UV-Vis absorption spectra are
converted to the Tauc plot of (𝛼h])1/2 and photon energy, and
the linear extrapolations are made by drawing a tangent line
through the maximum slope and taking its intersection with
X-axis at (𝛼h])1/2 = 0 [14].

The calculated energy band gaps of TiO
2
/Fe
3
O
4
, Ag-TiO

2
,

and Ag-TiO
2
/Fe
3
O
4
are 2.9, 2.7, and 2.35 eV, respectively

(Figure 3). Compared to the original anatase TiO
2
band

gap of 3.2 eV, Fe
3
O
4
and Ag dopants have improved the

photocatalytic activity under visible light via narrowing the
band gap and enhancing the visible light absorption of TiO

2

(Table 1).
Figure 4 shows the XPS spectra for Ag3d region of Ag-

TiO
2
/Fe
3
O
4
. The spectra consist of two peaks at around

367 and 373 eV, which correspond to Ag3d
5/2

and Ag3d
3/2

,
respectively. The peaks are slightly broadened and can be
considered as the sum of multiple overlapping peaks. As
the XPS infers, the silver species on the Ag-TiO

2
/Fe
3
O
4

photocatalyst are metallic silver and silver ions coexisting in
terms of the bonding energy corresponding to Ag3d

5/2
of

metallic Ag (Ag0, 368 eV), Ag
2
O (Ag+, 367.5 eV), and AgO

(Ag2+, 367 eV), respectively [15, 16].
Figure 5 shows the morphology of the sample under

TEM. The Ag-TiO
2
/Fe
3
O
4
particle connects tightly to one

another. The diameter of the particles is in the range of 14–
40 nm.

Figure 6 displays the energy dispersive X-ray (EDX)
spectra analysis of Ag-TiO

2
/Fe
3
O
4
and Table 2 lists the
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Figure 4: X-ray photoelectron spectra (XPS) of the as-synthesized
Ag-TiO
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in the Ag3d region.

composition of the prepared photocatalyst. Among the four
elements (Ti, Fe, O, and Ag) presented, higher Ti content
compared tomagnetite could be resulting from the formation
of TiO

2
layer coated on Fe

3
O
4
particles. The Ag signals

are around 2.8 keV, which may indicate the existence of Ag
particles in catalyst.

Figure 7 displays the magnetic property of Ag-
TiO
2
/Fe
3
O
4
measured at 25∘C.The absence of hysteresis loop

of the sample indicates the superparamagnetic character
of the material [17]. Figure 8 shows the synthesized Ag-
TiO
2
/Fe
3
O
4
(with a saturation magnetization of 2.7 emu/g)

being recollected from the solution with a magnet.
Figure 9 shows the indigo carmine decolorization effi-

ciency of TiO
2
, Ag-TiO

2
, TiO
2
/Fe
3
O
4
, and Ag-TiO

2
/Fe
3
O
4
,

in visible light. Ag-TiO
2
exhibits the highest photocatalytic

18.9nm

18.0nm

100nm

HV = 80.0 kV

Direct mag: 200000x

Figure 5: TEM photograph for the as-synthesized Ag-TiO
2
/Fe
3
O
4
.
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Figure 6: Energy dispersiveX-ray spectra for the as-synthesizedAg-
TiO
2
/Fe
3
O
4
.

Table 2: Characterization data of EDX for Ag-TiO2/Fe3O4.

Element Weight (%) Atomic (%)
O K 26.55 54.12
Ti K 33.85 23.05
Fe K 38.59 22.53
Ag L 1.01 0.3
Total 100.00

activity (near 100% indigo carmine degradation within 2
hours). No decolorization has been found in undoped
TiO
2
. The decolorization efficiencies of TiO

2
/Fe
3
O
4
and Ag-

TiO
2
/Fe
3
O
4
are ∼68% and ∼85%, respectively, after 5 hours.

The results suggest that Ag deposition has enhanced the
visible light photocatalytic activity of TiO

2
. Such enhance-

ment may be attributed to the electron interaction at the
contact between the metal deposits and the semiconductor
surface. The Ag deposits act as e− traps that immobilize
the photogenerated electrons. The trapped electrons are then
transferred to oxygen to form highly oxidative species such
as O
2

−. The Fe
3
O
4
in the photocatalyst helps to enhance the

visible light activity of TiO
2
. As TiO

2
is the active site of

the catalyst, substituting Ag-TiO
2
with Fe

3
O
4
may decrease

the photocatalytic activity. Although Ag-TiO
2
demonstrates

higher decolorization efficiency thanAg-TiO
2
/Fe
3
O
4
, yet Ag-

TiO
2
is not recollectable with magnet after dispersing in
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water. As a result, onlyAg-TiO
2
/Fe
3
O
4
is used for bactericidal

efficiency evaluation.
The catalyst reusability is an important parameter for

practical applications. The repetitive use of as-synthesized
Ag-TiO

2
/Fe
3
O
4
was studied for different cycles of indigo

carmine decolorization under visible light irradiation. The
catalyst was recovered using a permanent magnet bar and
used for three cycles with all other parameters kept constant.
The results demonstrate that Ag-TiO

2
/Fe
3
O
4
maintains good

activity in three runs, with only a small loss. The drop in
decolorization might be due to the loss or aggregation of
the particles during the recycling process.The decolorization
after 6 h irradiation at the third run (Figure 10) was around
85%, which indicates that Ag-TiO

2
/Fe
3
O
4
sustains well from

recycling and has good potential for practical applications.
The research team tested three Ag-TiO

2
/Fe
3
O
4
loadings

(i.e., 3.5mg, 2.7mg, and 1.8mg) to select its suitable one
in 10mL of phosphate buffer saline (PBS) containing fish
pathogens. As displayed in Figure 11, the antibacterial effi-
ciencies are less than 10% in all loadings for all catalysts
within the first 30 minutes. After that, the specimen of 3.5mg
Ag-TiO

2
/Fe
3
O
4
load demonstrates sharp efficiency increase

to reach ∼100% after 90 minutes. The specimen of 2.7mg
load demonstrates increased antibacterial efficiency after 60
minutes to reach 95% after 120 minutes. The specimen of
1.8mg load demonstrates very low antibacterial efficiency,
only 18% fish pathogens degradation. Therefore, 2.7mg load
was chosen for further study.

The experiment uses Aeromonas hydrophila (BCRC-
13018),Edwardsiella tarda (BCRC10670), andPhotobacterium
damselae subsp. piscicida (BCRC17065) as target bacteria.
These bacteria, which cause losses in wild and farmed fish
stocks, are gram negative fish pathogens that inhabit in
freshwater as well as seawater. As shown in Figure 12, the
effects have been slow in the first 30 minutes and then
start to increase more significantly. Almost all bacteria were
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Figure 10: The reusability of Ag-TiO
2
/Fe
3
O
4
as demonstrated in

decolorization of indigo carmine under visible light irradiation.

destroyed by Ag-TiO
2
/Fe
3
O
4
after 120 minutes irradiation.

The bactericidal efficiency is about 20% for both BCRC13018
and BCRC17065 after 60 minutes of visible light irradiation.
No significant difference has been found between these two
pathogens. After 120 minutes, the bactericidal efficiencies
increase to 93% for BCRC13018 and 81% for BCRC17065.
The results suggest that Photobacterium damselae subsp.
piscicida is more resistant to Ag-TiO

2
/Fe
3
O
4
among these

three pathogens.
Figure 13 shows that in the dark, where no photocatalysis

process occurs, Aeromonas hydrophila and Photobacterium
damselae subsp. piscicida degrade ∼15% after 120 minutes,
while Edwardsiella tarda degrades more quickly and reach
100% within 120 minutes. The bactericide effect seems to be
exclusive due to the presence of Ag+. Such findings indicate
that Edwardsiella tarda is a very sensitive microorganism and
more susceptible to silver particle. These results suggest that
Ag-TiO

2
/Fe
3
O
4
’s photocatalytic bactericidal effect is species

dependent.

4. Conclusions

Ag-TiO
2
/Fe
3
O
4
magnetic photocatalyst has demonstrated

strong antimicrobial properties through amechanism includ-
ing photocatalytic production of reactive oxygen species
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terium damselae subsp. piscicida (◼) under visible light.

that damage cell components and viruses [18]. The holes
on the valence band of TiO

2
can react with either H

2
O or

OH− absorbed on the surface to produce hydroxyl radicals
and with the electrons on the conduction band to reduce
O
2
to produce superoxide anion. The detection of other

reactive oxygen species such as H
2
O
2
and singlet oxygen

has also been reported. Hydroxyl radical and superoxide
anions, both known to be highly reactive with biological
samples, are considered the main species generated in the
anodic and cathodic pathways, respectively, of photocatalytic
processes in the presence of oxygen. The XPS data indicated
different silver species coexisting in the Ag3d

5/2
region of
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Figure 13: Bactericidal efficiency of 2.7mg Ag-TiO
2
/Fe
3
O
4
to

Aeromonas hydrophila (◼), Edwardsiella tarda (), and Photobac-
terium damselae subsp. piscicida (⧫) in the dark.

photocatalyst with binding energies at around 367 eV and
368 eV, assigned to silver ion (Ag+ and/or Ag2+) and metallic
silver (Ag0), respectively. Ag+ can cause severe alterations
to bacteria via binding to bacterial denatured DNA and
RNA so as to inhibit the replication. The modifications of
membrane structure that include changes in membrane-
bound enzyme activities, metabolic pathways, transport sys-
tems, and permeability alterations lead to cell death. Ag+
fromAg-TiO

2
inactivatesmembrane proteins and respiratory

enzymes. Reactive oxygen species damage cell membrane
when cell comes into contact with catalyst surface. Ag also
acts as the trap of photogenerated electrons to prevent the e−-
h+ pairs from recombining rapidly after photoexcitation.

As a final remark, the research team intend to use light
emitting diodes (LEDs) of different colors as the light source
to identify the most responsive spectrum of Ag-TiO

2
/Fe
3
O
4

for the future study since high intensity LEDs have become
prominent light sources for scientific research [19–21].
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A double-layered photoanode made of hierarchical TiO
2
nanotube arrays (TNT-arrays) as the overlayer and commercial-grade

TiO
2
nanoparticles (P25) as the underlayer is designed for dye-sensitized solar cells (DSSCs). Crystallized free-standing TNT-arrays

films are prepared by two-step anodization process. For photovoltaic applications, DSSCs based on double-layered photoanodes
produce a remarkably enhanced power conversion efficiency (PCE) of up to 6.32% compared with the DSSCs solely composed
of TNT-arrays (5.18%) or nanoparticles (3.65%) with a similar thickness (24𝜇m) at a constant irradiation of 100mWcm−2. This is
mainly attributed to the fast charge transport paths and superior light-scattering ability of TNT-arrays overlayer and good electronic
contact with F-doped tin oxide (FTO) glass provided from P25 nanoparticles as a bonding layer.

1. Introduction

Currently, dye-sensitized solar cells (DSSCs) have attracted
considerable attention as a potential alternative to conven-
tional silicon-related solar cells owing to the high efficiency
and low cost since 1991 [1]. Their overall conversion efficien-
cies have reached 11.2%, which was still low as compared to
that of 13–25% usually reparted in the silicon-based solar
cells [2]. Nanocrystalline TiO

2
photoelectrode, as one of the

major components of DSSCs, is critical for the photovoltaic
performance. It is well known that the DSSCs efficiency is
strongly dependent on a dynamic competition between the
electron transportation in TiO

2
and the interfacial charge

recombination. So much effort has been made up to now
on the photoanode to facilitate electron transport and retard
electron recombination.

To satisfy these requirements, one-dimensional (1D)TiO
2

materials, such as nanowire [3], nanorods [4], nanofiber [5],
and nanotube [6], have been successively synthesized and
applied on the DSSCs. From all morphological forms of

titanium dioxide for solar energy conversion, TiO
2
nanotube

arrays (TNT-arrays) appear highly ordered and vertically
aligned, offering electron transport properties comparable to
nanoparticles. It not only exhibits few grain boundaries but
also provides direct pathways for electron transportation,
leading to the suppressed electron-hole recombination [7].
TNT-arrays have been fabricated by using various methods,
such as sol-gel [8, 9], hydrothermal [10, 11] and chemical
vapor deposition [12], and electrochemical anodization [13–
16]. Electrochemical anodization has been recognized as
more convenient and simpler approach to produce integrative
vertically and highly ordered TNT-arrays with controllable
structural morphologies [17]. However, the performance of
DSSCs based TNT-arrays on Ti substrate is restricted due to
the presence of opaque Ti substrate. TNT-arrays/Ti-based
DSSCs required back-side illumination [18, 19] which is not
an optimal approach for increasing the power conversion
efficiency. Hence, the fabrication of TNT-arrays on a trans-
parent conductive substrate for front-side illuminated DSSCs
is desired and will be expected to improve photovoltaic
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performance [20]. Transparent TNT-arrays/FTO glass was
prepared via an anodic oxidation of titanium thin film that
was sputtered onto FTO conductive glass [21], which involves
the sputtering of Ti films onto FTO glass, thus leading to
a high fabrication cost. Hyeoká Park and GuáKang trans-
ferred and adhered TNT-arrays onto the FTO glass using
Ti isopropoxide solution as a paste [22]; however, the TNT-
arrays/FTO has a very small area (0.03–0.15 cm2) owing to
the structural destruction during one step annealing. Hence,
a simple process of fabricating large-scale TNT-arrays film on
FTO glass is very desirable.

Herein, we fabricated a novel double-layered TiO
2
pho-

toanode consisting of hierarchical TNT-arrays and TiO
2

nanoparticle on a FTO glass substrate. Specially, the overlayer
consisting of TNT-arrays plays a dual role for both stronger
light-scattering capability and fast electron transport paths,
and the underlayer made of TiO

2
nanoparticles serves as

a bonding layer, which offers good contact between TNT-
arrays and FTO glass. As a result, the photoelectronic conver-
sion efficiency (PCE) of 6.32%was achieved in double-layered
composite film. The performance improvement is almost
attributed to the stronger light-scattering capability and fast
electron paths of TNT-arrays films, resulting in decreased
recombination of the electron-hole.Meanwhile, it is related to
the good electronic contact between TiO

2
film and the F-

doped tin oxide (FTO) glass.

2. Experiment

2.1. Preparation of the TNT-Arrays/Ti Foils Substrate. TNT-
arrays films were prepared by anodization of Ti foils (99.7%,
0.25 um, Aldrich) in an NH

4
F/ethylene glycol electrolyte

solution by using a DC power source (PPS-1206, Motech) at
room temperature, while a Pt foil was used as the counter
electrode. The Ti foils were first physically polished, then
degreased by sonication in acetone, ethanol, and DI water.
Anodization was carried out in an ethylene glycol based on
electrolyte containing NH

4
F (0.5 wt%) and deionized water

(2 vol%) under a constant voltage of 40V. After the anodic
oxidation, the Ti foil with the TNT-arrays grown on one side
of its surfaces was thoroughly washed with a large amount of
DI water and ethanol.

2.2. Preparation of the P25/TNT-Arrays/FTO Glass Photoan-
ode. In order to achieve free-standing TNT-arrays films, the
grown TNT-arrays were detached from the metallic Ti sub-
strate as described in the following. The as-anodized TNT-
arrays films were annealed at 450∘C for 30min to crystallize
and then reanodized in the same electrolyte at corresponding
potential for 3 h to form an amorphous TiO

2
layer between

the crystallized TNT-arrays and the Ti foil. Finally, the
resulting film was soaked in an H

2
O
2
solution (35.5 wt%). A

free-standing TiO
2
nanotube layer was obtained, as it can be

easily handledwith tweezers. TiO
2
nanoparticle viscous paste

was spin-coated onto FTO glass substrates, and the free-
standing TNT-arrays membranes were transferred onto the
paste layers immediately. After being dried in air, the films
were sintered at 450∘C for 30min.

2.3. Preparation of the TNT-Arrays/FTO Glass Photoanode.
The as-prepared TNT-arrays were transferred onto FTO glass
and two drops of 0.1M Ti-isopropoxide were subsequently
added to the TiO

2
nanotube films to form interconnections

between the TNT-arrays and the FTO glass. In this work,
three kinds of different TiO

2
films (TNT-arrays film, P25

nanoparticle film, and P25/TNT-arrays double-layered com-
posite film) as photoelectrodes were fabricated and their
photovoltaic conversion performances were investigated and
compared.

2.4. FabricationDye-Sensitized SolarCells. Three kinds of dif-
ferent TiO

2
films were immersed into a 0.3mM solution of

N719 in anhydrous ethanol and kept at room temperature for
24 h. The sensitized electrodes were further sandwiched with
the sputtered-Pt FTO glass, separated by a 40 um thick
hotmelt spacer. The intervening space was filled with an
electrolyte made with 0.3M LiI, 0.05M I

2
, 0.6M 1-propyl-3-

methylimidazolium iodide, and 0.5M tert-butylpyridine in
dry acetonitrile, and the assembled cell was tested immedi-
ately.Thephotographs of the TNT-arrays films at the different
stages of the fabrication process are shown in Figure 1.

2.5. Characterization and Measurement. The morphologies
of the obtained free-standing TNT-arrays films were charac-
terized using a S-4800 field emission SEM (FESEM, Hitachi,
Japan). X-ray diffraction (XRD) patterns were obtained using
a D/MAX-IIIC X-ray diffractometer (Akishima-shi, Tokyo,
Japan). UV-Vis absorbed spectra of different films were
measured by a UV-visible spectrometer (UV2550, Shimadzu,
Japan). In order to estimate the dye adsorbed amount on the
three kinds of TiO

2
photoelectrodes, we immersed, respec-

tively, the sensitized electrodes into a 0.1M NaOH solution
in a mixed solvent (water : ethanol = 1 : 1, in volume frac-
tion), and afterwards the absorption spectra of the solutions
were obtained and the concentration of adsorbed dye was
evaluated spectrophotometrically.

The photocurrent-voltage characteristics (𝐽-𝑉 curves) of
the DSSCs were performed under AM 1.5G solar simulator
(Oriel Sol3A, Newport Corporation, Irvine, CA, USA) at a
light intensity of 100mWcm−2. The electrochemical imped-
ance spectroscopy (EIS) measurements of all the DSSCs were
recorded using electrochemical workstation (IM6, Germany)
under 100mWcm−2 light illumination condition. The fre-
quency range was explored from 0.1Hz to 100 kHz, and the
applied bias voltage and ac amplitude were set at open-circuit
voltage of the DSSCs and 10mV, respectively.

3. Results and Discussion

3.1. Phase Structures and Morphology. It is well known that
the phase structure and crystallinity of TiO

2
are of great influ-

ence on its photoelectrochemical properties. Therefore, XRD
was used to characterize the changes of phase structures of
the prepared TNT-arrays before and after annealing.
Figure 2 shows XRD patterns of as-annealed TNT-arrays
and annealed TNT-arrays on Ti foil at 450∘C, respectively.
No peaks were shown in Figure 2(a) because the as-annealed
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Figure 1: Photographs of TNT-arrays at different fabrication stages: TNT-arrays on the Ti substrate via anodization method (a), TNT-arrays
membrane detached from the Ti substrate via a secondary anodization method (b), crystalline TNT-arrays/FTO film after heat treatment
before dye loading (c), and N719 dye loaded TNT-arrays/FTO film (d).
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Figure 2: XRD patterns of as-prepared TNT-arrays (a) and TNT-
arrays after annealing process at 450∘C for 30min (b).

TNT-arrays have an amorphous structure. However,
after annealing process at 450∘C for 30min (as shown in
Figure 2(b)), all the diffraction peaks are indexed to the
anatase phase of TiO

2
, which is consistent with the pure

anatase phase of TiO
2
(space group: 𝐼4

1
/amd (141); JPCDS

No. 21-1272).
Figure 3 shows the typical SEM images of TNT-arrays

in a top-view, bottom-view, and cross-sectional-view, respec-
tively, which were prepared by anodization of titanium foils
at 40V for 12 h in an ethyl glycol based electrolyte containing
NH
4
F (0.5 wt%) and deionized water (2 vol%) solution. It

can be seen that the closely packed highly ordered nanotube
arrays were obtained, which have an average pore diameter of
around 120 nm and wall thickness of ca. 20 nm. Figures 3(a)
and 3(b) show that the nanotubes opened on the top but
closed on the bottom. Figure 3(c) exhibits a cross-sectional
SEM image of theTNT-arrays, indicating that theTNT-arrays
contain well-aligned nanotubes about 10.7𝜇m in length
which grow vertically from a Ti substrate.
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Figure 3: SEM images of TNT-arrays in top-view (a), in bottom-view (b), and in cross-sectional-view (c).
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Figure 4: SEM images of cross-section of double-layer composite film (a) and TNT-arrays film (b).

The cross-sectional SEM images of double-layer film and
TNT-arrays film were shown in Figures 4(a) and 4(b). As
shown in Figure 4(a), one can clearly recognize the double-
layer structure with a 15𝜇m thick TNT-arrays overlayer and a
9 𝜇m thick TiO

2
nanoparticle underlayer. Compact P25

nanoparticle underlayer will enlarge contact area between the
TiO
2
film and FTO glass; meanwhile, it may cut off the direct

contact between I
3

− ions and FTO glass. Charge recombi-
nation at FTO/TiO

2
interfaces has been prevented and the

bonding strength between TiO
2
film and FTO glass has been

improved. However, some voids can be seen on the FTO
surface in the TNT-arrays film. As shown in Figure 4(b), it
cannot cover the FTO surface smoothly in comparison with
double-layered film.Consequently, some of I

3

− ions can reach

the FTO glass between the interfaces of TNT-arrays film
and FTO glass. As a result, the electrons would be back
transported from the TNT-arrays photoelectrode to the I

3

−

ions.

3.2. UV-Visible Absorbed Spectra and Dye Adsorption Mea-
surements. Figure 5 shows diffuse reflection spectra (DRS)
for three photoanodes. The DRS reveals stronger scattering
for the pure TNT-arrays films in comparison with that of P25
particle films in the visible and near-infrared region, suggest-
ing better light-scattering capabilities for TNT-arrays films
compared with P25 nanoparticles films. The light-scattering
capability of the double-layered films is placed in the middle.
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Figure 5:Diffused reflectance spectra ofDSSCs based on a nanopar-
ticle film, a TNT-arrays film, and a double-layered filmwith a similar
thickness.

This is because the double-layered film ismade of the two dif-
ferent morphological forms of titanium dioxide. The highest
light-scattering capability of TNT-arrays is almost attributed
to its homogeneous, highly ordered electronic transport
paths, in which the incident light can reflect repeatedly to
prolong effectively the optical transfer length of photoanode,
resulting in enhanced light harvesting efficiency.

The dye adsorption amount in these films is displayed in
Table 1. Obviously, the adsorbed amount of dye in double-
layered films (4.43 × 10−8 mol cm−2) is slightly higher com-
pared with TNT-arrays (3.54 × 10−8 mol cm−2) or P25 films
(3.75 × 10−8 mol cm−2). This is largely attributed to the pres-
ence of lots of interfaces between TNT-arrays and particle
films in double-layered films, which facilitates the absorption
of more amounts of dye molecules in the double-layered
films. Meanwhile, it can be seen that both TNT-arrays films
and P25 films have almost the same dye adsorption amount.
This is because the surface area of TNT-arrays films is the
same as that of P25 particle films.

3.3. Photovoltaic Performances of DSSCs. Figure 6(a) shows
the dark current-voltage characteristics of DSSCs for three
kinds of photoanodes. It is noted that the pure TNT-arrays
photoelectrode produces the highest dark current, while the
double-layered andP25 photoanode produces the lowest dark
current at the same potential of about 0.55V. These observa-
tions reflect a higher recombination at the pure TNT-arrays
films than the double-layered films and P25 films. The dark
current measurement indicated that the double-layered pho-
toanode had a slower photoelectrons recombination rate,
which is more contributed to the photoelectronic perfor-
mance of DSSCs.

Under illumination, the typical photocurrent density-
photovoltage (𝐽-𝑉) curves of the cells made from three

Table 1: Comparisons of the photovoltaic performances and
adsorbed dye amount of DSSCs made from P25 nanoparticle film,
TNT-arrays films, and double-layer composite film. All measure-
ments were performed under AM 1.5 one-sun light intensity of
mWcm−2, and the thickness of all the films was controlled to be
similar (ca. 24𝜇m).

Photoanode 𝐽sc
(mA cm−2) 𝑉oc (V) FF 𝜂 (%)

Adsorbed dye
amount

(×10−8 mol cm−2)
P25 particle 10.66 0.60 0.64 3.65 3.75
TNT-arrays 12.78 0.67 0.52 5.18 3.54
Double-layer 15.88 0.65 0.61 6.32 4.43

kinds of photoanode are shown in Figure 6(b). The detailed
photovoltaic parameters are summarized inTable 1. As shown
in Table 1, DSSCs based on double-layered film attained a
short-circuit current density (𝐽sc) of 15.88 mA cm−2 and an
open-circuit voltage (𝑉oc) of 0.65V, leading to a higher PCEof
6.32%. Meanwhile, DSSCs based on pure TNT-arrays film
only got a short-circuit current density (𝐽sc) of 12.78mA cm−2,
an open-circuit voltage (𝑉oc) of 0.67V, and thus a PCE of
5.18%. And then DSSCs based on P25 nanoparticle film only
got a short-circuit current density (𝐽sc) of 10.66 mA cm−2, an
open-circuit voltage (𝑉oc) of 0.60V, and thus a lower PCE
of 3.65%. Evidently, the PCE of DSSCs based double-layered
composite photoanode is 42.4% higher than that of TNT-
arrays photoanode, and it is also 49% higher than that of P25
nanoparticle photoelectrode. As a result, the remarkable
enhancement of PCE for double-layered photoanode com-
pared to the others ismainly attributed to the improvement of
the 𝐽sc.The enhanced 𝐽sc of the former can be attributed to the
lower electronic recombination rate from P25 nanoparticle
underlayer and fast electronic transport paths provided by
TNT-arrays overlayer. More detailed explanations for the
enhancement of 𝜂 for double-layer TiO

2
photoelectrode will

be discussed later.

3.4. EIS Analyses. The electrochemical impedance spec-
troscopy (EIS) analysis ofDSSCs fabricatedwith the three dif-
ferent TiO

2
photoanodes noted above was performed to elu-

cidate the characteristics of electron transport in the DSSCs.
The EIS measurements were carried out at the frequency
range of 10−1–105Hz at 𝑉oc under one-sun illumination to
determine impedance of solar cells.TheNyquist plots and the
equivalent circuit diagram are shown in Figure 7(a) and in the
inset of Figure 7(a). According to the EIS model for TiO

2

reported in our previouswork [23], theNyquist plots exhibit a
large semicircle at low frequencies and a small one at high
frequencies.The smaller semicircle in the high frequency rep-
resents the redox charge transfer at the counter electrode and
the larger semicircle in the low frequency denotes the electron
transfer at the TiO

2
-dye-electrolyte interface, which were

fitted as 𝑅ct and 𝑅𝑤 using Z-view software, whereas 𝑅
𝑠
rep-

resents the sheet resistance of FTO and the contact resistance
between the FTO and TiO

2
film.The 𝑅

𝑠
, 𝑅ct, and 𝑅𝑤 data are

collected in Table 2. Obviously, the TNT-arrays films show
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Figure 6: 𝐼-𝑉 performance of the DSSCs based on P25 nanoparticle film, TNT-arrays films, and double-layer composite film in the dark (a)
and under AM 1.5 illuminations (b).
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Figure 7: EIS spectra of DSSCs based on double-layer composite film, TNT-arrays film, and P25 nanoparticle film. (a) Nyquist plots and (b)
Bode phase plots.

the lowest values for 𝑅ct and 𝑅𝑤 resistance among three cells,
suggesting that more efficient charge-transfer process at the
Pt counter electrode/redox electrolyte interface and the dye-
coated TNT-arrays/electrolyte interface occurs. However, the
TNT-arrays films also display the poor contact betweenTNT-
arrays films and FTO conducting glass due to the highest
value of 𝑅

𝑠
resistance. Therefore, the double-layered films

possess the lowest value of 𝑅
𝑠
and slightly lower values for 𝑅ct

and 𝑅
𝑤
resistance, resulting in the optimal conversion effi-

ciency among the three cells, which correspondswell with the
aforementioned 𝐽-𝑉 characterization data. The Bode phase
plots (Figure 7(b)) of EIS spectra display the frequency peaks
of the charge-transfer process at different interfaces for three

kinds of cells. The electron lifetime (𝜏
𝑒
) in DSSCs can be cal-

culated from the maximum frequency of the low-frequency
peak (𝑓max) value following the equation 𝜏𝑒 = 1/2𝜋𝑓max [24].
As is shown inTable 2, bothTNT-arrays films and the double-
layered films indicate the relatively longer electron lifetime
compared to P25 nanoparticle films. Hence the decrease in
the transport resistance and increase in electronic lifetime are
observed in the double-layered films. Especially, it is worth
noting that the value for the 𝑅

𝑠
is almost a critical role for

PCE for solar cells, whichmeans that better electronic contact
between TiO

2
film and FTO conducting glass is very

important for DSSCs, leading to the enhancement of power
conversion efficiency.
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Table 2: Parameters obtained by fitting the impedance spectra of DSSCs using the equivalent circuit in Figure 6.

Sample 𝑅
𝑠
(Ω) 𝑅ct (Ω) 𝑅

𝑤
(Ω) 𝜏 (ms)

P25 particle 17.84 15.84 59.86 42.2
TNT-arrays 18.33 10.21 43.38 60.1
Double-layer 12.33 12.38 46.42 59.5

4. Conclusions

In conclusion, we successfully fabricated a TiO
2
double-layer

composite film consisting of hierarchical TNT-arrays as over-
layer and P25 nanoparticles as underlayer for applications as
improved dye-sensitized solar cells. The XRD patterns of the
double-layered films are indexed to the excellent anatase
phase of TiO

2
. Themicroscopy technique confirms the TNT-

arrays structure is highly ordered and vertically aligned on
the substrate, which offers effective transport paths for
electron. DSSCs based on the double-layered films exhibit
6.32% power conversion efficiency (PCE), which is 73%
higher than that of P25 nanoparticle films (3.65%) and 22%
higher than that of TNT-arrays films (5.18%) under similar
film thickness (ca. 24𝜇m) at a constant irradiation of
100mWcm−2. The enhanced PCE of DSSCs based double-
layered films is attributed to the good contact with FTO, fast
electron transport, superior light-scattering ability and slower
charge recombination.Thus, the double-layered films applied
in DSSCs open up a new route to fabricate the low-cost, envi-
ronmentally safe, and improved solar-to-electric efficiency.
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Metal-doped nanosized ZnO (nZnO) photocatalyst has been widely used for its typical properties and has thus gained considerable
attention. In this study, five types of nZnO (nondoped nZnO, iron- (Fe-) doped nZnO, cobalt- (Co-) doped nZnO, nickel- (Ni-)
doped nZnO, and manganese- (Mn-) doped nZnO) materials were prepared through a wet chemical method and then exposed
to Daphnia magna (D. magna) at low and high concentrations (50 and 250 𝜇g L−1). Results showed that the different metal-doped
nZnOs had a variety of shapes and sizes and exhibited diverse dissolubility. After exposure tests, Zn accumulation, metallothionein
(MT), and malondialdehyde (MDA) contents in D. magna under 250 𝜇g L−1 were significantly higher than those in the 50 𝜇g L−1
groups. Compared with nondoped nZnO, Co-doped and Ni-doped nZnO enhanced Zn accumulation in D. magna whereas Mn-
doped nZnO reduced such accumulation. MT andMDA contents in metal-doped nZnO (except Ni-nZnO) treatments were lower
than those in nondoped nZnO. Zn accumulation showed a negative relationship with dissolved Zn percentage, which can be
explained by the swallowing of nZnOparticles as an important pathway ofD.magna ingestion. Sizes, dissolubility, and physiological
functions of doping metals were the influencing factors on metal-doped nZnO biotoxicity to D. magna.

1. Introduction

ZnO is an excellent photocatalyst because of its high electrical
conductivity and optical transmittance in the solar spectrum.
Particularly in a nanometer scale, nanosized ZnO (nZnO)
exhibits numerous novel characteristics, such as high ratio
of surface area to volume, high electron conductivity, and
transmission capability, which provides more opportunities
for potential applications in the areas of paint industry,
biomedicine, and environmental engineering [1, 2].

However, the photocatalytic activity of nZnO is highly
dependent on its crystallite size, specific surface area, mor-
phologies, and UV irradiation wavelengths [3, 4]. Numer-
ous studies had proven that modified nZnOs with other
elements improve photocatalytic properties. N-containing
ZnO showed higher visible-light photocatalytic activity than
pure ZnO [5]. ZnO-coated steel mesh has been repeatedly
used for over 10 cycles without significant loss of catalyst

mass [6]. The photocatalytic properties of the Co-doped
ZnO had also been found to have improved significantly,
and the degradation ratio of an organic dye (methyl orange)
reached 78%when the doping concentrationwas 3% [7].Mn-
doped ZnObleachedmethylene blue considerably faster than
nondoped ZnO upon exposure to visible light [8].

Widespread use has caused these doped nZnO photo-
catalysts to enter the environment inevitably, thus resulting
in intentional and unintentional exposures and giving rise
to environmental and health risks [9]. Zn2+ ion dissolution,
nanoscale size, and oxidative damage comprise the widely
accepted potential mechanism of nZnO toxicity [10]. To the
best of our knowledge, only the toxicity of Fe-doped nZnO
was evaluated by Xia et al. [11], who revealed that Fe doping
reduced nZnO dissolution, thus preventing its toxicity to
animals and the environment. However, these findings are
insufficient to facilitate understanding of the effect of doping
on nZnO toxicity.
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In this study, we synthesized five doped nZnO photocat-
alysts (nondoped, Fe-doped, Co-doped, Ni-doped, and Mn-
doped) through a wet chemical method. The morphology
and dissolubility of these photocatalysts in natural water
were characterized. Zn accumulation, metallothionein, and
lipid peroxidation contents of Daphnia magna (D. magna) in
response to five nZnO exposures were quantified to evaluate
the biotoxicity of nZnO photocatalysts. The influence and
relationships ofmetal-doped nZnO, as well as the toxic effects
to D. magna, were analyzed and discussed. These results
facilitated understanding of the effects of element doping on
nZnO photocatalyst toxicity.

2. Materials and Methods

2.1. Preparation of Doped nZnO Photocatalysts. The metal-
doped nZnO (M-nZnO) powders were obtained by using a
wet chemical method in aqueous solutions as reported previ-
ously [12]. First, zinc nitrate hexahydrate [Zn(NO

3
)
2
⋅6H
2
O]

and hexamethylenetetramine (C
6
H
12
N
4
) with a certain con-

centration of Fe (Co, Ni, and Mn) nitrate hexahydrate
were separately dissolved in 100mL of deionized water. The
concentrations of each metal dopant were 5% in molarity.
Subsequently, the mixture was placed into glass vials and
heated at 95∘C for several hours to grow metal-doped nZnO.
Thereafter, the containerswere taken out and cooled naturally
to room temperature. The samples were rinsed thoroughly
with deionized water and dried at 100∘C for 2 h. Finally,
metal-doped nZnO (Fe, Co, Ni, and Mn) powders were
obtained. The nondoped nZnO samples were synthesized
through the same process without adding other metals.

2.2. Characterization of nZnO Photocatalysts. The morphol-
ogy of five types of nZnO (nondoped nZnO, Fe-nZnO, Co-
nZnO, Ni-nZnO, and Mn-nZnO) particles in water was
observed by using a JEOL transmission electron microscope
(TEM) (JEOL, JEM-2100F), which was operated at 100 kV.
The nZnO stocks were under ultrasonic treatment for better
dispersion before making TEM samples. Several droplets
of nZnO stock solution were injected into the Formvar-
coated (Electron Microscopy Sciences, Fort Washington, PA,
USA) copper grids using a capillary tube. After drying at
room temperature, the samples were placed in the TEM for
imaging.

Thedissolubility of the five types of nZnO in natural water
was investigated through dissolution tests. The nZnOs were
dissolved in pH 8.5 natural water contained in 100mL Erlen-
meyer flasks. The concentration of nZnO was 100𝜇g L−1.
Three replicates were set up for each kind of nZnO. After
rapid mixing, the flasks were placed on a shaker at 150 rpm.
Then, a 10mL aliquot was removed at 30, 60, 120, 180, and
240min. These samples were centrifuged at 12 000 rpm for
10min with a versatile compact centrifuge (Himac CF 16RX,
Hitachi, Tokyo, Japan) to separate nZnO particles. The Zn2+
concentration in the supernatant was determined by using
inductively coupled plasmamass spectrometry (ICP-MS) and
then used to calculate the quantity of dissolved nZnO in the
water. The water that was used in both the dissolubility and

toxicity experiments was collected near Huo Qi Ying Bridge
(116∘ 16 732 E, 39∘ 58 401 N).

2.3. Biotoxicity Test of Doped nZnO Photocatalysts

2.3.1. Toxicity Exposure of D. magna to nZnO Photocatalysts.
The test organism was D. magna, an ecologically impor-
tant freshwater zooplankton widely used in toxicity tests.
NZnO stock suspension was prepared with natural water
and dispersed evenly through ultrasonic treatment. NZnO
concentrations of stocks were determined according to the
metal concentrations of Zn, Fe, Co, Ni, andMn in the suspen-
sion by utilizing inductively coupled plasma atomic emission
spectrometry (ICP-AES). The suspension was then diluted
with natural water, and two treatment concentrations (50
and 250 𝜇g L−1) of each nZnO were used in the experiments.
The natural water sample without nZnO was used as the
control. Two replicates were set up for each treatment, each
containing 50 daphnids (1 individual/10mL) aged 14 d to 21 d.
The daphnids were not fed, and the water was not changed
during exposure.

2.3.2. Determination of Toxic Effects in D. magna. After
48 h of exposure, living daphnids were collected from each
treatment and treated similar to the treatment in our previous
study [13]. Ten to fifteen daphnids were subsequently dried
at 80∘C to a constant weight and then digested in 68% nitric
acid (HNO

3
, Aristar grade) at 110∘C. The digestion solution

was used to determine Zn accumulation inD.magna by using
ICP-MS. The remaining 15 to 20 daphnids were immediately
weighed on a wet basis. The daphnid tissues were homog-
enized through ultrasonication in 0.5mL of sucrose buffer
(0.25mol L−1 sucrose, 0.1mol L−1 Tris-HCl, and pH 8.6) and
then centrifuged at 12 000×g in a refrigerated centrifuge for
20min. The supernatant was collected and diluted with a
homogenate of 1.5mL. The 0.5mL of diluted supernatant
fluid was mixed with Ag+ solution for MT measurement
according to the modified silver saturation method [14].
Thereafter, 0.2mL of the aforementioned diluted supernatant
fluid was used to measure MDA by using a spectropho-
tometer according to the manufacturer’s instructions. MDA
contents inD. magnawere assayed using commercially avail-
able kits according to the manufacturer’s protocol (Nanjing
Jiancheng Bioengineering Institute, China). The analysis of
MT and MDA contents was completed within 3 d after 48 h
of exposure.

3. Results and Discussion

3.1. Characterization of Five nZnO Photocatalysts

3.1.1. Morphology of Five nZnO Photocatalysts. Images of
nZnO dispersion in water were characterized by TEM, as
shown in Figure 1. The Mn-nZnO was a rod with nano-
sized diameter and microsized length. The remaining nZnO
materials were particles. Fe-nZnO had the smallest particle
size (approximately 20 nm) with a uniform shape. The sizes
of Co-nZnO, Ni-nZnO, and nondoped nZnO were between
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(a) (b) (c)

(d) (e)

Figure 1: TEM images of different doped nZnO photocatalysts. (a) Nondoped nZnO, (b) Fe-nZnO, (c) Co-nZnO, (d) Ni-nZnO, and (e)
Mn-nZnO.

40 and 100 nm. All the five types of nZnO materials tended
to aggregate in water, especially for Mn-nZnO. The table of
ionic radius showed that the radius of Zn2+ was 0.074 nm,
that of Fe3+ was 0.0645 nm, that of Co2+ was 0.074 nm, that
of Ni2+ was 0.072 nm, and that of Mn2+ was 0.08 nm. These
results may explain why Fe-nZnO had the smallest particle
size, whereas Mn-nZnO had the largest. Xia et al. [11] also
proved that Fe doping can reduce nZnO size.

3.1.2. Dissolubility of Five nZnO Photocatalysts in Natural
Water. Figure 2 shows the percentage content of dissolved
Zn2+ in the supernatant of each natural water sample, which
indicated that nZnO exhibited certain solubility in water.
However, the dissolved Fe, Co, Ni, and Mn were not detected
because their contents were under the detection limit of
ICP-MS. When the nZnO concentration was 100 𝜇g L−1, the
dissolved Zn2+ content of each sample was lower than 2%
at 240min. This solubility was considerably lower than that
in Franklin’s study, which determined the solubility of nZnO
in natural water at 100mg L−1 in 72 h [15]. The solubility of
nZnO might be influenced by nominal nZnO concentration
and testing period. Moreover, the solubility ofMn-nZnO and
Fe-nZnO was significantly higher than that of other nZnO.
Nevertheless, the solubility of Ni-nZnOwas similar to that of
the nondoped nZnO. In addition, the solubility of Co-nZnO
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Figure 2: Dissolution of different doped nZnO photocatalysts in
natural water. Mean ± standard deviation (𝑛 = 2).

was lower than 1%, which was the lowest among the five kinds
of nZnO. These results indicate that different doped metals
changed the solubility of nZnO.However, the solubility of Fe-
doped nZnO from this study was different from that in the
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Figure 3: Zn accumulation in D. magna after exposure to different
doped nZnO photocatalysts. Mean ± standard deviation (𝑛 = 2).

study of Xia et al. [11]. This condition might be attributed to
the different synthesis nZnOmethods.The synthesis method
of Xia et al. was flame spray pyrolysis, whereas our method
was a wet chemical method. Miao’s study also indicated that
several physicochemical factors have to be considered in
nZnO dissolution behavior.

3.2. Biotoxicity of Five nZnO Photocatalysts to D. magna

3.2.1. Bioaccumulation of Zn in D. magna. Zn accumula-
tion in D. magna after exposure to five different nZnO
photocatalysts was measured, as shown in Figure 3. The
high-concentration exposure groups of all types of nZnO
had higher Zn accumulation than the low-concentration
exposure groups. Zn accumulation was 156𝜇g/g dry wt in
nonexposure D. magna, significantly lower than that in the
nZnO exposure groups. No apparent difference was observed
in the Zn accumulation in D. magna after exposure to
nondoped nZnO, Fe-nZnO, and Mn-nZnO (400–700𝜇g/g
dry wt). While exposed to Co-nZnO and Ni-nZnO, the Zn
accumulation in D. magna was higher than 1,000 𝜇g/g dry
wt. D. magna is a filter feeding organism that can swallow
a range of sizes of nanoparticle clusters [17]. Nano-ZnO,
especially Mn-nZnO rods, tended to aggregate in water. Mn-
nZnO, which had a larger size and poorer dispersion, more
easily sank to the bottom of the container and was not
conducive forD.magna to adsorb, whichmight be the reason
why Mn-nZnO treatment exhibited the least accumulation
in daphnids after 48 h of exposure. Zn accumulation in Co-
doped exposure groups was significantly higher than that
in the other groups because of the large intestinal particle
aggregation, which was difficult to excrete (Figure 4(c)).

To explore the states of existence of nZnO in D. magna,
intestinal slices of daphnids exposed to nZnO particles were
observed by SEM (JSM-6380) with an EDAX-Genesis-2000
energy X-ray dispersive spectrometer. D. magna was pre-
pared before dissection according to the method described

by Tervonen et al. [18]. As shown in Figure 4, the existing
particles at the root of the D. magna intestinal villi were
observed. Energy dispersive X-ray spectroscopy (EDS) ele-
mental analysis showed that these particles are the exposed
ZnO nanoparticles. The doping elements Fe, Co, and Mn
were identified in the corresponding intestinal slice samples.
In the intestinal slice sample of Ni-nZnO treatment, Fe was
detected instead of Ni because the proportion of Ni was low
at the detected point and the Fe content was high in air and
natural water.

3.2.2. Induction of Metallothioneins by Five nZnOs. MT is
a cysteine-rich metal binding protein with low molecular
weight, which can combine some essential trace metals, such
as Zn and Cu, as well as nonessential toxic metals, such as
Cd, Hg, and Ag in cells [19]. Therefore, MT regulates the
intracellularmetal concentration andprotects cells from toxic
effects. As a biomarker, the MT contents of D. magna, in
response to nZnO exposure, are shown in Figure 5. MT
inductions were between 30 and 40 𝜇g/g wet wt in the low-
concentration exposure groups and 40 and 50𝜇g/g wet wt in
the high-concentration exposure groups. A minor difference
was observed between the two concentration groups, which
was similar to the results obtained by Wong et al. [20].
Comparing five different nZnOs, MT inductions caused by
Ni-nZnOwere slightly higher than those by nondoped nZnO
exposure groups, whereas Fe-, Co-, and Mn-doped nZnO
decreased such inductions in the daphnids to a small degree.
Binding to the excess metal ions was usually believed to be
a protection mechanism of MT during metal exposure. Low
dissolubility of the five types of nZnO might be a reason for
the lack of a significant difference in MT content.

3.2.3. MDA Levels in D. magna after Exposure to Five nZnOs.
MDA is a product of lipid oxidation caused by reactive oxy-
gen species (ROS) attacking unsaturated fatty acids (PUFA)
in biofilms [21]. The amount of MDA reflected the body
lipid peroxidation levels, thus indirectly reflecting the degree
of cell damage [22]. MDA contents of D. magna without
nanomaterials exposure were measured to be approximately
10 nmol/mgprot. Figure 6 shows the MDA contents of D.
magna after exposure to nZnO particles. The MDA contents
were between 20 and 30 nmol/mgprot in 50 𝜇g L−1 exposure
groups (i.e., twice to thrice that of the control) and between 40
and 50 nmol/mgprot in 250𝜇g L−1 exposure groups (i.e., four
to five times that of the control). That is, the MDA contents
of the high-concentration groups were 1.5 to two times
that of the low-concentration groups after nZnO exposure.
These results indicated that these five types of nZnO can
cause serious lipid peroxidation, and this extent of damage
expanded rapidly with increasing exposure concentration. At
the same concentration, the Ni-doped nZnO exposure group
has similar MDA levels to the nondoped nZnO exposure
group, whereas the doping of Fe, Co, and Mn reduced MDA
contents. This finding indicates that the doping elements
changed the bioeffects of nZnO. Previous studies found that
doping of Co [23] and Mn [24] in ZnO influenced the
antibacterial property of nZnO.
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Figure 5: MT induction of D. magna after exposure to different
doped nZnO photocatalysts. Mean ± standard deviation (𝑛 = 2).

3.3. Relationship of the Dissolubility of Five nZnO Photo-
catalysts with the Biotoxicity to D. magna. As previously
discussed, five nZnO (nondoped nZnO, Fe-nZnO,Co-nZnO,
Ni-nZnO, and Mn-nZnO) photocatalysts showed varying
dissolubility in natural water and toxic effects to D. magna,
and their relationships were investigated in Figure 7. A
negative relationship was observed between dissolved Zn
percentage and Zn accumulation in D. magna, as shown in
Figure 7(a). This finding indicates that the ingestion of Zn2+
from aqueous phase was not the main uptake behavior in this
study. Zn accumulationwas distinctive under differentmetal-
doped nZnO, which might be because of the dissolved Zn2+,
different aggregation clusters of M-nZnO, and particularities
of doping metals. As for soluble Ag nanoparticles, the results
of the uptake experiments showed that water drinking was
an important pathway to obtain AgNPs in the medium forD.
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Figure 6: MDA activities of D. magna after exposure to different
doped nZnO photocatalysts. Mean ± standard deviation (𝑛 = 2).

magna [25]. On the contrary, MT and MDA contents were
independent of the dissolved Zn percentage in the medium
(Figures 7(b) and 7(c)). Among all the metals in this study,
only Zn can induce the generation of MT. Thus, the MT
contents were correlated with the concentration of free Zn2+
in the body instead of external mediums. One important
toxicity mechanism of nZnO photocatalysts was oxidative
damage by ROS. Meanwhile, MDA reflected the degree of
lipid peroxidation and was influenced by many factors. In
this study, physiological functions of doping metals might
alleviate the biotoxicity of M-nZnO photocatalysts to various
extents. Fe, Co, Zn, and Mn are essential elements that have
important effects on the growth of organisms [26]. During
the experiment process, parts of the doped Fe, Co, and Mn
dissolved into the medium despite being undetected. The
release of trace metals can supply nutrition for D. magna
under short-term exposure.
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Figure 7: Relationships between dissolubility of five nZnO photocatalysts and toxic effects in D. magna. (a) Zn accumulation, (b) MT
concentration, and (c) MDA activity.

4. Conclusions

Metal-doped nZnO (Fe-nZnO, Co-nZnO, Ni-nZnO, and
Mn-nZnO) and nondoped nZnO photocatalysts were pre-
pared through hydrothermal method of zinc nitrate, hexam-
ethylenetetramine, and variousmetal ions.Themorphologies
and dissolubility of five nZnO photocatalysts were diverse
because of the doping metals. Moreover, metal-doped nZnO
photocatalysts changed toxic effects in D. magna compared
with nondoped nZnO. Co-doped and Ni-doped nZnO
enhanced Zn accumulation in daphnids, whereas Mn-doped
nZnO reduced such accumulation. Biomarkers, such as MT
andMDA contents, inmetal-doped nZnO treatments, except
for Ni-nZnO, were lower than those in nondoped nZnO. Zn
accumulation showed a negative relationship with dissolved
Zn percentage, which indicated that Zn2+ was not the only
pathway of D. magna ingestion. By contrast, MT and MDA
contents in organisms were dependent on the dose of nZnO

exposure rather than on dissolubility. When considering the
biotoxicity of metal-doped nZnO photocatalysts, physiologi-
cal functions of doping metals should not be ignored.
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Structural, optical, and photocatalytic properties of TiO
2
and TiO

2
:Nd nanopowders and thin films composed of those materials

have been compared. Titania nanoparticles with 1, 3, and 6 at. % of Nd-dopant were synthesized by sol-gel method. Additionally,
thin films with the same material composition were prepared with the aid of spin-coating method. The analysis of structural
investigations revealed that all as-prepared nanopowders were nanocrystalline and had TiO

2
-anatase structure.The average size of

crystallites was ca. 4-5 nm and the correlation between the amount of neodymium and the size of TiO
2
crystallites was observed. It

was shown that the dopant content influenced the agglomeration of the nanoparticles. The results of photocatalytic decomposition
of MO showed that doping with Nd (especially in the amount of 3 at. %) increased self-cleaning activity of the prepared titania
nanopowder. Similar effect was received in case of the thin films, but the decomposition rate was lower due to their smaller active
surface area. However, the as-prepared TiO

2
:Nd photocatalyst in the form of thin films or nanopowders seems to be a very attractive

material for various applications.

1. Introduction

The removal of inorganic and nonbiodegradable organic
compounds is a crucial ecological problem. Dyes are an
important class of synthetic organic compounds used mainly
in the textile industry and therefore they are common indus-
trial pollutants. Since the discovery of synthetic products, the
global amount of dyes has been increasing year by year.Water
wastes generated by the textile industry are known to contain
considerable amounts of nonfixed dyes and azo dyes. Around
15% of the total world production of dyes is lost during the
dyeing process and is released in textile effluents [1]. The
release of those colored compounds into the ecosystem is a
dramatic source of esthetic pollution and of perturbations in
the aquatic life. Unfortunately, for the environment, they are
very stable molecules and many efforts must be carried out
for their decomposition [2].

Photocatalysis was well described in the literature [3–10].
Degradation of pollutants is a consequence of oxidation and
reduction reactions due to photo-generation of charge carri-
ers (electron-hole pairs) [3, 11–18].There are a lot of materials
that could be considered as effective photocatalysts, for exam-
ple, ZnO [19], ZrO

2
[20, 21], CdS [22],MoS

2
, Fe
2
O
3
, andWO

3

[3, 11–14]. However, the most widely used is titanium dioxide.
Titania can be manufactured in a form of, for example,
various kinds of layers, nanoparticles, nanotubes, solutions,
or gels [14]. Photocatalytic activity of TiO

2
is related to

many factors such as the method of preparation, amount
and type of dopant, crystalline structure, surface properties,
surface area, density of surfaceOH− group, and parameters of
postprocess treatment (e.g., temperature of annealing) [23].
One of the ways to increase its photocatalytic activity is
manufacturing TiO

2
in the nanocrystalline form because the

crystallite size reduction has a positive effect on this property
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[24, 25]. Numerous scientific works have studied the effect
of titania structure modification on photocatalysis [26, 27],
for example, materials with the two-phase structure (anatase-
rutile) [28, 29]. Another way to improve the self-cleaning
properties of TiO

2
is doping, for example, with lanthanide

ions having 4f configuration, such as Nd, Eu, or Tb [29–39].
Among them, neodymium doping has attracted considerable
interest due to comparatively large size of Nd3+ ion, which
causes a localized charge perturbation during substitutional
doping into TiO

2
-lattice to increase its photocatalytic activity

[40, 41]. Usually, higher activity of Nd-doped materials can
be explained by the electronic character of neodymium with
the partially filled atomic 𝑑 or 𝑓 shells [42]. The absorption
of equivalent energy during UV-Vis light exposure results
in electron excitation and transition from Nd3+4𝑓3orbital.
The surrounding of Nd3+can react with Nd4+ions obtained
from the self-sensitization process and form the positively
charged neodymium clusters (Nd

𝑛
)
𝑚+
(𝑚 > 3𝑛). Nd-clusters

have empty energy levels (subbands) below the conduction
band of TiO

2
(Figure 1). Therefore, the charge transfer from

the TiO
2
matrix to the empty Nd3+ levels may occur [42].

Such transition requires less energy than the transfer valence-
conduction band in TiO

2
and can also proceed in the visible

light [43].The schematic representation of the photo-induced
process of pollutant decomposition is shown in Figure 1.
According to authors of previous works [39], the photo-
induced electrons are transferred to 4F

3/2
level of Nd3+ ions

via matrix defect states (DS), which are located below the
titania conduction band. The authors suggest that electrons
from neodymium energy levels or from DS are trapped (EC:
electron capturing) by O

2
(acceptors) which results in the

creation of superoxides O
2

∙ (radical anions) that participate
in the formation of hydroxyl radicals (OH∙). During the
light exposure also holes (positively charged vacancies) are
created in the TiO

2
valance band. They are responsible for

the extraction of electrons from water and hydroxyl species
to produce OH∙, which oxidizes (decomposes) dyemolecules
on the surface. The phenomenon of higher photocatalytic
activity of Nd-doped nanomaterials can be explained as
a higher efficiency of indirect energy transfer from the
conduction band of TiO

2
to O
2
via DS or energy levels of

Nd3+ and higher number of oxygen vacancies in DS near the
valence band of TiO

2
. Both phenomena are responsible for

creation of OH∙ that fulfill a key role in the decomposition
process.

Similar conclusions about photocatalytic activity of
TiO
2
:Nd were presented in the works by Hewer et al.

[29], Wang et al. [44], Shah et al. [45], and Li et al. [46].
The authors suggested that ions of Nd-dopant can act as
electron and/or hole traps. This kind of traps may decrease
the recombination rate of e−/h+ pairs and therefore it may
increase the lifetime of charge carriers, which causes that the
photocatalytic activity is more efficient [29]. An explanation
of the effect of neodymium dopant on the photocatalytic
activity of titania requires a consideration of the role of Ti–
O–Nd bonds in the mechanism of indirect transfer of photo-
generated carriers. According toHewer et al. [29] these bonds
are created on the surface of the TiO

2
nanocrystals in the
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Figure 2: EDS spectra of TiO
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nanoparticles doped with different

amounts of neodymium.

surrounding of Nd
2
O
3
. Our earlier research on thin film

coatings based on TiO
2
:Nd also showed that Nd3+ ions were

probably located on the surface of TiO
2
nanocrystallites in a

form of small Nd
2
O
3
agglomerates [39]. Similar conclusions

were also presented in other works [29, 33–35]. Moreover,
our previous investigations on TiO

2
thin films doped with

lanthanides (Tb and Nd) showed that very effective direct
and/or indirect energy transfer of excited electronsmay occur
due to such location of RE-oxides agglomerates [39, 47].
In case of TiO

2
:Nd, the energy levels of titania matrix are

localized above 4F
3/2

level of Nd3+. Therefore, an increase in
the titania DS would probably have a positive impact on the
photocatalytic efficiency of TiO

2
:Nd due to more probable

indirect transitions. Moreover, as reported by Kralchevska
et al. [33], the formation of RE clusters with discrete empty
multienergy levels below the conduction band of TiO

2
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(a) (b)

(c) (d)

Figure 3: Results of X-raymicroanalysis: (a) secondary electron image of selected area of TiO
2
:Nd (3 at. %), (b) Ti, (c) Nd, and (d) O elements
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Figure 4: XRD patterns (Co K𝛼 radiation) of TiO
2
and TiO

2
:Nd

nanoparticles prepared by sol-gel method.

allows transitions from the titania valence band to these
levels. Thanks to this process, the ability of visible light
absorption by titania increases, which results in slightly better
performance of Nd-doped catalyst under solar irradiation.
According to Yang et al. [34], certain amount of Nd

2
O
3
on

the surface of TiO
2
results in more efficient separation of

charge carriers, prolongation of their lifetime, and inhibition
of the recombination process. However, when the Nd-dopant
content exceeds a certain level, an excessive amount ofNd

2
O
3

on the surface of titania would inhibit the adsorption of the
dye and decrease the light absorption, thus decreasing the
photocatalytic activity. From this reason, titanium dioxide
doped with an adequate amount of neodymium could have
higher photocatalytic activity and would be much better
suited to the role of commercial photocatalyst as compared
to undoped TiO

2
.

In this study, undoped and neodymium doped titanium
dioxide nanoparticles were synthesized by sol-gel method.
As-prepared samples were used for the photocatalytic degra-
dation of the methyl orange (MO). Additionally, the thin
films were prepared using spin-coating method and their
photocatalytic properties were also determined in order to
compare self-cleaning activity of prepared nanoparticles and
thin films.

2. Experimental

Chemical reagents and solvents used in this study were of
analytical or reagent grade and used as received, without
further purifications. In a typical synthesis, 75mL of (acidic)
distilled water (pH = 1, adjusted with nitric acid, Baker,
65%, 𝑑 = 1.40 g/mL) was added dropwise to 2mL of
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(a) (b)

(c) (d)

Figure 5: SEM images of (a) TiO
2
, (b) TiO

2
:Nd (1 at. %), (c) TiO

2
:Nd (3 at. %), and (d) TiO

2
:Nd (6 at. %) nanoparticles.

titanium tetraisopropoxide (TTIP, Sigma Aldrich, ≥ 98%,
𝑑 = 0.96 g/mL), dissolved in 25mL of 2-propanol (Lab-
Scan, ≥ 99.7%, 𝑑 = 0.78 g/mL) under vigorous mag-
netic stirring and heated at 80∘C for 6 hours. Hydrolysis
of titanium precursor occurred immediately, as indicated
by the appearance of white turbidity. This resulted in a
transparent translucent/milky-white colloidal system with a
TiO
2
concentration of about 5 g/L (stable for several days at

room temperature, without coagulation): Ti[OCH(CH
3
)
2
]
4

+ 2H
2
O → TiO

2
+ 4(CH

3
)
2
CHOH. The colloidal solution

was dried in an oven in air atmosphere. This led to the
formation of a white/yellowish powder. Finally the samples
were annealed at 120∘C for 2 hours in air for further charac-
terization and MO photocatalytic degradation. Neodymium
doped TiO

2
nanoparticles were prepared using modified

version of the above procedure. An appropriate amount of
pure neodymium salt (Nd(NO3)3 ⋅6H2O)was added to obtain
a doping level of 1.0, 3.0, and 6.0 at. % (nominal atomic
concentration based upon the assumption of quantitative
incorporation of the dopants).

Structural properties of synthesized TiO
2
and TiO

2
:Nd

nanoparticles were determined based on the results of the

X-ray diffraction (XRD) method. For the measurements,
Siemens 5005 powder diffractometer with Co K𝛼 X-ray (𝜆 =
1.78897 Å) was used.The XRD studies were performed using
Co lamp filtered by Fe (30mV, 25mA) and step size was
equal to 0.02∘ of/in 2𝜃 range, while time-per-step was 5 s.
The correction for the broadening of the XRD instrument
was accounted and the crystallite sizes were calculated using
Scherrer’s equation [49].

The surfacemorphology of the thin filmswas investigated
with the aid of a FESEM FEI Nova NanoSEM 230 scanning
electron microscope (SEM) with 30 kV of acceleration volt-
age. Moreover, this system was equipped with EDAX EDS
microanalyzer for investigation of material composition.

High resolution transmission electron microscopy
(HRTEM) as well as selected area electron diffraction
(SAED) studies was performed using a Philips CM20
SuperTwin transmission electron microscope with 200 kV of
acceleration voltage, which provided a resolution of 0.24 nm.
A drop of each TiO

2
and TiO

2
:Nd (3 at. %) nanopowders

(suspension in methanol) was loaded on carbon coated
copper grids and dried under a lamp. Average size of TiO

2

and TiO
2
:Nd (3 at. %) crystallites was calculated from TEM
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Figure 6: HRTEM images and particles size distribution of (a) TiO
2
and (b) TiO

2
:Nd (3 at. %) nanoparticles.

images with the aid of ImageJ program [50]. Received values
were obtained based on about two hundred particles in each
case.

The influence of neodymium doping on photocatalytic
properties of nanocrystalline TiO

2
nanoparticles was esti-

mated based on methyl orange decomposition reaction.
The experimental setup consisted of a UV-Vis light source
(6 × 20W Phillips lamps with intensity of UV and Vis
radiation: 183W/m2 and 167W/m2, resp.) and cylindrical
reservoir, which contained 200mL of solution with MO
concentration of 25mg/L and 100mg of the photocatalyst. To
avoid the heating of the solution, the reaction temperature
was controlled by circulation of water through the jacket
at a constant temperature of ca. 15∘C. All experiments were
carried out under agitation with a magnetic stirrer, operating
at 500 rpm, in order to provide a good mixing of the suspen-
sion. No external oxygen supply was used. No measurable
degradation of the methyl orange occurred in the absence of
TiO
2
nanoparticles. 30 minutes of premixing at a constant

temperature in a dark condition was enough to achieve an

adsorption/desorption equilibrium and after that time the
light was switched onto initiate the reaction. To determine
the change in MO concentration, the samples containing its
solutions were withdrawn from the reactor regularly every
60 minutes for 5 hours. The solutions were poured into a
quartz cuvette and analyzed by OceanOptics QE 65000 UV-
Vis spectrophotometer coupled with Mikropack DH-2000-
BALdeuterium-halogen light source, in thewavelength range
of 300–700 nm. MO concentration was calculated from the
absorption peak at ca. 466 nm by means of a calibration
curve.

In this study, TiO
2
and TiO

2
:Nd thin films were addition-

ally manufactured with the aid of spin-coating method. The
coatings were deposited using previously prepared solutions
by sol-gel technique on Corning 7059 type substrates. For
this purpose, a Spincoat SCS G3P-8 centrifuge was used. All
samples (twice coated substrates) were dried at 120∘C for
2 hours. The photocatalytic activity of thin films was also
examined and the test procedurewas the same as in the case of
nanopowders. Surfacemorphology ofmanufactured coatings



6 International Journal of Photoenergy

0 1 2 3 4 5 6
0

20

40

60

80

100

TiO2: (1 at. % Nd)
TiO2TiO2 : (6 at. % Nd)
TiO2: (3 at. % Nd)

TiO2: (3 at. % Nd)

C
/C

0
(%

)

Time (hours)

400 500 600

Time of exposure:
0hours (before)
5hours (after)

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)

Figure 7: Photocatalytic activity of TiO
2
and TiO

2
:Nd (1, 3, and 6

at. % of neodymium) nanoparticles after exposure to the UV-Vis
light. Designations: 𝐶

0
: initial concentration and 𝐶: concentration

of methyl orange after time 𝑡.

was investigated with the aid of optical profiler Talysurf
CCI Lite (Taylor Hobson), while the optical properties were
determined on the basis of transmittance spectra in the
wavelength range of 300 to 1000 nm.

3. Results and Discussion

3.1. Material Composition. Material composition of nanopar-
ticles wasmeasured using energy dispersive spectroscopy and
the amount of neodymium dopant was in a good correlation
with the quantitative assumption. The amount of dopant was
ca. 1, 3, and 6 at. % (Figure 2). Results of X-ray microanalysis
(Figure 3) show that the concentration distribution of each
investigated element (Ti, Nd, andO) is homogenous.The area
of investigation was ca. 50 𝜇m × 65 𝜇m.

3.2. X-Ray Diffraction of Nanopowders. XRD results of
undoped and neodymium doped TiO

2
nanoparticles are

shown in Figure 4. Broad peaks which are present in the pat-
terns testify the nanocrystalline anatase structure of prepared
samples. The average size of crystallites is in the range of
4.2 to 4.6 nm for TiO

2
and TiO

2
:(6 at. % Nd), respectively.

The doping of titanium dioxide with neodymium caused an
increase in the crystallites sizes. Similar effect was observed
by Khalid et al. [51], where a change in the amount of
neodymium from 0.6 to 2 at. % resulted in an increase
in the TiO

2
-anatase nanoparticles sizes from 7 to 13 nm,

respectively. However, TiO
2
doping with neodymium can

also give opposite results. According to Bokare et al. [52], an
increase in the amount of Nd-dopant resulted in the decrease
in the sizes of TiO

2
:Nd nanoparticles. In the XRD patterns

of doped TiO
2
(Figure 4), a broad and very weak peak at

35.9∘ of 2𝜃 range is observed. This peak is the strongest reflex
from the hexagonal Nd

2
O
3
-structure. The difference in ion

radiuses (1.13 nm for Nd3+and 0.64 nm for Ti4+) suggests

that the neodymium ion is unable to effectively incorporate
into the crystal lattice position of TiO

2
. Therefore, it is

more reasonable to assume that Nd-containing particles are
localized at the surface of TiO

2
nanocrystals.

3.3. SEM Investigations of Nanoparticles. SEM images
obtained for the prepared nanoparticles (Figure 5) show
that undoped titania nanoparticles formed agglomerates,
whose shape and size are irregular. It seems that for TiO

2

doped with neodymium in the amount of 1 at. % and 3 at.
% the agglomerates are a bit smaller. Incorporation of the
neodymium dopant in the amount of 6 at. % resulted in
a significant change in morphology of the grains. Similar
results of SEM investigations of TiO

2
and TiO

2
:Nd (1

at. %) were obtained by Bokare et al. [52]. According to
those studies, undoped titanium dioxide nanoparticles had
irregular shapes and various sizes of the grains. In case of
doping with neodymiumBokare et al. obtained nanoparticles
with more uniform shape and size.

3.4. TEM Investigations of Nanoparticles. HRTEM images
with SAED insets of TiO

2
and TiO

2
:Nd (3 at. %) nanopar-

ticles are shown in Figure 6. All diffraction rings on both
SAED patterns correspond to the TiO

2
-anatase structure.

Figure 6(a) presents pure TiO
2
nanoparticles with marked (0

1 1) and (1 0 1) planes. For TiO
2
:Nd (3 at. %) nanopowder

(Figure 6(b)) the TiO
2
and Nd

2
O
3
nanoparticles can be

observed. The values of lattice distances 3.58 Å and 3.31 Å
correspond to (1 0 1) plane of TiO

2
-anatase and (1 0 1) plane

ofNd
2
O
3
structure, respectively. Particles size distributions of

pure and doped TiO
2
are similar and in the range of 2–12 nm

(Figure 6). The average sizes of nanoparticles are 5.1 nm and
5.5 nm for TiO

2
and TiO

2
:Nd (3 at. %) samples, respectively.

These sizes are in good agreementwithXRD results (Figure 4,
Table 1).

Results of TEM investigation by Bokare et al. [52]
also revealed that doped titania particles were small, but
their shape was irregular. Moreover, the distribution of the
nanoparticles size was in the range from 5 nm to 14 nm,
while most of them were in size of 7-8 nm [52]. Additionally,
TEM studies performed by Khalid et al. [51] revealed that
the TiO

2
:Nd nanoparticles were homogenous in shape and

their size was in the range of 8 nm to 12 nm. Presented studies
showed that preparation of Nd-doped powder by sol-gel
method enabled one to obtain nanocrystalline material with
the particles of much smaller size than pure titania.

3.5. Photocatalytic Investigations of Nanopowders. The results
of photocatalytic reactions showed that all nanopowders pre-
pared by the sol-gel technique were active (Figure 7). More-
over, it was found that an appropriate amount of Nd-dopant
had a beneficial effect on the level of MO decomposition by
titania nanoparticles. In case of the nanopowder containing
3 at. % of neodymium the decomposition of the dye was the
most dynamic and this sample had the highest photocatalytic
activity. Slightly worse results were obtained for the TiO

2
:(6

at. % Nd), TiO
2
:(1 at. % Nd) and undoped TiO

2
, respectively.

This means that there is an optimum amount of Nd-dopant,
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Figure 8: 3D surface topography profiles of prepared thin films: (a) TiO
2
, (b) TiO

2
:(1 at. % Nd), (c) TiO

2
:(3 at. % Nd), and (d) TiO

2
:(6 at. %

Nd).

Table 1: Influence of Nd-dopant on structural parameters of titanium dioxide nanoparticles, based on XRD results.

Nanoparticles Phase (hkl) 2𝜃 𝑑 (nm) 𝑑PDF (nm) 𝐷 (nm)
TiO2

Anatase (101)

29.59 0.3503

0.3520 [48]

4.2
TiO2 : Nd

1 at. % Nd 29.64 0.3497 4.4
3 at. % Nd 29.62 0.3499 4.5
6 at. % Nd 29.58 0.3504 4.6

Designations: 𝑑: interplanar distance, 𝑑PDF: standard interplanar distance,𝐷: average crystallites size.

while too much Nd adversely affects the efficiency of MO
decomposition. Similar effect was revealed by Bokare et al.
[52], but, in case of their TiO

2
:Nd nanopowders, the optimal

value of Nd was 1 at. %, which resulted in 30% higher activity
of that nanopowder as compared to undoped one. Similar
results were obtained by Khalid et al. [51]. In their studies 1
at. % of Nd was also an optimum value for the photocatalysis,
but the efficiency of reaction was only 20% better than for
pure titania.

We suggest that high activity of our powders was directly
related to small size of nanoparticles, which were in the

range of ca. 4-5 nm (according to XRD and TEM results).
Thanks to this fact, very large surface area per gram of the
nanopowders was obtained. However, due to similar sizes
of the nanoparticles their optimal size cannot be clearly
determined. In our opinion themechanismof indirect energy
transfer via energy levels of neodymium ions fulfills a key role
in heterogeneous photocatalysis phenomenon.

To exclude the possibility that the decoloration was
caused by the UV-Vis light itself, some experiments were
carried out without the photocatalyst. The differences in the
UV-Vis spectra before and after irradiation for five hourswere
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negligible, which indicated that no decomposition of MO in
the absence of TiO

2
nanopowders was observed or the rate of

this reaction was very low.

3.6. Thin Films Investigations Results. Thin films were pre-
pared from the same sol-gel solutions as the ones used
for nanopowders manufacturing. Their photocatalytic activ-
ity was compared to nanoparticles. In Figure 8 three-
dimensional (3D) surface profiles of the films are presented.
These studies have shown that the prepared coatings are
homogeneous. Their surface roughness (Sa, the arithmetic
mean height of the film) is very small, in the range of 0.9 to
1.4 nm, so it means that the surface is very smooth.Moreover,
based on the recorded transmittance spectra (Figure 9) one
can observe that all prepared thin films are transparent.
However, the doping of titanium dioxide with neodymium
caused the decrease in the average transmittance from ca.
86% for TiO

2
to ca. 76% for TiO

2
:(6 at. % Nd). Additionally,

it can be also observed that the doping with neodymium
shifted the cutoff wavelength from ca. 293 nm to 304 nm
for TiO

2
and TiO

2
:Nd (6 at. %), respectively. Therefore, the

absorption edge of the TiO
2
:Nd thin films has been shifted

towards visible light range, what means that these coatings
could absorb light in the wider range.

Results of photocatalytic decomposition ofmethyl orange
during the reaction carried out in the presence of thin films
are shown in Figure 10. The results clearly indicate that all
manufactured films are photocatalytically active. Much lower
activity of the thin films (ca. 2% after 5 hours), as compared
to the full decomposition of the dye which was obtained in
the case of nanoparticles, is associated primarily with the
significant difference between the active area of the films
and the nanoparticles. Despite the diametrical difference
between them, both types of the samples were made from
nanoparticles of the same size. In case of nanopowders, active
surface area is often given even in tens of square meters. On
the contrary, thin films were deposited on substrates that had
the area of 12 square centimeters. Therefore, decomposition
efficiency in range of about 2.5% can be considered as
successful. It is worth to emphasize that after photocatalysis
the material from which the thin films were formed was still
on the substrate to which it was applied.Therefore, such films
would not create problems for the environment, which are
associated with nanoparticles recovering from the solution.

4. Conclusions

The analysis of structural investigations revealed that all
as-prepared powders were nanocrystalline and had anatase
structure. According to XRD and TEM results the average
size of crystallites was ca. 4-5 nm. The relation between the
amount of neodymium and the size of TiO

2
crystallites

was observed and an increase in Nd-content resulted in
an increase in crystallites size. Moreover, the correlation
between the amount of Nd-dopant and the agglomeration
level of nanoparticles was observed. Thanks to Nd-doping,
the efficiency of photocatalytic decomposition ofMOdyewas
considerably increased. The optimum amount of the dopant
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was established as 3 at. %. The dynamics of the reaction with
this powder was the highest and after 4 hours the dye was
completely decomposed. Similar effect was received in case
of thin films prepared from the same material. However, due
to their much smaller active surface area, as compared to
the nanopowder, the decomposition rate was much lower.
These results seem to be quite promising in spite of some
disadvantages because as-prepared thin film coatings have
high transparency in visible light range and very smooth
surface with the roughness of ca. 1 nm. This means that such
photocatalytically active material could find application as a
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self-cleaning coating but in a form of a nanopowder it is also
very attractive.
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Mesoporous nanocrystalline anatase was prepared via EISA employing CTAB as structure directing agent. The drying rate was
used as a key synthesis parameter to increase the average pore diameter. The resultant mesoporous crystalline phases exhibited
specific surface areas between 55 and 150m2 g−1, average unimodal pore sizes of about 3.4 to 5.6 nm, and average crystallite size
of around 7 to 13 nm. These mesophases were used as photocatalysts for the degradation of 4-chlorophenol (4CP) with UV light.
Under the studied conditions, the mesoporous anatase degraded 100% 4CP.This was twice faster than Degussa P-25. 57% reduction
of chemical oxygen demand (COD) value was achieved.

1. Introduction

TiO
2
is well known as the photocatalyst by excellence. It has

been successfully applied to degrade and mineralize a vast
amount of hazardous compounds in both air and water [1–
5], under mild reaction conditions (low temperature and
atmospheric pressure). Within photocatalysis area, it has
been widely accepted that the catalyst feature determining
its activity is the crystalline structure. Although this is true,
other surface characteristics should not be completely left
aside. This work aims to report the effect of surface mor-
phological characteristics on mesoporous nanocrystalline
anatase activity. The synthesis of the material was conducted
by evaporation induced self-assembly approach (EISA). This
method was elected since it is a powerful synthesis method
to design technologically relevant and functional oxides in
the fiber, particle, and film form at the nanoscale [6–9].
The method relies on using very dilute surfactant initial
concentration from which a liquid crystalline mesophase

is gradually developed upon solvent evaporation. The slow
coassembly between the inorganic network and the liquid
crystalline phase leads to the formation of long-range order of
well-definedmesostructures.The preparation of mesoporous
titania particles by EISA has been studied by independent
research groups [10–13]. It is expected that a change in size,
shape, and dimensions of the mesopore TiO

2
modifies the

accessibility, adsorption, and diffusion of guest molecules
within the pore network, thereby achieving further degrada-
tion. The photocatalytic activity of the synthesized TiO

2
was

tested in the degradation of 4-chlorophenol (4CP).
Chlorinated aromatic compounds are a class of com-

pounds widely used and constitute a particular group of pri-
ority pollutants.This is mainly due to their numerous origins
(pesticide, paint, solvent, pharmaceutics, wood preserving
chemicals, coke oven, and pulp industries) [14, 15] and toxic
effects. They can be found in ground water, wastewater,
and soil. In particular, chlorophenols (CPs) pose serious
ecological problems as environmental pollutants due to their
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high toxicity, recalcitrance, bioaccumulation, strong odor
emission and persistence in environment, and suspected
carcinogen and mutagen effect on the living [16, 17]. The
photocatalytic degradation of chlorinated phenols in TiO

2

suspensions has been studied by many investigators [18–
24]. The results show that phenolic compounds are degraded
completely to CO

2
and H

2
O through a mechanism involv-

ing hydroxylation of the aromatic ring. In particular, 4-
chlorophenol (4CP) has been accepted as the standard pol-
lutant for heterogeneous photocatalysis. The photocatalytic
degradation of 4CP has been the topic of many investigations
[25–29], and the kinetics of the photocatalytic degradation
has been extensively studied [30–36]. Despite this vast liter-
ature, it still remains unclear whether there is an interaction
or not between 4CP degradation and surface morphological
characteristics of the employed photocatalyst. Therefore, it is
relevant to conduct this study not only in the context of 4CP
degradation but also in general within photocatalysis area.

2. Experimental

2.1. Materials and Synthesis. Titanium (IV) ethoxide
(C
8
H
20
O
4
Ti, 80% Aldrich) and titanium (IV) butoxide

(C
16
H
36
O
4
Ti, 97% Aldrich) were used as precursors. Hexa-

decyltrimethylammonium bromide, denoted as CTAB
(C
19
H
42
NBr, 99% Sigma), was used as the structure directing

agent (SDA). Ethanol (99.6%, Sigma-Aldrich) was used as
organic solvent. Nitric acid (65.2%, Sigma-Aldrich) was used
as catalyst.

The synthesis was performed as follows. An alcoholic
solution of the precursor was prepared. This solution was
added to the SDA under vigorous stirring, and then nitric
acid was added dropwise. The resultant solution was stirred
at room temperature for 3 h and then was dried at room
temperature. Samples with different drying rates were placed
in a rotary evaporator at 100 rpm (Heidolph G3 model) using
oil as a heating medium. The synthesized powders were
then calcined at 350∘C and 400∘C. It is worth clarifying that
samples calcined at 350∘C were first calcined at 300∘C for 1
hour and then at 350∘C for 4 hours with controlled heating
and cooling rate of 1∘C min−1 to remove the SDA. The same
heating rate was used for the samples calcined at 400∘C. The
molar ratio of the as prepared samples was 1 precursor : 3.55
HNO

3
: 0.018 CTAB : 18.71 ethanol.

2.2. Characterization. Mesoporous titania samples were ana-
lyzed by X-ray diffraction (XRD) in a Bruker D8 Advanced
diffractometer with CuK𝛼 radiation and a LynxEYE detector.
BET surface areas and N

2
adsorption-desorption isotherms

were obtained in an Autosorb-1 Quantachrome. Before mea-
surements, samples were degassed at 250∘C for 2 h. TEM
images were taken with a JEOL-2100 200 kV LaB6 filament.
The morphology and particle size of the mesophases were
inspected with a SEM JEOL JSM-6510LV.

2.3. Heterogeneous Photocatalytic Oxidation of 4CP. Photo-
catalytic degradation studies of 4CP were performed in a
batch photoreactor of cylindrical shape (see Figure 1). The

A

B

C

D

E

O2

Figure 1: Experimental set-up. (A) UV lamp, (B) thermometer, (C)
magnetic stirrer, (D) gas outlet and sampling, and (E) oxygen trap.

photoreactor was provided with ports in the lower and upper
section for the inlet and outlet of gases and for sampling.
Mesoporous titania samples were placed in the glass reactor
under continuous stirring (1000 rpm). The total reaction
volume was 30mL. Tests were performed using 0.8 g L−1
of mesoporous titania at an initial pH value of 2 and 4CP
initial concentration [4CP]

0
was 0.233mmol L−1. The pH

adjustment was made by using 0.003MHCl solution. The
temperature throughout the experiment was kept constant at
20∘C. The UV lamp was placed at the center of the reactor
as the source of UV radiation (254 nm at 0.786 watts cm−2).
Oxygen flow of 50mLmin−1 was constantly fed at the bottom
of the reactor and an oxygen trap was used to increase its
residence time. Aliquots samples (0.5mL) were withdrawn
from the system every 30 minutes during 3 hours. Catalyst
was removed before analysis.

At all experiments, the concentration of 4CP (C4CP)
was determined using UV/Vis spectroscopy in a Perkin-
Elmer Model Lambda 25UV/Vis spectrophotometer with a
wavelength range of 200–360 nm, where the characteristic
absorption peak for 4-chlorophenol is located at 280 nm. A
calibration curve was constructed from 0 to 0.311mmol L−1.
A determination coefficient of 𝑟2 = 0.9994 and a slope of
𝜀𝑏 = 0.0119 were obtained. The experiments were repeated
three times to verify results reliability.

The chemical oxygen demand (COD) value was analyzed
with a Hach UV/Vis Model DR-5000 spectrophotometer
in order to determine the degree of oxidation of the 4-
chlorophenol after the photocatalytic tests.

3. Results and Discussion

3.1. Catalysts Characterization. The textural properties of
the synthesized mesoporous titania with different type of
drying are summarized in Table 1. The mesoporous samples
that were dried at room temperature exhibited specific
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Table 1: Specific surface area, average pore size, and average crystallite size of mesoporous titania samples with different type of drying.

Drying Precursor Sample
ID

Calcination
(∘C)

Specific
surface area

(m2/g)

Average pore
size (nm)

Average
crystallite
size (nm)

Room temperature
Titanium ethoxide AE3 350 117 3.4 7

AE4 400 71 3.4 11

Titanium butoxide AB3 350 99 3.4 9
AB4 400 55 3.4 13

Rotary evaporator
Titanium ethoxide RE3 350 115 3.8 9

RE4 400 87 4.3 11

Titanium butoxide RB3 350 145 4.3 8
RB4 400 108 4.9 10

Table 2: Specific surface area, average pore size, and average crystallite size of mesoporous titania samples with different drying rate in rotary
evaporator.

Drying rate Calcination (∘C) Sample ID Specific surface area (m2/g) Average pore size (nm) Average crystallite size (nm)

Fast 350 FR3 150 3.8 8
400 FR4 103 4.3 10

Medium 350 MR3 (RB3) 145 4.3 8
400 MR4 (RB4) 108 4.9 10

Slow 350 SR3 147 4.9 8
400 SR4 108 5.6 10

surface areas of around 117m2 g−1 and average pore size of
approximately 3.4 nm. Furthermore, it was observed that
the pore diameter remains constant and independent of the
calcination temperature. However, the calcination conducted
at 400∘C decreases the specific surface area. Mesoporous
samples dried in rotary evaporator exhibited specific surface
areas of approximately 145m2 g−1 and average pore size of
around 4.9 nm. Furthermore, it was observed that the cal-
cination temperature modifies both the specific surface area
and average pore diameter. For this type of drying, the best
textural properties were obtained using titanium butoxide as
precursor.The reactivity of the precursor determines the rates
of hydrolysis and condensation to generate the final inorganic
oxide structure. Also, the time used in these processes must
be sufficient to allow proper interaction between the SDA
and the inorganic precursor and generate assembly and
organization in regular structures that finally will lead to an
ordered mesoporous structure. For this reason, the titanium
butoxide as precursor provides a more controlled reactivity
and easy handling, thus allowing control of the hydrolysis and
condensation reactions, as well as the dimensions of the pores
directly related to the size of the alkoxy groups [37, 38].

The textural properties of the mesoporous titania phases
synthesizedwith titaniumbutoxide as precursor and different
drying rate in a rotary evaporator are summarized in Table 2.
Specific surface areas and average pore size of samples were
around 150m2 g−1 and 5.6 nm, respectively. When the drying
rate became slower (at the same calcination temperature), the
average pore diameter is observed to increase. Furthermore,
the calcination temperature is found to be the only variable
thatmodifies the specific surface area for these samples.Thus,

the influence of the evaporation rate of volatile entities is a key
parameter that determines the final mesostructure. The slow
and gradual evaporation of the solvent promotes progressive
increase in the concentration of the SDA by obtaining the
critical micellar concentration (CMC), surfactant micelle
formation, and their self-assembly with inorganic species at
a specific time where the network is flexible enough leads to
greater micellar arrangement [39].

The average crystallite size for all samples was estimated
using the Scherrer equation and the FWHM of anatase
(1 0 1) reflection. Crystal growth increases with a calcina-
tion temperature of 400∘C for all samples. With increas-
ing calcination temperature, the peak intensity of anatase
increases (Figure 2), and the width of the (101) peak becomes
narrower due to the growth of anatase crystallites. The pore
diameter increase is caused by shrinkage of the mesoporous
framework at higher temperatures [40].

The XRD patterns of all the mesophases exhibited only
the characteristic reflections of anatase at approximately 2𝜃
of 25∘, 38∘, 48∘, 54∘, 55∘, and 63∘. These correspond to the
(1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 1 1), and (2 0 4)
planes, respectively, of tetragonal titania [13, 41] as shown in
Figure 2.

Nitrogen adsorption-desorption isotherms and the
Barrett-Joyner-Halenda (BJH) pore size distribution of
synthesized samples are shown in Figure 3. All of these
samples show a IV type isotherm with H

2
hysteresis loop,

which is representative of mesoporous materials [42].
The TEM images of themesoporous anatase samples AB4

(dried at room temperature) and SR4 (slow drying rate in
rotary evaporator) are shown in Figure 4. For these samples,
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Figure 2: XRD patterns of the prepared mesoporous anatase
samples.

the anatase crystals were determined to be approximately 13
and 10 nm in size, respectively. The spacing of 0.35 nm, mea-
sured for these two sets of fringes, coincides with 0.352 nm,
that is, with the d-spacing of (1 0 1) type planes in the
anatase form of titania, and this was confirmed by XRD data
(Figure 2).

Figure 5 shows SEM images of the mesoporous anatase
samples SR4 and AB4. The synthesized mesophase SR4
exhibited clusters of approximately 5–10 𝜇m while the syn-
thesized mesophase AB4 resulted in the formation of larger
clusters of approximately 5–14 𝜇m with irregular shapes.

The reference material Degussa P-25 contains anatase
and rutile phases in a ratio of about 3 : 1. Anatase and rutile
particles separately form their agglomerates and the average
sizes of the anatase and rutile elementary particles are 85 and
25 nm, respectively [43]. Furthermore, their specific surface
area is 52m2 g−1 and the average crystallite size is 30 nm [44].

3.2. 4CP Degradation. The mesoporous anatase phases were
evaluated in the photodegradation of 4CP. The photoactivity
of these samples was compared to that of the reference
material Degussa P-25. Figure 6 shows the photocatalytic
degradation profiles of 4CP over the mesoporous titania
samples and Degussa P-25. All synthesized titania samples
showed a higher percentage of degradation than titania
Degussa P-25. This may be related to the smaller crystallite
size and relatively ordered pore structure of the obtained
mesophases. Also, the enhanced photocatalytic activity of
the mesoporous titania samples can be partially attributed
to the presence of pure anatase phase which is the primary
photoactive phase [45].

The mesoporous samples dried at room temperature
(Figure 6(a)) and the ones dried in a rotary evaporator
(Figure 6(b)) degraded approximately 60–69% and 75–93%
of 4CP, respectively, after 180min. Degussa P-25 degraded
only 57% of 4CP after the same time of exposure to UV

Table 3: Initial reaction rates and removal of 4CP with the titania
samples and Degussa P-25.

Sample ID
4CP degradation
rate −𝑟4CF0 × 10

8

(mol/g seg)
Removal of 4CP (%)

AE3 6.30 69
AE4 2.47 62
AB3 8.85 67
AB4 3.93 60
RE3 3.92 75
RE4 7.00 80
RB3 10.27 86
RB4 4.68 93
FR3 5.94 77
FR4 4.42 82
SR3 10.46 95
SR4 13.54 100
Degussa P-25 6.97 57

irradiation. Although mesoporous titania samples dried at
room temperature showed the same average pore diameter of
3.4 nm, in Figure 6(a) it is evident that there are differences in
the percentages of 4CP degradation due to different specific
surface areas. For mesoporous titania samples dried in a
rotary evaporator, the highest percentage of degradation
(approximately 93%) was obtained with the highest average
pore diameter of 4.9 nm (sample RB4), despite not having the
largest specific surface area.

The mesoporous titania samples synthesized with differ-
ent drying rate in a rotary evaporator (Figure 6(c)) degraded
approximately 77–100% of 4CP. In Figure 6(c) it is evident
that the increase in the percentage of degradation of 4CP
is related to the increase in average pore diameters of
synthesized samples, since the sample SR4 (average pore
diameter of 5.6 nm and specific surface area of 108m2 g−1)
achieves 100% of 4CP degradation in 180 minutes and the
sample SR3 achieved only 95% of degradation at the same
time, despite having higher specific surface area (147m2 g−1)
and smaller average pore diameter of 4.9 nm. The ordered
pore architecture of the mesoporous samples as compared
to Degussa P-25 may result in higher diffusion rates of the
guest molecules, and therefore the photocatalytic reaction
rate increases. The benefits of having an ordered mesopore
structure for photocatalytic applications have been demon-
strated by independent research groups [46–48].

Table 3 shows the initial rates of degradation of 4CP for
all samples synthesized and Degussa P-25. No effect of the
average pore diameter was observed on the initial rate of
degradation for the samples dried at room temperature. This
may be due to several factors such as crystal size, because,
when this decreases, the surface density of active sites
available for substrate adsorption increases, thus increasing
the photocatalytic reaction rate [49, 50].

Figure 7 shows the removal of 4CP by photocatalysis,
adsorption, and photolysis using mesoporous titania sample
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Figure 3: N
2
adsorption-desorption isotherms and pore size distribution of the mesoporous anatase phases dried (a) at room temperature

(b) in rotary evaporator (c) with different rate in rotary evaporator and calcined at 350∘C (d) with different rate in rotary evaporator calcined
at 400∘C.

Table 4: Apparent constant, half-life, and linearization coefficient for the Langmuir-Hinshelwood model for 4CP photodegradation.

Sample ID 𝑘ap 𝑡
1/2

(min) 𝑟
2

AE3 6.60 105.0 0.948
AE4 5.69 121.8 0.968
AB3 5.50 126.0 0.895
AB4 5.46 127.0 0.920
RE3 7.79 89.0 0.996
RE4 8.52 81.3 0.968
RB3 11.02 63.0 0.981
RB4 14.68 47.2 0.997
FR3 8.57 80.9 0.976
FR4 9.53 72.7 0.970
SR3 15.85 43.7 0.987
SR4 27.07 25.6 0.996
Degussa P-25 4.40 157.5 0.864

SR4 since 100% of 4CP degradation was achieved in 180
minutes. The effect of photolysis was studied by carrying
out the experiment only in the presence of oxygen and
UV light without mesoporous titania. The degradation of
4CP by direct photolysis is negligible, and the increase in
concentration is due to an electronic effect that modifies
the UV absorbance spectrum and appears as if it was an
increase in concentration (Figure 8). This phenomenon has
been described as a photoinduction period associated with

reactions involving the formation of free radicals [51–53].
Furthermore, the removal of 4CP by adsorption is considered
negligible (Figure 7).

The kinetics of photocatalytic reactions of organic com-
pounds are usually adequately described by the Langmuir-
Hinshelwood model [29, 51]. It relates the degradation rate
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Figure 5: SEM images of the mesoporous anatase phases (a) SR4 (b) AB4.

𝑟 and the concentration of organic compound C and is
expressed as follows:

𝑟 = −
𝑑𝐶

𝑑𝑡
=
𝑘
𝑟
𝐾ad𝐶

1 + 𝐾ad𝐶
, (1)

where 𝑘
𝑟
is the intrinsic rate constant and 𝐾ad is the adsorp-

tion equilibrium constant. If adsorption is weak and con-
centration of organic compounds is low, the factor 𝐾ad𝐶 is
negligible, and thus (1) can be simplified to the first-order
kinetics with an apparent rate constant (𝐾ap = 𝑘𝑟𝐾ad),
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Figure 6: Photocatalytic degradation profiles of 4CP over the mesoporous titania samples synthesized with (a) room temperature, (b) rotary
evaporator, (c) drying rate in rotary evaporator, and Degussa P-25.

which gives the following, after integration in the interval
[𝐶, 𝐶
0
]:

ln
𝐶
0

𝐶
= 𝐾ap𝑡. (2)

Plotting ln(𝐶
0
/𝐶) versus reaction time 𝑡 yields a straight

line, where the slope is the apparent rate constant. The half-
life of the degraded organic compound can then be easily

calculated. Figure 9 shows the lineal plot of 4CP photodegra-
dation, which adjusts well to a pseudo-first-order kinetic
behavior. Apparent constant 𝐾ap, 4CP half-life, and the
linearization coefficient 𝑟2 are summarized in Table 4. 4CP
half-life is as short as 25.6min, with mesoporous titania
sample SR4, and nearly 80% of initial 0.233mmol L−1 is de-
graded in 60 minutes.
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Table 5: COD values of the aqueous solution before and after
photocatalytic tests, adsorption, and photolysis.

Sample
COD value (mg/L)

Initial Final
(0 minutes) (180 minutes)

SR4 (photocatalysis) 47 20
SR4 (adsorption) 47 47
Degussa P-25 (photocatalysis) 47 36
Photolysis 47 47
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Figure 7: Effect of photocatalysis, adsorption, and photolysis on
the removal of 4CP as a function of time using mesoporous titania
sample SR4.

Table 5 shows the COD values to identify the presence of
organic matter in the aqueous solution after photocatalytic
tests. 4CP photodegradation using sample SR4 reduced
the initial value of COD by 57%, whereas Degussa P-25
reduced the initial value of COD by 23% after the same
time of exposure to UV irradiation. These results support
the removal of 4CP by adsorption and photolysis shown
in Figure 7, without reduction in initial values of COD.
Therefore, it is demonstrated that the organic compound is
mineralized. In specialized literature [34, 36], hydroquinone
(HQ), benzoquinone (BQ), and 4-chlorocatechol (4CC) have
been reported as the major aromatic intermediates, identi-
fied by HPLC, LC-MS, and GC-MS techniques. Although
interesting, such characterization is beyond the scope of this
paper.

4. Conclusions

Mesoporous nanocrystalline anatase was found to provide a
faster degradation rate than Degussa P-25 as consequence of
different surface morphological characteristics. Among the
studied variables, different drying rate in rotary evaporator

0.0

0.5

1.0

1.5

2.0

200 220 240 260 280 300 320 340 360

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)

0min

30min

60min

90min

120min

150min

180min

Figure 8: UV/Vis spectra of the 4CP degradation under photolysis.
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Figure 9: Pseudo-first-order kinetics degradation of 4CP, by the
Langmuir-Hinshelwood model.

was determined to be the one that affects the increase in
average pore diameter, and this affects both the percentage of
photodegradation and the chemical oxygen demand (COD)
value. The diffusion towards the active sites and the acces-
sibility of the active sites for adsorption due to the presence
of large pores are key parameters for the photocatalytic
degradation of 4CP.The photodegradation process was found
to be controlled by the Langmuir-Hinshelwood model. The
mesoporous anatase degraded 100% 4CP, while Degussa P-
25 degraded 57%.The enhanced photocatalytic activity of the
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mesoporous titania samples when compared to Degussa P-25
was related to smaller crystallite size, presence of pure anatase
phase, higher average pore diameter, and surface area. The
reduction of 57% COD with mesoporous anatase compared
with 23% Degussa P-25 shows that 4CP is mineralized.
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Ce doped RGO-TiO
2
composite films on ITO substrates were prepared by sol-gel process using tetrabutyl titanate and reduced

graphene oxide (RGO) as the starting materials. The sample was designed for the photoelectrocatalytic applications. The obtained
samples were characterized by X-ray diffraction, UV-vis absorption spectroscopy, scanning electron microscopy, and Fourier
transformed infrared spectroscopy. The results showed that doping of Ce on RGO-TiO

2
composite film inhibited the TiO

2

anatase-rutile phase transformation. In this case, Ce atoms could serve as dispersion oxide and suppress the recombination of
photoinduced electron-hole pairs. Besides, the change in absorbance from UV to visible region was observed in Ce doped RGO-
TiO
2
nanocomposite films. The Ce doped RGO-TiO

2
composite film showed higher photoelectrochemical performance than that

of RGO-TiO
2
composite and pure TiO

2
under solar simulator irradiation. The main reason might be attributed to the optimum

content of Ce that could act as electrons acceptor to hinder the recombination loss and facilitate the better transportation for
photoinduced charge carriers.

1. Introduction

Today, high performance photoactive electrode is consid-
ered to be one of the probable solutions for utilization of
solar energy. Efficient photoelectrocatalysis (PEC) process is
greatly dependent on such an electrode surface which shows
high photon absorption, less photocorrosion, mesoporous
surface structure, and highly dispersed uniform active sites
[1]. Various metal oxides, carbon nanomaterials, and so forth
have been extensively investigated for photocatalytic applica-
tions such as H

2
production from water splitting, pollutants

degradation, dye sensitized solar cells, and CO
2
photoreduc-

tion [2, 3]. But the overall photocatalytic performance under
visible irradiation is still not satisfactory. Photocatalytic redox
reaction under visible light irradiation can be enhanced by
applying little bias potential and this electroassisted photo-
catalysis is called the photoelectrocatalysis (PEC) process.

After the invention of graphene in 2004, this two-
dimensional sp2 bonded honeycomb-like carbon nanomate-
rial brought a massive change in electronics and solar and

energymanagement devices. Reduced graphene oxide (RGO)
support on photoelectrodes showed high electron mobility
and high thermal resistivity and stability [4]. On the other
hand, TiO

2
, which is already commercially established as a

photocatalyst material, shows better performance as catalyst
support due to stability in chemical solution and its tun-
able textural properties. Although TiO

2
possesses excellent

optoelectronic properties under UV irradiation, it shows
poor absorption under visible light due to its wide band gap
value of 3.2 eV. However, recent research showed that RGO-
TiO
2
composite material can show higher photocatalytic

activity under visible light [5–7].This is due to broad expanse
of the electronic state of RGO-TiO

2
coupling. Moreover,

this coupling possesses high adsorption capacity, extended
light absorption range, and enhanced charge separation and
transportation properties [8].

Nevertheless, the difficulties of catalyst recovery, low vis-
ible light absorption, and fast recombination of electron-hole
pairs are still the main pitfalls of using powder photocatalyst
in aqueous media [9]. These drawbacks are crucial indeed
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Figure 1: Schematic diagram of the experimental procedure.

for viable large scale applications like H
2
production from

water and CO
2
conversion into useful fuels. However, the

catalyst recovery and recycling difficulties can be avoided
to a great extent using thin film photocatalysts. And the
process when assisted with electrochemical bias can help to
improve the overall efficiency of the photocatalytic process
[10, 11]. Other than RGO-TiO

2
composite film, some other

transition metal oxides such as ZnO, ZrO
2
, NbO

5
, and V

2
O
5

also showed promising outcome in photocatalytic process
[12, 13]. But in terms of stability and longtime functional-
ity, both of the materials RGO and TiO

2
got benchmark

performance in different photocatalytic activities like water
splitting and dye degradation [14, 15]. It is noted that,
even though RGO-TiO

2
can enhance their synergistic effects

over a photocatalysis process, the electron-hole separation
upon visible light irradiation is energetically unstable and
recombination rates are very fast on the order of nanoseconds
[16]. Experimental results showed that controlled charge
separation in photoelectrocatalysis process rectifies electron
transfer on the photocatalyst film and it also increases the
electron availability on the conducting substrates.

The photocatalytic activity of RGO-TiO
2
composite can

bemore enhanced either by promoting the light absorption or
by suppressing the electron-hole recombination rate through
the incorporation of other species to the binary composites
[17]. Some rare earth oxides show polymorphism, good
thermal stability and good light absorption, and so forth due
to their multielectron atoms including f orbital electrons.
Previous experiments proved that, Ce ion, a rare earth metal
which has the ability to enhance the photocatalytic activity
of TiO

2
[18, 19]. This is due to the presence of different

electronic structures (Ce3+/Ce4+) of cerium ion which show
different electronic and optical properties of the catalyst.
Thus, RGO-TiO

2
composite photocatalyst doped with Ce can

act as exciton trap and might retard the fast electron/hole
recombination. In essence, it can help to increase available
photoelectrons on the surface. In the present study, we
prepared Ce doped RGO-TiO

2
composite powder via sol-

gel method and thin film photocatalyst was prepared via
electrophoretic depositionmethod (Figure 1). Solar simulator
was used to stimulate the thin film photocatalyst and studied
in the PEC process. The photoelectrocatalytic conversion
performance of the films as-prepared was examined, and the
interesting results were obtained.

2. Experimental Methods

2.1. Catalyst Powder Preparation. Tetra-n-butyl orthotitanate
(TBOT) was procured from Sigma-Aldrich and all other
chemicals used in this work were of analytical grade. The

indium tin oxide (ITO) coated conducting glass plates
(0.7mm thickness) were procured from Osaka, Japan.
Graphene oxide was prepared via modified Hummer’s
method [20, 21]. Hydrazine treatment was done to obtain
reduced graphene oxide (RGO) [22]. For the preparation of
TiO
2
, 4mL TBOT was added with 20mL of absolute ethanol

and kept under stirring.This solution was added dropwise to
a mixture of 2mL of DI water and 1 wt% of cerium nitrate
hexahydrate. Acetic acid was added to the mixture to keep
the pH <3. This was followed by the addition of 1 wt% RGO,
2mL of deionized water, and 5mL ethanol and kept under
sonication for 1 hour. This solution was added gradually with
the previous solution. The total mixture was stirred for 30
minutes and kept for 24 hours for gel formation. The gel was
dried at 70∘C overnight. The dry porous gel was milled using
mortar and pestle. The dried catalyst powder was calcined at
550∘C for 4 h. The same procedure was followed to prepare
RGO-TiO

2
composite and pure TiO

2
powder.

2.2. Thin Film Preparation. ITO coated glass substrate was
cleaned with acetone, dehydrated alcohol, and ultrapure
water, respectively. The powder photocatalyst was deposited
on the ITO coated substrate via electrophoretic deposition
method [23]. A DC power supply was used for the nec-
essary current-voltage application. The substrate was cut
into a 1 cm × 1 cm working area and used as both anode
and cathode. The electrolyte composition was prepared at
1mg/mL powder catalyst by sonication before the deposition
process. The applied voltage was 60V and deposition time
was 1min.

2.3. Characterizations of Catalysts. XRD spectra were
recorded with a powder X-ray diffractometer (type Bruker
D8 Advance equipped with EVA diffract software, Germany)
over the range 20∘ ≤ 2𝜃 ≤ 80∘, operating at 40 kV and 40mA,
using Cu K𝛼 radiation (𝑘 = 1.5418A). A scanning electron
microscope (SEM, Quanta FEI 200) was used to probe
the coating materials on the surface of ITO coated glass
substrates. A UV-vis spectrophotometer from PerkinElmer,
Lambda 35 series, equipped with a 10mm path length quartz
cell was used for UV spectroscopic measurement. Fourier
transformed infrared (FTIR) spectroscopy was recorded
using a Bruker IFS 66V/S using a KBr technique.

All photoelectrochemical experiments were carried out
with an Autolab PGSTAT302N potentiostat/galvanostat
(EcoChemie,The Netherlands) with a three-electrode quartz
cell. Ce-RGO-TiO

2
/ITO, RGO-TiO

2
/ITO, and TiO

2
/ITO

modified electrodes were used as the working electrode. A
saturated calomel electrode (SCE) was used as the reference
and a platinum wire was used as the counter electrode. A
0.1M Na

2
SO
4
solution was used as a supporting electrolyte.

An active area of 1.0 cm2 working electrodes for each
sample was used in the photocurrent experiments. A 150W
solar simulator was used as a light source to study the
photoelectrochemical response (Figure 2). The photocurrent
was measured for the Ce-RGO-TiO

2
and the RGO-TiO

2

modified composite electrode at an applied potential of
0.02V (SCE).
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3. Results and Discussion

The samples were collected by scraping off the pure TiO
2
,

RGO-TiO
2
, and Ce doped RGO-TiO

2
from the ITO coated

electrodes for XRD measurements to confirm that the sam-
ples are well crystallized. According to JCPDS data (reference
code 832243), the peaks at 25.4∘ (1 0 1), 38.5∘ (1 1 2), and
48.6∘ (2 0 0) are the characteristic diffraction pattern of the
anatase phase.The diffraction patterns are shown in Figure 3.
No phase change from anatase to rutile was found in the
samples although the calcination temperature was 550∘C. In
fact, the phase transformation can occur from anatase to
rutile at 500–700∘C [24]. Thus, the presence of Ce atoms can
block the anatase-rutile phase transformation for TiO

2
[25].

The average crystallite size was calculated using Scherrer’s
formula (1) with respect to the anatase peaks. Consider

𝐷 =
0.89𝜆

𝛽 cos 𝜃
, (1)

where 𝐷 = crystallite size, 𝜆 = wavelength of X-ray, 𝛽 = full
width at halfmaximumof the peak (in radians), and 𝜃= angle
of diffraction (in degrees) [26].

The crystallite size for the RGO-TiO
2
was between 40 and

62 nm which is similar to the pure TiO
2
nanoparticles. So,

it can be concluded that RGO has no effect on the crystal
structure of TiO

2
[27]. But, for Ce-RGO-TiO

2
, the crystallite

size was between 35 and 45 nm with respect to the Ti-anatase
peaks which is lower than the RGO-TiO

2
or pure TiO

2
.

Thus, Ce atoms can suppress the growth of TiO
2
crystallite

size. Moreover, due to the large difference in atomic radius
betweenCe andTi (204 and 160 pm, resp.), the cations cannot
be incorporated with each other. It is assumed that Ce atoms
are dispersed on the surface of TiO

2
. The XRD pattern for 1%

Ce doped RGO-TiO
2
shows a characteristic peak for Ce at

33.09∘. According to JCPDS reference code 340394, the peak
is attributed toCeO

2
(2 0 0) plane. other peaks are not obvious

due to high dispersion of CeO
2
on RGO-TiO

2
surface.

Figure 4 shows the SEM images of Ce-RGO-TiO
2
and

RGO-TiO
2
. It could be observed that while Ce-RGO-TiO

2

composite approximately exists in the form of spherical
particles, RGO-TiO

2
existsmostly as granular structure. RGO

could help the TiO
2
nanoparticles to disperse more smooth

and uniform whereas Ce particles can improve the stability
of the active phase. And, hence, the film surface was even
and the film strength was observed to be higher than pure
TiO
2
. The thickness of the films was found to be roughly

2 𝜇m. 1% RGO loading showed more homogeneous disper-
sion and electrochemical stability than higher percentage of
RGO loading. Cerium atom dispersion with the RGO-TiO

2

structure has made the material more porous and hence
the available active sites for redox reactions have increased.
The average size was about ∼40 nm, according to the value
determined by XRD.

The morphology of Ce-RGO-TiO
2
was also observed

with TEM. Figure 5 shows the porous structure with crys-
tallite size below 50 nm which is well suited with XRD and
SEM results. Agglomeration over the grain boundaries was
observed in TiO

2
nanoparticles due to Ce doping.

The optical absorption spectra of the samples are shown
in Figure 6.TheRGO-TiO

2
andCe doped RGO-TiO

2
showed

higher photoabsorption in the visible region (>400 nm)
compared to the pure TiO

2
. Pure titania anatase showed an

absorption edge at ∼387 nm, while RGO incorporated TiO
2

also showed absorption at the same wavelength but with
higher intensity. More photon absorption was observed for
Ce-RGO-TiO

2
as well. Band gap values were determined by

the following equation:

𝐸bg =
1240

𝜆
(eV) , (2)

where 𝐸bg = band gap energy of the photocatalyst material
and 𝜆 = maximum wavelength in nm.

A reduced band gap value was expected but no significant
change in band gap energy was observed. This could be due
to the aggregation of RGO material and the electron trap
effect of ceria nanoparticles. The band gap energy was not
much reduced and maximum absorption was still in the UV
region for the modified TiO

2
samples. Nevertheless, more
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photocatalysts.

photoelectrons can be produced using UV light source and it
will ease the photocatalytic reduction process due to available
electrons on the catalyst surface. It is clear that both RGO and
Ceparticles showed an enhanced photon absorption property
in this respect.

The FTIR spectra of the samples were presented in
Figure 7. It can be observed that, in RGO, most of the peaks
for oxygen functional groups were eliminated whereas C=C
skeletal vibration of graphene sheet is obvious at 1580 cm−1
[28]. It confirms that graphene oxide was reduced well and
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Figure 7: FTIR spectra of Ce doped RGO-TiO
2
composites.

the surface became hydrophobic. In TiO
2
, the broad peaks

at 580 and 1050 cm−1 can be attributed to Ti–O–Ti and Ti–
O stretching vibrations [29]. A band that slightly shifted
from 1500 cm−1 in both RGO-TiO

2
and Ce-RGO-TiO

2
was

also observed. It is attributed to the graphene sheet skeletal
vibrations. The broad bands below 1000 to 600 cm−1 in TiO

2

composites can be assigned to Ti–O stretching vibrations
[30].Theweak peak below 500 cm−1 inCe-RGO-TiO

2
sample

denotes Ce-O vibrational stretch [31].
The cyclic voltammetry for RGO-TiO

2
/ITO and Ce-

RGO-TiO
2
/ITO modified electrodes are shown in Figure 8.

The scan rate was fixed at 50mV/s in the range of −1 V to
+1V. It is observed that both positive extraction peak and
negative injection peak for RGO-TiO

2
and Ce-RGO-TiO

2
are

obvious with little peak current. In the dark, both samples
showed almost same characteristic peaks with a very small
peak current (Table 1). But under visible light irradiation,
both extraction and injection peaks are enhanced obviously.
The Ce-RGO-TiO

2
showed the highest peak current while

illumination, although Ce doping in RGO-TiO
2
did not

enhance current efficiency in dark.
It can be concluded that Ce atoms can absorb photons

and transfer to the electrons that gain more energy to
produce photocurrent. 1% Ce doping showed an optimal
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Figure 8: Cyclic voltammogram of catalytic activity with RGO-TiO
2
/ITO and Ce-RGO-TiO

2
/ITO modified electrodes in both dark and

visible light irradiation.

Table 1: Peak current table for RGO-TiO2 and Ce doped RGO-TiO2 thin films (values in mA/cm2).

Peak current RGO-TiO2 thin film Ce doped RGO-TiO2 thin film
Dark Light Dark Light

+ve extraction peak current 0.3 0.3 0.2 0.7
−ve injection peak current 0.4 0.4 0.4 0.6

photocurrent value of 0.74mA/cm2. The RGO-TiO
2
sample

showed another minor peak at 0.58V both in dark and under
light illumination. But that peak vanished in Ce-RGO-TiO

2

sample. The reason behind this could be due to the defect
formation in octahedral TiO

2
structure from the doping with

Ce. The regular TiO
2
octahedron structure became distorted

and highly amorphous. This structure provided more open
spaces in the crystal lattice and facilitated electron trapping.
That could hide the minor peak current formation.

The photoelectrochemical performance is largely depen-
dent on charge transfer and recombination properties
of a photocatalyst material. In this case, electrochemical
impedance spectrum (EIS) is very useful tool to investigate
the charge carriers transfer and recombination processes
at semiconductor/electrolyte interfaces. The samples were
investigated for EIS responses and the components of com-
plex impedance Z were plotted as Z (imaginary part) versus
Z (real part) in Nyquist plot (Figure 9).

The values were measured at open circuit potential for
both dark and light irradiation periods. It can be observed
that the samples formed pseudoarcs in the Nyquist plot
for both dark and light irradiation periods. Under light
irradiation, the photogenerated electrons moved from the
electrode surface to the outer circuit. This phenomenon
helped to reduce the interface resistance. Thus, the diameter
of the loops was also reduced under light irradiation. The
diameter of the loops was reduced for Ce doped RGO-TiO

2

samples as well. In fact, graphene can also show synergistic
effect with doped metal atoms (here Ce) in terms of reducing
charge transfer resistance [32]. In this case, the hybridization
of Ce on RGO-TiO

2
composites leads to high-speed charge

transport properties. This is due to the excellent Ce light
absorption and ultrahigh electron mobility in graphene
structures. The diameter actually reflects the rate of electron
transfer which also indicates the photocatalytic reaction rate
[1]. The equivalent circuit with the corresponding Nyquist
plot is shown in Figure 10.

It can be simulated with Warburg semi-infinite diffusion
model where a double layer capacitance and a charge transfer
impedance are added with Warburg diffusion impedance.
Here, polarization that occurredwas influenced by the kinetic
and diffusion processes and it can be interpreted by the
Warburg model simulation. Here, 𝑅

𝑠
denotes the solution

resistance. It showed the resistance value literally where the
semicircle intercepts with the real axis at high frequency
region. In this model, the passivation reaction was proposed
and the resistance between the space charge layer and open
Helmholtz layer was considered dependent on the double
layer capacitance (𝐶dl) and charge transfer resistance (𝑅ct).

A simple mechanism of photoelectron excitation was
illustrated in Figure 11. When light was illuminated with
sufficient photon energy, the electron transfer happens from
O (2p) valence band to Ti (3d) conduction band. The Ce
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atoms also absorb photon energy and transfer it to the
photoelectrons. This incident drives the electrons intensely
and it helps to reduce the recombination of electron-hole
pairs.

The Ce atoms also act as a charge carrier trap. And
finally, with the help of a little outer circuit bias, the electrons
move steadily towards counter electrode. RGO 𝜋-electron
conjugation structure favors the electron movement in this
regard.Thus, electrons become available on counter electrode
for redox species to be reduced, leaving the holes for the
other species to be oxidized.Thus, the photocatalytic reaction
proceeds and the photocurrent generated from the reaction
becomes the driving force for the reaction.Thewhole process
is still unclear to the researchers and we are lacking great deal
of information about different behaviors of catalyst material
towards different redox species. However, a combination
of both theoretical and experimental results will help to
understand in detail the PEC process.

+ −

Ce

TiO2
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e−e−e−e−
e−

e− e−
e−

Ce
Ti
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Figure 11: A schematic diagram of Ce doped RGO-TiO
2
composite

and a rough presentation of photoelectron release mechanism.

When a semiconductor is dipped into an electrolyte
containing redox species, the chemical potentials of electrons
on both semiconductor and redox species will try to be in
equilibrium. The charge transfer across the semiconductor
surface will generate a space charge layer and band bending
will occur. This is to minimize the effect of space charge
layer in the semiconductor. Eventually, a potential barrier
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is established so that further electron transfer could not
occur. Under illumination, the space charge layer is weakened
due to electron-hole separation [1]. The photons push the
electrons inside the bulk of the semiconductor and thus
the holes come out on the surface. Ultimately, the band
bending decreases and it facilitates themovement of electrons
towards outer circuit that is to the counter electrode. Thus,
the photocurrent develops when the holes start to react with
the redox species present in the electrolyte.The electron-hole
separation can be enhanced by applying a small bias voltage
to form overpotential on the electrode. This overpotential
changes the width of the space charge layer and hinders the
recombination of electron-hole pairs. Thus, more and more
active species are oxidized on the semiconductor surface and
photoelectrocatalytic process continues.

4. Conclusions

Ce doped RGO-TiO
2
composite thin films were prepared by

sol-gel and electrophoretic deposition method. The sample
showed enhanced photoelectrocatalytic activity compared to
pure TiO

2
and RGO-TiO

2
composite films. The experiment

was conducted under visible light irradiation. ITO immobi-
lized Ce doped RGO-TiO

2
composite film can be an effective

photocatalyst material with the assistance of electrochemical
activity. Cerium atom absorbs photon at a higher degree and
active photogenerated holes and electrons can be produced
by applying an external bias. The excitons can be rectified
towards efficient oxidation-reduction reaction. ITO glass
substrate can provide a better route for the redox reactions
to take place. Above all, the sample showed better stability
even after 5-hour irradiation period. Further study is needed
to understand the enhanced material efficiency.
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TiO
2
/SiO
2
/Fe
3
O
4
(TSF) core-shell nanoparticles with good photocatalytic activity that are capable of fast magnetic separation

have been successfully prepared by chemical coprecipitation and two-step sol-gel process. The as-prepared TSF nanoparticles
were calcined at high temperature in order to transform the amorphous titanium dioxide into a photoactive crystalline phase. The
calcined nanoparticles are composed of a Fe

3
O
4
core with a strong response to external magnetic fields, a SiO

2
intermediary layer,

and a TiO
2
outshell. Vibration sample magnetometer (VSM) analysis confirms the superparamagnetism of calcined nanoparticles,

which can enhance the recoverable properties of the novel photocatalyst. When the TiO
2
/SiO
2
/Fe
3
O
4
core-shell nanoparticles are

added to the crude oily wastewater, they exhibit high photocatalytic activity in the degradation of crude oily wastewater. The oil
concentration could be reduced to lower than 30 ppm within 20 minutes for the case of initial oil concentration less than 350 ppm.
It has been found that the TSF nanoparticles could be easily separated from the wastewater and withdrawn by using an external
magnetic field.The recovered TSF nanoparticles possess high efficiency in the degradation of crude oily wastewater even after three
times successive reuse. The present results indicate that TSF core-shell nanoparticles possess great application perspectives in the
degradation of crude oily wastewater.

1. Introduction

Photocatalytic technology offers a facile and cheap method
for removing inorganic and organic pollutants from waste-
water [1–4], since most pollutants could be degraded or
mineralized by use of photocatalytic degradation technology
[5–7]. Photocatalysts used in UV or near-UV light activated
processes are semiconductor materials such as TiO

2
, ZnO,

and CdS [8, 9]: among them, the nanosized titanium dioxide
is one of the most widely used photocatalysts due to its high
photocatalytic activity, low cost, good stability, and nontoxic
nature [10–12].

When TiO
2
photocatalyst is employed in the degra-

dation of wastewater by photocatalytic process, it could
be suspended in wastewater directly or be supported on
substrate materials firstly and then immersed in wastewater
with substrates. Nanosized TiO

2
photocatalyst can either

be suspended in wastewater or be supported on substrate
materials. Nanosized TiO

2
photocatalyst immobilized on

substrate materials (such as glass, zeolite, silica, and ceramic)
would benefit its separation from the wastewater. However,
the activity of TiO

2
photocatalyst in the fixed state is

reduced to a considerable extent because the effective surface
area of TiO

2
photocatalyst decreases dramatically after the

immobilization of TiO
2
. In addition, TiO

2
photocatalyst

may easily fall off the substrate materials, which make
their complete recovery from wastewater difficult [13, 14].
So developing recoverable TiO

2
photocatalysts with high

photocatalytic activity is meaningful and imperative. It has
been reported that magnetic separation provides a suitable
solution of this problem for removing TiO

2
photocatalysts

from wastewater and reusing by applying external magnetic
field [15–21]. The combination of TiO

2
photocatalyst and

magnetic oxide nanoparticles (Fe
3
O
4
, 𝛾-Fe
2
O
3
, and𝛼-Fe

2
O
3
)
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may enhance the separation and recoverable property of
nanosized TiO

2
photocatalyst. However, compared with

nanosized TiO
2
, the magnetic oxide nanoparticles are much

more unstable, especially under acidic conditions. Beydoun
et al. [22, 23] reported a photo-dissolution phenomenon,
which was found in the coating anatase TiO

2
directly onto

magnetite. Electronic interactions will occur between TiO
2

and magnetite core, which not only deteriorates the pho-
tocatalytic activity of TiO

2
, but also changes the magnetic

properties of magnetite core. Furthermore, the preparing
process of TiO

2
photocatalyst usually involves a high tem-

perature annealing, magnetic oxide nanoparticles such as
Fe
3
O
4
or 𝛾-Fe

2
O
3
, if treated concurrently, may transform to

antiferromagnetic𝛼-Fe
2
O
3
, whichwill reduce the property of

magnetic response [24]. A suitable solution of this problem
is the utilization of a passive interlayer SiO

2
between the

magnetic core and TiO
2
shell. It has been found the SiO

2

layer promotes the photocatalytic activity of the catalyst by
decreasing the negative effect of magnetic core [25, 26].
However, in prior studies the photocatalytic activity of com-
bined photocatalysts did not show much improvement when
comparedwith anatase-formnanoparticles, probably because
the size of TiO

2
shell and magnetic core was not controlled

reasonably.
In present study, the TSF core-shell magnetic nanopar-

ticles, which constitute a Fe
3
O
4
layer, a SiO

2
intermediary

layer, and a TiO
2
outer shell, have been successfully prepared.

The TSF core-shell magnetic photocatalysts exhibit high
photocatalytic efficiency, which is the same as the well-
known commercial photocatalyst P25, a mixture of 80%
anatase and 20% rutile form of TiO

2
produced by Degussa

Chemical Company (Germany). As a result, the TSF core-
shell magnetic photocatalysts can be efficiently recovered
from the solution by using external magnetic field for many
times without significant loss of photocatalysts and photocat-
alytic activity. The photocatalytic activity of the as-prepared
TSF core-shell magnetic nanoparticles and the recovered
ones has been studied by photocatalytic experiments in the
degradation of crude oily wastewater.

2. Experiment

2.1. Synthesis of Fe
3
O
4
Core. The Fe

3
O
4
superparamagnetic

cores were prepared by the chemical coprecipitation method.
The Fe

3
O
4
cores were synthesized with the mixed solution of

ferric chloride hexahydrate (FeCl
3
⋅6H
2
O) and ferric chloride

tetrahydrate (FeCl
2
⋅4H
2
O) at 80∘C for 1 h, together with a

suitable amount of ammonia (NH
4
OH). The solution was

centrifuged and washed with distilled water, and the Fe
3
O
4

cores were dried for 12 h. The average size of the prepared
Fe
3
O
4
cores is around 8–10 nm.

2.2. Synthesis of SiO
2
/Fe
3
O
4
Nanoparticle. The SiO

2
inter-

mediary layer was prepared by using the sol-gel method.
The above Fe

3
O
4
cores were mixed with ethanol (50mL)

and ammonia under vigorous magnetic stirring. TEOS was
added into the solution slowly and then aged for 5 h. After
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Figure 1: (a) XRD patterns of Fe
3
O
4
core and (b) TSF photocatalyst.

𝐴: anatase and𝑀: magnetite.

being washed with ethanol three times, SiO
2
/Fe
3
O
4
(SF)

nanoparticle was dispersed in ethanol for using.

2.3. Synthesis of TiO
2
/SiO
2
/Fe
3
O
4
Photocatalyst. The outer

layer TiO
2
was prepared by using the sol-gel method. The

SiO
2
/Fe
3
O
4
(SF) nanoparticles were mixed with ethanol

(50mL) and ammonia under ultrasonic dispersion for
30min. An appropriate amount of TBOT was added into the
solution drop by drop. The final photocatalysts were washed
with ethanol three times, dried at 60∘C for 48 h, and finally
were calcined at 450∘C for 3 h.

2.4. Characterization. The crystalline structure of particles
was examined by using a Rigaku𝐷/max-RBX-ray diffraction
(XRD) spectrometry with Cu-Ka radiation. The size and
microstructure of samples have been characterized with
JEM 200CX transmission electron microscope (TEM) with
200 kV operating voltage and JEOL-2011 high resolution
transmission electron microscopy (HRTEM). The magnetic
property of samples was measured with Lakeshore 7307
vibration sample magnetometer (VSM).The porosity of sam-
ples was measured by the nitrogen adsorption-desorption
isotherm and BJHmethods on themicromeritics ASAP 2000
specific surface area instrument. A UV-2802PC ultraviolet-
visible spectrometer was used tomeasure theUV/Vis absorp-
tion spectrum of the solutions to monitor the concentration
of crude oil at different time intervals.

2.5. Photocatalytic Degradation of Crude Oily Wastewater.
Photocatalytic activities of the nanoparticles have been eval-
uated by degradation experiments of modulated crude oily
wastewater in a self-made photocatalytic reactor. An 8W
UV lamp was used as the ultraviolet light source and air-
blowing apparatus has been used; 0.2 g/L TSF and 0.067 g/L
commercial TiO

2
were suspended in the modulated crude
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Figure 2: (a) TEM images of Fe
3
O
4
. (b) TEM images of SF. (c) TEM images of TSF. (d)HRTEM images of TSF.The inset in (c) is the electronic

diffraction of TSF.
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Figure 3: FTIR spectrum of TSF core-shell nanoparticles.

oily wastewater. To determine the change of crude oil con-
centration during photocatalysis process, a few milliliters of
solution was taken from the mixture at different time. Then,
the nanoparticles were separated from the solution with a
magnetic bar. The solution was subsequently mixed with
CHCl

3
, followed by centrifugation. Finally, CHCl

3
solution

was taken out and the oil concentration was measured with
UV-Vis spectrometer (UV-2802PC Unico). According to the
measurement, the oil concentration was calculated based on
the concentration-absorbance curve obtained by a standard
measurement.

3. Results and Discussion

3.1. Characterization of the Nanoparticles. The successful
preparation of Fe

3
O
4
magnetic nanoparticles and the TSF

core-shell magnetic photocatalysts have been confirmed by
X-ray diffraction analysis (Figure 1). Figure 1(a) shows X-
ray diffraction patterns of Fe

3
O
4
core. The diffraction peaks

located at 30.0∘, 35.4∘, 43.0∘, 53.6∘, 57.2∘, and 62.5∘ can be
perfectly indexed to the crystal planes (220), (311), (400),
(422), (511), and (440) ofmagnetite phase Fe

3
O
4
, respectively.

The average crystal size of Fe
3
O
4
was calculated by using

Scherrer’s formula𝐷hkl = 0.89𝜆/(𝛽cos𝜃), where𝛽 is thewidth
of the XRD peak at the half-peak height, 𝜆 is the X-ray wave-
length in nanometers, and 𝜃 is the half diffraction angle of 2𝜃
in degrees. The average crystal size of Fe

3
O
4
, determined by

the data from𝐷
311

, is around 11.7 nm, which is approximately
consistent with the TEM observation mentioned later. After
two-step sol-gel processes and calcination, the X-ray spectra
confirm the transformation of amorphous TiO

2
to anatase,

as shown in Figure 1(b). The diffraction peaks indicated by 𝐴
in Figure 1(b) are indexed as anatase TiO

2
, while diffraction

peaks indicated by 𝑀 in Figure 1(b) are indexed as the
magnetite Fe

3
O
4
. The wave packet that appears in the range

of 20∘∼ 30∘ might result from the interlayer of amorphous
SiO
2
. No clear glassy sharp peak has been observed due to

the fact that the thickness of the coated SiO
2
layer is very

small and the diffraction peak of amorphous structures is
very weak if compared with the crystalline diffraction peaks.
It approves that the coating layer of Fe

3
O
4
is amorphous SiO

2
.

“𝐴” peak is the diffraction peak of TiO
2
(25.38∘, 48.04∘, and
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Figure 4: The magnetization curve of (a) Fe
3
O
4
core and (b) TSF photocatalyst.

37.80∘), and it is the coincidence of three diffraction peaks of
anatase, so it approves that the coating of SF nanoparticles
is anatase TiO

2
. According to Scherrer’s formula, the average

TSF photocatalyst size was around 19.1 nm.
The structure characterization of the as-prepared

nanoparticles has been examined with transmission electron
microscope (TEM) and high resolution transmission electron
microscope (HRTEM). Figure 2(a) shows the morphology
of Fe
3
O
4
nanoparticles, and the size of Fe

3
O
4
nanoparticles

is around 5–20 nm, which agreed with the result obtained
from XRD analysis. The direct coating of silicon oxide
onto the surface of the magnetite core was carried out
by the hydrolysis of TEOS using sol-gel method, which
can be seen from Figure 2(b). The SF nanoparticles had a
core-shell structure in which magnetite was predominantly
concentrated in the center of the SF nanoparticles. The
direct coating of titanium oxide onto the surface of the SF
nanoparticles was carried out by the hydrolysis of TBOT
using sol-gel method, as can be seen from Figures 2(c) and
2(d). Before calcination, titanium oxide was amorphous
and after calcination at 450∘C for 3 h, the amorphous TiO

2

transformed to the anatase phase, which is confirmed by the
peaks in the XRD pattern (Figure 1(b)). By using Scherrer’s
formula, the size of TSF photocatalyst is around 10–30 nm,
which matches the results of XRD analysis.

The Fourier transform infrared (FTIR) spectroscopy
spectrum of the calcined sample was investigated to con-
firm the structure of core-shell nanoparticles. As shown in
Figure 3, TSF core-shell nanoparticles show more signals
than P25. The band at ca. 1620 cm−1 can be assigned to the
H-O-H stretching vibration, and the band at ca. 1100 cm−1
and 800 cm−1 corresponds to the asymmetric vibration and
symmetric vibration of Si-O-Si. The presence of water is
proved by the stretching mode at 3400 cm−1. This surface
hydroxylation will benefit the photocatalytic degradation
of organic contaminants. Notably, no absorption peaks
corresponding to Fe

3
O
4
core are revealed, suggesting that it

was totally coated by outer shell.

The magnetic properties of the Fe
3
O
4
nanoparticles and

TSF core-shell magnetic nanoparticles have been measured
by use of the vibration sample magnetometer. The mag-
netization curves of Fe

3
O
4
nanoparticles and TSF core-

shell nanoparticles are shown in Figures 4(a) and 4(b),
respectively. According to Figure 4, the saturation magne-
tization and the residual magnetization of Fe

3
O
4
nanopar-

ticles are 67.7 emu/g and 1.6 emu/g, respectively, while the
coercivity of Fe

3
O
4
core is close to zero, indicating the

existence of superparamagnetism characteristics. After two-
step coating and calcination, the saturation magnetization
and the residual magnetization of TSF photocatalyst are
16.7 emu/g and 0.74 emu/g, respectively, while the coercivity
of TSF photocatalyst is 5.78Gs, which is still close to zero,
confirming the superparamagnetism nature of TSF photocat-
alyst. Due to the superparamagnetism nature, TSF photocat-
alyst can demagnetize easily. When additional magnetic field
intensity decreases to zero, the residual magnetization of TSF
photocatalyst also drops to zero quickly, which would benefit
the removal and demagnetization of TSF photocatalyst. It
would provide the feasibility of the recovery and reusing of
TSF photocatalyst.

The surface area of TSF photocatalyst and P25 was inves-
tigated by using nitrogen adsorption-desorption isotherms.
The calculated BET surface area of TSF photocatalyst and P25
is 40.5m2/g and 50m2/g, respectively. It is known that large
specific surface area is beneficial to the photocatalytic activity.

3.2. Photocatalytic Activity. We further demonstrated the
photocatalytic performance of TSF photocatalyst by the
removal of crude oil from oily wastewater. For comparison,
we also evaluated the photocatalytic performance of P25
anatase TiO

2
. Figure 5(a) shows the absorption spectra of

oily wastewater exposed to UV light for different time
intervals. The typical absorption peak at 245 nm gradually
decreases as the time increases and completely disappears
after 40min, implying the complete degradation of crude
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Figure 5: (a) Absorption spectra of oily wastewater exposed to UV light. (b) Photocatalytic performance of TSF and P25. (c) The effect of
initial oil concentration on the photocatalysis process of TSF. (d) Pseudo-first-order model fitting of (c) in degrading crude oily wastewater
with the oil concentration less than 350 ppm.

oil by the photocatalysts. Figure 5(b) shows that the oil
concentration of oily wastewater varies with the photocat-
alytic degrading time. It shows that with the increase of
degrading time the oil concentration decreases rapidly. After
10min photocatalytic degradation, the oil concentration is
reduced from 176 to 20 ppm. It indicates that the TSF core-
shell magnetic nanoparticles possess high photocatalytic
activity and can purify the crude oily wastewater efficiently.
While keeping the amount of TiO

2
in TSF photocatalyst and

P25 TiO
2
the same, we found that TSF photocatalyst and

P25 TiO
2
show similar photocatalytic activity under identical

conditions, as shown in Figure 5(b). The good photocatalytic
activity of TSF photocatalyst may be caused by two reasons.

One reason is the small size of anatase phase formed during
the calcination process. Some previous papers pointed out
the optimal size of anatase for photocatalysis is around 10 nm
[27–29]. The other reason is the formation of Ti-O-Si bond,
which has been reported in many papers to enhance the pho-
tocatalytic efficiency [30–32]. Meanwhile, SiO

2
intermediary

layer inhibits electrical contact and prevents photogenerated
electrons from transferring into the lower lying conduction
band of the iron oxide core, thus eliminating the possible
photodissolution of iron oxide in the reaction process.

Figure 5(c) shows that the curves of oil concentration
vary with photocatalytic degradation time for different initial
oil concentration in the wastewater. It has been found that
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Table 1: Kinetic parameter of oil degradation.

Initial oil concentration
𝐶
0
(ppm)

Pseudo-first-order kinetics
equation

Kinetic constant 𝑘obs
(min−1) Correlation coefficient 𝑅2

100 ln(𝐶
0
/𝐶) = 1.2730 + 0.0231𝑡 0.0231 0.9554

178 ln(𝐶
0
/𝐶) = 0.6504 + 0.0204𝑡 0.0204 0.9566

340 ln(𝐶
0
/𝐶) = 2.8314 + 0.0178𝑡 0.0178 0.8227

even the initial oil concentration is as high as 340 ppm, the
crude oily wastewater could be purified quickly and the oil
concentration can be reduced to less than 30 ppm within
20 minutes. It indicates that TSF nanoparticles exhibit high
efficiency. It has been shown that the photocatalytic degrada-
tion of crude oil follows pseudo-first-order kinetics according
to Langmuir-Hinshelwood model, and the photocatalytic
reaction can be described simply by ln(𝐶

0
/𝐶) = 𝑘𝑡, where

𝐶 and 𝐶
0
are the actual and initial oil concentration and

𝑘 is the degradation rate parameter. The kinetic parameter
and pseudo-first-order model fitting are summarized in
Table 1 and Figure 5(d). The sample with initial oil concen-
tration 100 ppm exhibits the highest photocatalytic efficiency;
its kinetic constant 𝐾obs is 0.0231min−1, which is much
higher than that with initial oil concentration of 178 ppm or
340 ppm.The increase of oil concentration leads to a decrease
in photocatalytic activity.

3.3. Recovery Properties. After photocatalytic degradation
experiments, the TSF core-shell magnetic nanoparticles
within the wastewater in the container could be easily
withdrawn with an external magnetic field (NdFeB magnet).
When the magnet is located at the bottom outside of the
container, all of the TSF core-shell magnetic nanoparticles
could be separated from the wastewater and attracted to
the bottom of the container within only 5 minutes. The
photocatalytic activity of the recovered photocatalysts has
not noticeably changed after three successive cycles under
UV-Vis irradiation indicating that magnetically recoverable
photocatalyst is stable and effective for the degradation of
crude oil. The photocatalytic performance of TSF after three
cycles under UV-Vis irradiation is illustrated in Figure 6.The
slight decrease in photocatalytic activity might result from
the absorbance of crude oil, but it could be recovered by
a high temperature calcination of the contaminant. Present
results indicate that the magnetically recoverable TSF core-
shell nanoparticles are stable and effective for the degradation
of crude oily wastewater.

4. Conclusions

In summary, TSF core-shell magnetic nanoparticles, which
are constituted by a Fe

3
O
4
core, a SiO

2
protective inter-

mediary layer, and a TiO
2
outshell, have been prepared by

use of chemical coprecipitation and sol-gel processes. The
as-prepared TSF core-shell magnetic nanoparticles display
superparamagnetic behavior with saturated magnetization
of 16.7 eum/g, residue magnetization of 0.74 eum/g, and
coercivity of 5Gs. It has been found that the TSF core-shell
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Figure 6: Photocatalytic performance of TSF after three cycles.

magnetic nanoparticles possess high photocatalytic activity
in the degradation of crude oilywastewater.With the addition
of 0.2 g/L TSF core-shell magnetic nanoparticles, the oil
concentration in the crude oily wastewater could be reduced
to lower than 30 ppm within 20 minutes for the initial oil
concentration less than 350 ppm. After photocatalytic exper-
iments, the TSF core-shell magnetic nanoparticles could be
easily separated from the wastewater and withdrawn back by
use of external magnetic field (a NdFeB magnet). It has been
found that recovered TSF core-shell magnetic nanoparticles
also exhibit high efficiency in the degradation of crude oily
wastewater even for three cycles. Present results indicate that
magnetically recoverable TSF core-shell magnetic nanoparti-
cles are promising nanomaterials for degrading the crude oily
wastewater.
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First-principles calculations for the temporal characteristics of hole-phonon relaxation in the valence band of titanium dioxide
and zinc oxide have been performed. A first-principles method for the calculations of the quasistationary distribution function
of holes has been developed. The results show that the quasistationary distribution of the holes in TiO

2
extends to an energy level

approximately 1 eVbelow the top of the valence band.This conclusion in turn helps to elucidate the origin of the spectral dependence
of the photocatalytic activity of TiO

2
. Analysis of the analogous data for ZnO shows that in this material spectral dependence of

photocatalytic activity in the oxidative reactions is unlikely.

1. Introduction

The relaxation of excited holes in the photocatalytic oxides
is manifested in the transfer of holes to the highest valence
band states and in trapping them on defects or surface states,
the processes that profoundly affect the properties of the
oxides [1–10]. Recently,Henderson published a review studies
concerning the relaxation [11]; therefore, we restrict our
introduction only to studies associated with the relaxation
of holes that occurs via interactions with phonons and that
terminates when holes ascend to the top of the valence band.

In photocatalytic oxides, the thermalization of excited
electrons via electron-phonon interaction occurs very
rapidly, within several hundreds of femtoseconds; see
references in [12, 13]. It is natural to suppose that the
relaxation of excited holes in the valence band also occurs
rapidly. Since the electron-hole recombination is a much
slower process, one can assume that the efficiency of a
photocatalyst should not depend on the energy of the
exciting photon [11]. However, this assumption is not true.

The dependence of photocatalytic activity on the energy
of excitation has been observed for the first time by Grela
et al. [1] who studied the photocatalytic oxidation of salicylate
(S) in presence of aqueous sols containing nanoparticles
of TiO

2
. The authors found that the photons absorbed

through nanoparticles at 254 nm were 8-times more efficient
than those absorbed at 366 nm. The authors proposed that
the thermalization of holes in nanoclusters occurs in the
nanosecond timescale compared with the timescale of hole
transitions to the molecules absorbed on the surface. The
authors subsequently studied the photocatalysis of salicylate,
phthalate (P), and resorcinol (R) [3]. It is well known that the
effective mass of excited electrons is greater than the mass of
holes, so the authors suggested that the excess photon energy
is channeled into holes. An essential finding of this work is
that the quantum yield of the oxidative reaction suddenly
increases when the excess energy increases above∼0.2 eV.The
maximum quantum yield is achieved at 0.5 eV for P, but the
yield rises permanently for S and remains constant for R.
These trends are explained by theMarcus theory [14–16], and
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these results suggest that hole relaxation is a slower process
compared with hole transfer from a solid to amolecular state;
otherwise the variation of the quantum yield with the excess
energy would be impossible.

Emeline et al. [5] studied the effects of photodegradation
of phenol and 4-chlorophenol on the nanoparticles of the
standard Degussa photocatalyst, confirming the spectral
dependence of the photocatalytic activity. These authors
observed that the quantum yield of the reactions varies with
changes in the photon energy, as the variation of quantum
yield has at least three maxima at energies corresponding to
direct and indirect electron excitations in bulk TiO

2
. Authors

related these changes to themobility and lifetimes of the holes
generated at different excitation energies in different points of
the Brillouin zone. Notably, the photocatalyst nanoparticles
obtained in the experiments of Emeline et al. (∼30 nm)
were markedly larger than the nanoparticles obtained in the
studies of Grela et al. (5 nm). These circumstances imply that
spectral dependence of the photocatalytic activity can be a
property of both nanoparticles and bulk photocatalysts.

Although the authors of the cited papers emphasized
the important role of the hole-phonon relaxation, they did
not evaluate the temporal characteristics of these processes.
To our knowledge, only Morishita et al. [4] have attempted
such evaluations. In their work the two-photon femtosecond
transient reflecting grating (TRG) method was applied to
determine the dynamics of the currents for the degradation
of KSCN on the (001) surface of TiO

2
. The authors showed

that the dependence of the probe TRG-signal on the delay
between the pump and probe pulses reflects changes in the
concentration of holes excited by the pump. They fitted the
signal to two exponential curves, a slow and a quick one.The
slow component, with a time constant from 150 to 173 ps, has
been attributed to electron-hole recombination. The quick
component, whose intensity depends on the surface concen-
tration of KSCN and intensity of irradiation, was attributed to
the decrease in the hole concentration due to electron transfer
from KSCN to the holes in TiO

2
. With increasing pump

power intensity the time constant of the quick component
varied from 110 to 690 fs. The time constant of the hole-
phonon relaxations cannot be less than the time constant
of the quick component; otherwise the quick component is
absent. So these results help to estimate the time constant of
the hole relaxation.

In the remaining papers cited at the onset [6, 8–10],
the processes of carrier trapping on the defects or on the
surface states have been discussed, although these processes
are too slow to be compared with the time of the hole-
phonon relaxation. Hence, despite the important role of the
hole-phonon relaxation, the available data on the timing of
these processes are scanty and insufficiently accurate. The
number of theoretical works on this subject is limited and
incomparable to the numerous studies of relaxation time
in metals [17–19]. The formerly developed methods and
computer codes for the solid state theory [20] facilitate first-
principle calculations for the temporal characteristics of the
relaxation processes. However, to our knowledge, only in the
works [12, 13, 21] the calculations for the relaxation time of
excited electrons in TiO

2
and ZnO have been performed.

Electron-phonon
relaxation

relaxation

Electron
transfer

Hole-phonon

VB

CB
UMO

OMO

Molecule

Surface
Volume

Hole
Transfer

ph

Figure 1:The scheme of the processes that occur after the excitation
of the electron-hole pairs near the surface of a photocatalyzer. The
notations have the following sense: VB is the band of valence states,
CB is the band of conduction states, and OMO and UMO are the
occupied and unoccupied molecular states, respectively.

The calculated times of electron-phonon relaxation in these
studies are fairly consistent with the experimental data, and
the distinctions are explained through the specificity of the
performed experiments.

Therefore, we have carried out a first-principles study
for the processes of relaxation of the nonequilibrated holes
in TiO

2
and ZnO. In what follows we outline the physical

foundations of the method and the details of the calculations
and discuss the results and conclusions important for a
better understanding of the photocatalytic properties of these
oxides.

2. Theory

2.1. The Rate of Hole-Phonon Relaxation and the Time of
Energy Loss. In Figure 1 we show the scheme of the processes
that occur near the surface of a photo-catalyzer just after
an electron-hole pair has been excited by the light. Both
the excited hole in the valence band and the electron in
the conduction band lose their energy by phonon emission.
Simultaneously, the electron and hole transfer from the
volume of the photo-catalyzer to the molecules adsorbed on
the surface can take place. It has been shown in the work [2]
that more than 98% of the photon energy goes into excitation
of the holes, so we discuss in the following the rate of the
hole-phonon scattering. One of our aims is to evaluate the
time of the hole energy loss. The spectral dependence of the
photocatalytic activity can be observed if only this time is
longer than the time of hole transfer to the molecule. So the
time of hole energy loss is the high limit of the hole transfer
time.
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Our evaluation of the hole energy loss time is based
on the “golden Fermi rule” of the perturbation theory.
Consistent with this rule, the probability, per unit of time, of
an elementary transition of a single electron from the state
with the wave-vector k and energy 𝑒k,𝑖 to the state with the
wave-vector k + q and energy 𝑒k+q,𝑗, without considering the
thermodynamic factors, can be written as

𝑃
q]
k,𝑖;k+q,𝑗 = (

2𝜋

ℏ
)

⟨k, 𝑖 Δ𝑉q]


k + q, 𝑗⟩

2

× 𝛿 (𝑒k,𝑖 − 𝑒k+q,𝑗 ± ℏ𝜔
]
q) .

(1)

Here, + and − represent the transitions accompanied by the
absorption or the emission, respectively, of a phonon, |k, 𝑖⟩
and |k + q, 𝑗⟩ are the wave functions of the electronic states,
q and ] are the wave vector and polarization of the phonon,
and Δ𝑉q] is the variation of the self-consistent potential
in the crystal caused by the displacement mode of the
phonon. The value ⟨k, 𝑖|Δ𝑉q]|k + q, 𝑗⟩ is the matrix element
of the electron-phonon interaction; the ways of calculating
this matrix element have been widely discussed [20]. The
energy of phonon is typically neglected, as this value is small
compared with the energies of electronic states 𝑒k+q,𝑗 and
𝑒k,𝑗, representing the so-called quasielastic approximation.
After integrating over all wave vectors andpolarizations of the
phonons and energies of electronic states, the probability is
obtained, satisfying themomentum and energy conservation,
for the electron to leave the state |k, 𝑖⟩, losing the energy ℏ𝜔:

Φk,𝑖 (𝜔) = (
2𝜋

ℏ
)∑

𝑗

∑

]
∫
𝐵𝑍

𝛿 (𝜔
]
q − 𝜔)


⟨k, 𝑖 Δ𝑉q]


k + q, 𝑗⟩

2

× 𝛿 (𝑒k+q,𝑗 − 𝑒k,𝑖) 𝑑
3q.

(2)

Function Φk,𝑖(𝜔) is an analog of the well-known Eliashberg
function 𝛼

2
𝐹k,𝑖(𝜔) [22]. The difference is in a constant,

𝛼
2
𝐹k,𝑖 (𝜔) =

Φk,𝑖 (𝜔)

(2𝜋/ℏ)
. (3)

In addition, the conventional Eliashberg function is defined
at the Fermi energy of metals, whereas Φk,𝑖(𝜔) is defined
at arbitrary energy inside the valence band. The Eliashberg
function is connected with a constant of electron-phonon
coupling 𝜆, calculated as

𝜆k,𝑖 = 2∫
𝛼
2
𝐹k,𝑖 (𝜔)

𝜔
𝑑𝜔. (4)

When the thermodynamic equilibrium exists, the change
in the population of the state at energy 𝑒k,𝑖 is determined
by the effects of the four kinds of electron transitions that
occur between the 𝑒k,𝑖-state and the states at 𝑒k,𝑖 ± ℏ𝜔 and
are accompanied by the phonon absorption or emission. The
probability of these processes, hereafter 𝑈, is determined by

the probability of the elementary process and Bose statistics
𝑄(ℏ𝜔, 𝑇):

𝑈
q]
k,𝑖;k+q,𝑗 = 𝑃

q]
k,𝑖;k+q,𝑗 [𝑄 (ℏ𝜔q], 𝑇) + 𝐼]

× 𝛿 (𝑒k,𝑖 − 𝑒k+q,𝑗 ± ℏ𝜔q]) ,
(5)

where 𝐼 = 0 represents the absorption of phonon and 1 repre-
sents the emission. Considering this statistic for phonons and
Fermi statistics for electrons, hereafter 𝑅, and assuming, for
the dynamics of holes, that the initial population of the level
is zero, an expression for the change of population rate (see
details in [23]) can be obtained:

Γk,𝑖 = ∫𝑑𝜔Φk,𝑖 (𝜔) [1 + 2𝑄 (ℏ𝜔, 𝑇) + 𝑅 (𝑒k,𝑖 + ℏ𝜔, 𝑇)

−𝑅 (𝑒k,𝑖 − ℏ𝜔, 𝑇)] .

(6)

If the electron population is 𝑛(𝑒k,𝑖), then the number of holes
in the state is 𝑛

ℎ
(𝑒k,𝑖) = 1 − 𝑛(𝑒k,𝑖), and so expression

(6) also determines the rate of the hole relaxations. At low
temperatures, this value is reduced with high precision to

Γk,𝑖 = ∫𝑑𝜔Φk,𝑖 (𝜔) [2𝑄 (ℏ𝜔, 𝑇) + 1] = (
2𝜋

ℏ
)

× ∑

𝑗

∑

]
∫𝑑𝜔∫

𝐵𝑍

𝑑
3q𝛿 (𝜔q] − 𝜔)

×

⟨k, 𝑖 Δ𝑉q]


k + q, 𝑗⟩

2

× 𝛿 (𝑒k+q,𝑗 − 𝑒k,𝑖) [2𝑄 (ℏ𝜔, 𝑇) + 1] .

(7)

In the real calculations described below we neglect the 𝑄

factor; hence we perform evaluations for the case of low
temperatures.

Having calculated the rate of hole-phonon relaxation, we
can evaluate the relaxation time of the hole defined as the
time from the moment of its emergence to the moment of
transition to a higher level, owing to the filling of the hole-
containing state with an electron that emits phonon:

𝜏k,𝑖 =
ℏ

Γk,𝑖
. (8)

Based on the calculations of the relaxation rate, one can
evaluate for the state |k, 𝑖⟩ the energy loss per unit of time,
defined by the first moment of the probability function Φk,𝑖:

Δ𝑒k,𝑖 = ∫𝑑𝜔Φk,𝑖 (𝜔) ℏ𝜔 [2𝑄 (ℏ𝜔, 𝑇) + 1]

= 2𝜋∫𝑑𝜔𝛼
2
𝐹k,𝑖 (𝜔) ℏ𝜔 [2𝑄 (ℏ𝜔, 𝑇) + 1]
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= 2𝜋∫𝑑𝜔ℏ𝜔

× ∑

𝑗

∑

]
∫
𝐵𝑍

𝑑
3q𝛿 (𝜔

]
q − 𝜔)


⟨k, 𝑖 Δ𝑉q]


k + q, 𝑗⟩

2

× 𝛿 (𝑒k+q,𝑗 − 𝑒k,𝑖) × [2𝑄 (ℏ𝜔q], 𝑇) + 1] .

(9)

We calculated the characteristics averaged over the wave
vectors as

𝜆 (𝐸) = [
1

𝑁
(𝐸)]∑

𝑖

∫𝑑
3k𝛿 (𝑒k,𝑖 − 𝐸) 𝜆k,𝑖 (10)

Γ (𝐸) = [
1

𝑁
(𝐸)]∑

𝑖

∫𝑑
3k𝛿 (𝑒k,𝑖 − 𝐸) Γk,𝑖 (11)

Δ𝑒 (𝐸) = [
1

𝑁
(𝐸)]∑

𝑖

∫𝑑
3k𝛿 (𝑒k,𝑖 − 𝐸)Δ𝑒k,𝑖, (12)

where 𝑁(𝐸) are the densities of electronic states. Employing
the calculated Γk,𝑖 and Δ𝑒k,𝑖, we can also evaluate the mean
energy of the emitted phonons:

Δ𝑒 (𝐸) =
∑
𝑖
∫𝑑
3k𝛿 (𝑒k,𝑖 − 𝐸)Δ𝑒k,𝑖

∑
𝑖
∫𝑑3k𝛿 (𝑒k,𝑖 − 𝐸) Γk,𝑖

. (13)

In the theory of photocatalytic processes, the energy loss time
𝜏en(𝐸

, 𝐸) can also be useful that we define as the average

time necessary for a hole to pass from its initial energy
level 𝐸 to the level 𝐸. If at any intermediate energy 𝐸

, the
average relaxation time is 𝜏(𝐸) and the average energy loss
is Δ𝑒(𝐸


), then the rate of the energy loss at this energy level

is Δ𝑒(𝐸

)/𝜏(𝐸

) = Δ𝑒(𝐸


)Γ(𝐸

). Then the energy loss time

is

𝜏en (𝐸

, 𝐸) = ∫

𝐸

𝐸


𝑑𝐸


Δ𝑒 (𝐸) Γ (𝐸)
. (14)

2.2. Quasistationary Distribution of Holes inside the Valence
Band. Initially, we consider the temporal evolution of the
mean population 𝑛(𝑡, 𝐸) of a single state at the energy
level 𝐸. Considering the four aforementioned processes, this
population can be written as (here 𝜖 ≡ ℏ𝜔)

𝜕𝑛 (𝑡, 𝐸)

𝜕𝑡

= [1 − 𝑛 (𝑡, 𝐸)] ∫

ℏ𝜔
𝑚

0

𝑑𝜖𝑛 (𝑡, 𝐸 + 𝜖) 𝐹 (𝐸 + 𝜖, 𝐸) [𝑄 (𝜖) + 1]

+ [1 − 𝑛 (𝑡, 𝐸)] ∫

ℏ𝜔
𝑚

0

𝑑𝜖𝑛 (𝑡, 𝐸 − 𝜖) 𝐹 (𝐸 − 𝜖, 𝐸)𝑄 (𝜖)

− 𝑛 (𝑡, 𝐸) ∫

ℏ𝜔
𝑚

0

𝑑𝜖 [1 − 𝑛 (𝑡, 𝐸 + 𝜖)] 𝐹 (𝐸, 𝐸 + 𝜖)𝑄 (𝜖)

− 𝑛 (𝑡, 𝐸) ∫

ℏ𝜔
𝑚

0

𝑑𝜖 [1 − 𝑛 (𝑡, 𝐸 − 𝜖)] 𝐹 (𝐸, 𝐸 − 𝜖) [𝑄 (𝜖) + 1]

+
𝜕𝑛

ext
(𝑡, 𝐸)

𝜕𝑡
.

(15)

In this equation the term 𝜕𝑛
ext

(𝑡, 𝐸)/𝜕𝑡 describes the instanta-
neous hole distribution in the valence band produced by the
source of light; its form is specified below. Function 𝐹(𝐸, 𝐸


)

(not to mix with the Eliashberg function!) is the probability
of the elementary process of electron transition from the
energy level 𝐸 to the level 𝐸 accompanied by the emission
or absorption of the quantum 𝜖 = |𝐸


− 𝐸| summarized over

all the states at these levels. It can be represented as

𝐹 (𝐸, 𝐸

) = ∑

qkk
∑

𝑛𝑛

𝜎

𝛿 (𝐸 − 𝑒k,𝑛) 𝑃
q𝜎
k,𝑛;k,𝑛𝛿k−𝑘+q

× 𝛿 (𝐸

− 𝐸 ∓ 𝜖q𝜎) 𝛿 (𝐸


− 𝑒k ,𝑛) .

(16)

We neglect the probability of the electron-hole recombina-
tion, as this process is to some extent slower. Besides, we
apply the effective phonon approximation to these equations;
that is, we approve that the phonon emission at all the same
frequency with the same probability takes place; then

𝐹 (𝐸, 𝐸 ± 𝜖) = 𝑁 (𝐸)𝑁 (𝐸 ± 𝜖) 𝑃 (𝐸) 𝛿 (𝜖 − ℏ𝜔
0
) , (17)

where ℏ𝜔
0
is the energy of effective phonon. For the value we

can use the average energy of the emitted phonon: ℏ𝜔
0
(𝐸) =

Δ𝑒(𝐸). Studies [12, 13] have shown based on first-principle
evaluations that in the cases of excited electrons in anatase,
rutile, and zinc oxide the energy dependence of this value
is unimportant, and this energy is close to the energy of
the optic phonons. We will show below that for holes in the
valence band the energy dependence is also insignificant.

Looking for an approximation for averaged transition
probability 𝑃(𝐸) we use (1). This equation includes summa-
tion over electronic states only in narrow interval near the
energy 𝑒k,𝑛. Neglecting this energy interval, we assume that
the mean transition probability can be approximated by

𝑃 (𝐸) =
Γ (𝐸)

𝑁 (𝐸)
. (18)

We define the total distribution function of electrons as
the population of all the states at an energy level; hence
it is 𝑓(𝑡, 𝐸) = 𝑁(𝐸)𝑛(𝑡, 𝐸). When we neglect the terms
proportional to 𝑄, that is, when we consider the case of low
temperatures, and linearize (15) with respect to the small
parameter 𝜖, then we derive the equation for 𝑓(𝑡, 𝐸)

𝜕𝑓 (𝑡, 𝐸)

𝜕𝑡
=

𝜕

𝜕𝐸
[𝑁
−1

(𝐸) 𝑓 (𝑡, 𝐸) 𝐵 (𝐸)] +
𝜕𝑓

ext
(𝑡, 𝐸)

𝜕𝑡
.

(19)

Here the function

𝐵 (𝐸) = ∫

𝜔
𝑚

0

ℏ𝜔𝐹 (𝐸, 𝐸 + ℏ𝜔) 𝑑𝜔 (20)
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describes the energy loss of electrons on the level 𝐸 through
the phonon emission, connected with the Δ𝑒-value by the
relation Δ𝑒(𝐸) = 𝐵(𝐸)/𝑁

2
(𝐸). Because the hole distribution

function, defined in a similar way, is𝑓
ℎ
(𝑡, 𝐸) = 𝑁(𝐸)−𝑓(𝑡, 𝐸),

then (20) is also applicable to the calculations of the hole
distribution. However, the term 𝜕𝑓

ext
ℎ

(𝑡, 𝐸)/𝜕𝑡 analogous to
the last term of (15) should also be defined; we accept for this
term the approximation

𝜕𝑓
ext
ℎ

(𝑡, 𝐸)

𝜕𝑡
= 𝑆
0
(𝑡) 𝑆
ℎ
(𝐸) . (21)

Here the factor 𝑆
0
(𝑡), which is time-dependent, describes the

concentration of the holes excited by light, and the function
𝑆
ℎ
(𝐸), hereafter named as instantaneous hole distribution

function (IDF), describes the probability of hole excitations
depending on the excess energy of hole𝐸. Naturally, it should
be normalized to unity: ∫

𝐸exc

0
𝑆
ℎ
(𝐸)𝑑𝐸 = 1 where 𝐸exc is

the photon energy. Admitting that the rate of change of the
𝑆
0
(𝑡)-function is small, that is, excluding the case of pulse

irradiation and assuming that 𝜕𝑓
ℎ
(𝑡, 𝐸)/𝜕𝑡 = 0 we come to

the quasistationary solution for (20):

𝑓
ℎ
(𝑡, 𝐸) = 𝑆

0
(𝑡)

1

Δ𝑒 (𝐸)𝑁 (𝐸)
∫

𝐸
𝑚

𝐸

𝑆
ℎ
(𝐸

) 𝑑𝐸

, (22)

where 𝐸
𝑚
is the maximum excess energy of the excited holes.

The IDF-function can be obtained from the electronic
band structure calculations. In order to calculate this, one
should summarize the probabilities of all possible direct
excitations from the states at the 𝐸 level to the states at the
𝐸 + 𝐸exc level. Thus, the unnormalized IDF can be written as

𝑆
ℎ
(𝐸) = ∑

k𝑛𝑛
𝛿 (𝐸 − 𝑒

𝑛k) 𝑇 (𝑛k, 𝑛k) 𝛿 (𝑒
𝑛k + 𝐸exc − 𝑒

𝑛
k) ,

(23)

where 𝑇(𝑛k, 𝑛k) is the probability of transitions between
the |𝑛k⟩ and |𝑛

k⟩ states. In calculations we replace the 𝛿-
functions with the normalized Gaussian functions whose
width at the half-maximum is 0.01 eV.

In order to calculate the probabilities of excitations, we
apply the atomic sphere approximation [24]. The essence of
this approximation resides in replacing the integration over
whole space with the integrations over atomic spheres whose
total volume covers the total space of crystal. To describe
the interaction between the crystal and the light, we apply to
every atomic sphere the so-called dipole approximation [25].
With such an approximation, the Hamiltonian of interaction
of an atom 𝑆 with electric field of the light E(𝜔) has the form

𝐻
𝑆
= 𝑒D
𝑆
E (𝜔) , (24)

where 𝑒D
𝑆
= 𝑒∑

𝑡
r𝑆
𝑡
is the operator of the dipole moment of

atom, and r𝑆
𝑡
is the radius of an electron with respect to the

center of atomic sphere. That is, the interaction of electrons
with the field is

𝐻(𝜔) = 𝑒∑

𝑡,𝑆

r𝑆
𝑡
𝜖E𝐸 (𝜔) . (25)

We consider the case of a polycrystal, so after averaging over
the angles we have

𝑇 (𝑛k, 𝑛k) =
2𝜋

ℏ
⋅ 𝑒
2
⋅ (𝐸 (𝜔))

2 1

3



∑

𝑡,𝑆

⟨k, 𝑖 r
𝑆

𝑡


k, 𝑗⟩



2

.

(26)

The details of this derivation have been previously described
[25]. Formerly we employed such an approach in the studies
of radiative trapping of excited electrons on B-, C-, and N-
impurities in anatase [26].

The numerical evaluations for the electron-phonon cou-
pling have been done using the density-functional per-
turbation theory [20] implemented in the pseudopotential
Quantum Espresso (QE) computer code [27], version 4.0.4.
We have inserted in the code all the modifications necessary
for our purposes. A plane-wave basis set with the energy
cutoff of 50 Ry was employed which is sufficient for the
successful calculations of the phonon frequencies in rutile
[28]. Before the calculations of the phonons and electron-
phonon interactions, the crystal structures were optimized.
The perfectness of the crystal structure optimization is
characterized by the final variations of the total force and
total energy of the compounds. In our case these variations
were no more than 0.0001 Ry/at.un. and 0.00003 Ry for
the force and energy, respectively. The precision of the
phonon calculations is affected also by the choice of the
atomic pseudopotentials. Normally, in the calculations for
the compounds containing 3d-atoms the semicore 3s- and
3p-states are treated as valence ones. With such basis sets,
the calculations of the momentum-averaged characteristics
of electron-phonon coupling are extremely time-consuming.
An effective way to accelerate the calculations is to eliminate
the semicore bands. So we have generated for titanium the
ultrasoft Rabe-Rappe-Kaxiras-Joannopoulos pseudopoten-
tial with Purdew-Burke-Ernzerhof exchange and correlation
(RRKJ-PBE) and only with the 3d- and 4s-states in basis
set. The standard RRKJ-PBE pseudopotential was employed
also for oxygen atoms. The details of the calculations with
such pseudopotentials have been described in our previous
paper on the excited 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 relaxation in rutile and anatase
[12]. They demonstrate that our modifications lead only to
the changes in the calculated phonon spectra and electron-
phonon coupling constants insignificant in the context of our
discussions.

The electron excitation probabilities 𝑇(𝑛k, 𝑛k) were cal-
culated based on the linear method of muffin-tin orbitals for
the band structure calculations (LMTO-TB) computer code
[29]. Awell-knownunderestimation of the band gap inherent
in this approach has been amended through the application
of a single-site coulomb and exchange correction terms [30].
In order to calculate matrix elements of dipole moment the
integration, procedures implemented in the GW computer
code [31] have been employed.

3. Results and Discussions

In Figures 2, 3, and 4 we show the calculated values of 𝜆,
Γ, and Δ𝑒 as functions of the excess energy of the hole 𝐸
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Figure 2: The mean characteristics of the hole-phonon (empty rhombus) and electron-phonon (black rhombus) relaxation for anatase as
functions of the excess energy 𝐸. Here 𝜆 is the constant of interaction, Γ is the rate of energy loss according to (7) and (11), and Δ𝑒 is the mean
energy lost with emission of one phonon, in accordance with (9), (12), and (13).
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Figure 3: The characteristics of the hole-phonon and electron-phonon relaxation for rutile depending on the excess energy 𝐸. The sense of
the plots is the same as in Figure 2.
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Figure 4: The characteristics of the hole-phonon and electron-phonon relaxation for ZnO depending on the excess energy 𝐸. The sense of
the plots is the same as in Figure 2.

and compare them with the analogous values for excited
electrons. For rutile, our results confirm the previously
proposed assumption [1, 11] that the hole-phonon relaxation
is a process slower than the electron-phonon relaxation.
For anatase, however, the hole relaxation is slower than the
electron relaxation onlywhen the excess energy is higher than
0.7 eV. For ZnO the situation is strikingly different, as the rate
of the hole relaxation is higher. In all the three cases the mean
energy of the emitted phonon Δ𝑒 is close to the analogous
value for electrons, and this value changes insignificantly with
changes in the excess energy. Therefore, we admit in the
calculations for the energy loss time anddistribution function
that this value is constant and equal to 70meV for anatase and
rutile and 55meV for ZnO.

In Figure 5 we show the time of energy loss of a hole,
depending on its final energy𝐸

, as calculated using (14).This
value has been calculated for the initial excess energy of the
hole 𝐸 = 2 eV that was the highest energy in the experiments
[1]. For holes in rutile, the energy loss time 𝜏en(𝐸


, 𝐸) is at

any excess energy ∼30% longer than that for electrons. For
holes in anatase the energy loss time is higher only when
the excess energy is more than 0.5 eV. For holes in ZnO the
energy loss time at any excess energy is about 3 times less than
the electron energy loss time. So our results do not support
the assumption that in the case of TiO

2
the hole relaxation

time is much longer than the electron relaxation time, and
that was proposed in earlier papers in order to explain
the existence of the spectral dependence of photocatalytic
activity.

Results of our calculations for the distribution functions
of holes are shown in Figure 6. For anatase, the concentration
of holes near zero excess energy is accompanied with a
tail that extends to the energy of approximately 1 eV, the
concentration of holes takes place both near the top of the
valence band and in the lower states as well.This effect is even
more pronounced in rutile which exhibits a sharp rise in the
distribution at the energy of 0.4-0.5 eV. In the case of ZnO
the rise of the distribution function appears only below 0.2 eV,
and the hole concentration in the states below the top of the
valence band is rather weak. In particular, the hole distribu-
tion differs in a crucial way from the analogous distribution
for electrons, inasmuch as the calculations demonstrate that
the concentration of excited electrons takes place only near
the edge of the conduction band [21].

It has been shown [1, 3] that the quantum yield of
the processes of photodegradation of a series of aromatic
compounds on the surface of TiO

2
nanoparticles depends on

the energy of the photon. In particular, with the rise of the
excess energy an increase of the quantum yield is observed
beginning from 𝐸 ∼ 0.2 eV. At higher energy, depending
on the type of molecule, this rise converts to a plateau or a
maximum.These results definitely demonstrate that the holes
with excess energy higher than 0.2–0.5 eV participate in the
oxidative reactions.This fact squares with the presence in our
calculations of the distribution function that extend to ∼1 eV.

Because the specimens studied in experiments were
mixtures of the anatase and rutile phases, the question did
not arise concerning which phase was responsible for the
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Figure 5: The time of energy loss of a hole (solid lines) depending on the final value of the excess energy 𝐸
 for anatase (a), rutile (b), and

zinc oxide (c). It is assumed that in the initial moment the hole was excited to the level 𝐸 = 2 eV. For comparison, the analogous data are
shown (dashed lines) for the energy loss time of excited electrons as calculated based on the results of the works [12, 13].

spectral dependence of the quantum yield. We can now turn
our attention to the difference in the distribution functions
of holes in the energy interval 0.2–0.7 eV. Here the value
of this function is for rutile substantially higher than that
for anatase. This difference indicates that rutile is the phase
mostly responsible for the spectral dependence. To explain
the differences in the distribution functions of anatase and
rutile, let us examine the total densities of the states near
the top of the valence band; see Figure 7. It is evident that,
within the interval from 0 to 0.5 eV, the density of the states
in anatase is much higher than that in rutile, consistently
with (21), which generates smaller values for the distribution
function. Physically, the higher distribution function of rutile
reflects a much worse number of electrons that can drop to a
hole state thus indicating its relaxation.

Our data indicate that zinc oxide is least favorable for the
manifestation of spectral dependence of photocatalysis. The
distribution function of holes in ZnO has a peak only below
0.2 eV, with no tail at a higher excess energy. The origin of
the difference in the distribution functions of TiO

2
and ZnO

is concealed in the details of the IDF-function 𝑆
ℎ
(𝐸), (21). In

Figure 8we show the IDF calculated for photon energies from

3.4 to 4.6 eV. These results demonstrate that in the case of
anatase and rutile the holes are produced in both the lower
states and the states near the top of the valence band. In
both cases, with increase in photon energy, the maxima of
the IDF shift to higher excess energy. In the case of anatase,
the main feature of the distribution is a high peak located
near the excess energy 𝐸 that changes with the photon energy
𝐸exc approximately as 𝐸 = −2.0 + 0.66𝐸exc. This change is
accompanied by spikes at lower 𝐸 that are much lower in
height. In the case of rutile, the analogous dependence ismore
complicated. At excitation energies above 3.5 eV, up to seven
peaks of comparable height, are observed. Thus, in this case,
the holes are produced with comparable probability in many
states below the top of the valence band.

In contrast, in the case of ZnO, the holes are produced
only in states near the top of the valence band. The IDF
dependence has only one peak, which does not appear
beyond 0.2 eV. In accordance with (22), the quasistationary
distribution function also does not appear at the energy
beyond this limit. Given this, the absence of excitations from
the low-energy valence band states and spectral dependence
of the oxidative reactions are unlikely in ZnO.



International Journal of Photoenergy 9

30

25

20

15

10

5

0
0.0 0.5 1.0 1.5

E (eV)

f
h
(E

)
(1

/e
V

)

(a)

f
h
(E

)
(1

/e
V

)

30

25

20

15

10

5

0

0.0 0.5 1.0 1.5
E (eV)

(b)

f
h
(E

)
(1

/e
V

)

30

25

20

15

10

5

0

0.0 0.5 1.0

E (eV)

(c)

Figure 6: The calculated distribution function of holes in anatase (a), rutile (b), and zinc oxide (c). In solid lines the data are shown for the
photon energy of 3.5 eV, in dashed lines the data are shown for 4.0 eV, and in point lines the data are shown for 4.5 eV. It is assumed that
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The results of our calculationsmake it possible to estimate
the timescale of hole transfer from the bulk of the crystals
to absorbed molecules. The experimental data [2, 3] demon-
strate an increase in the rate of oxidative reactions when the
excess energy of holes exceeds 0.2–0.5 eV. Our calculations
for the hole distribution functions for TiO

2
show that

the holes can emerge in many states lower than the top of
the valence band. If the time of the hole transfer to molecules
is less than the time of the energy loss via coupling with
phonons, the holes in the states below the top of the valence
band cannot participate in oxidative reactions. Hence one can
expect that the time of hole transfer should be less than∼50 fs.

In order to compare this result with the experimental data
of Morishita et al. [4], we need to take into account the essen-
tial differences between our first-principle and Morishita’s
experimental approach. We evaluate the relaxation rate of
a single hole, but the results of Morishita et al. definitely
demonstrate the dependence of the hole transfer time on
the pump power intensity, that is, on the number of excited
holes. Hence one should compare our estimation with the
extrapolation of the Morishita’s results to zero pump power.
Because of the shortage of experimental data for low pump
power, this extrapolation cannot be reliably performed. It is
clear, however, that the extrapolated data should be lower
than 100 fs.

Unfortunately, the experimental data on the hole relax-
ation rate in ZnO are absent. Also the absence of experi-
mental data on the spectral dependence of the photocatalytic
yields makes the evaluation of the hole transfer time in ZnO
impossible now.

Note that first-principles calculations for the hole transfer
time have not been performed.

4. Conclusions

We have performed first-principles calculations for char-
acteristics of electron-phonon relaxation of excited holes
in the valence band of TiO

2
and ZnO. These values are
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Figure 8: Instantaneous distribution function for anatase (a), rutile (b), and zinc oxide (c) depending on the excess energy of hole 𝐸, as
calculated for the photon energy 𝐸exc from 3.4 eV to 4.6 eV.

the constant of electron-phonon coupling, the rate of energy
loss, the mean energy of the emitted phonon, and the time
of energy loss of a hole. In the case of rutile we find that the
time of energy loss of a hole is about 30% higher than that
of an electron. For anatase the time of energy loss of a hole
is higher than that of an electron only when excess energy
exceeds 0.4 eV. Since these data do not directly correlate with
experimental results on the rate of oxidative reactions, we
conclude that the time of energy loss of a hole is not a
major factor in the emergence of the spectral dependence of
photocatalytic activity.

In order to elucidate the origin of the spectral dependence
of oxidative reactions, we calculated the instantaneous and
quasistationary distribution functions of the holes. These
functions differ significantly from the analogous functions of
excited electrons.The electron distribution functions demon-
strate the concentration of excited electrons near zero excess
energy that is in the states near the bottom of the conduction
band.The distribution functions of holes in anatase reveal the
presence of holes in the states more than ∼0.8 eV below the
top of the valence band. The distribution of holes in rutile
shows a significant increase at excess energy above 0.4 eV,
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thus reflecting a phenomenon favorable for photocatalytic
activity, as this energy increases the oxidative potential of
TiO
2
. The presence of holes in the states below the top of

the valence band is consistent with the available experimental
data which indicate an increase in the photocatalytic activity
at excess energy above 0.2 eV.We thus conclude that themajor
factor responsible for the spectral dependence of photocat-
alytic activity in TiO

2
is a high probability of excitations from

the states below the top of the valence band.
We obtained different results for ZnO which make us

conclude that the probability of finding spectral dependence
of the photocatalytic activity is less for ZnO than for TiO

2
.

The major argument in favor of this conclusion is that the
calculated distribution function of holes in ZnO does not
extend above the excess energy of 0.2 eV.
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Recent uses of titanium dioxide (TiO
2
) have involved various applications which include the food industry. This study aims to

develop TiO
2
nanoparticle-coated film for potential food packaging applications due to the photocatalytic antimicrobial property

of TiO
2
. The TiO

2
nanoparticles with varying concentrations (0–0.11 g/ 100mL organic solvent) were coated on food packaging

film, particularly low density polyethylene (LDPE) film. The antimicrobial activity of the films was investigated by their capability
to inactivate Escherichia coli (E. coli) in an actual food packaging application test under various conditions, including types of light
(fluorescent and ultraviolet (UV)) and the length of time the film was exposed to light (one–three days). The antimicrobial activity
of the TiO

2
nanoparticle-coated films exposed under both types of lighting was found to increase with an increase in the TiO

2

nanoparticle concentration and the light exposure time. It was also found that the antimicrobial activity of the films exposed under
UV light was higher than that under fluorescent light.The developed film has the potential to be used as a food packaging film that
can extend the shelf life, maintain the quality, and assure the safety of food.

1. Introduction

There has been a growing amount of research undertaken
into the applications of titaniumdioxide (TiO

2
) photocatalyst

due to the high photocatalytic activity of this material.
Currently, there is considerable interest in the antimicrobial
property of TiO

2
for applications in the food industry. TiO

2
is

nontoxic and the American Food and Drug Administration
(FDA) has approved TiO

2
for use in human food, drugs,

cosmetics, and food contact materials. The photocatalytic
reaction of TiO

2
has been used to inactivate a wide spectrum

of microorganisms [1–3]. The bactericidal and fungicidal
effects of TiO

2
on, for example, Escherichia coli (E. coli),

Staphylococcus aureus, and Pseudomonas putida have been
widely reported [4, 5]. The development of TiO

2
-coated

or incorporated food packaging has also received attention
[6–9].

For food packaging applications, the main purpose of
the antimicrobial agent is to act against microorganisms

and enhance the functions of conventional food packaging,
namely, shelf life extension,maintenance of quality, and safety
assurance [10]. The antimicrobial agent inhibits spoilage and
reduces pathogenic microorganisms [11]. The antimicrobial
agent also helps extend the shelf life of foods by extending
the lag period of microorganisms, thereby diminishing their
growth and number. Although there are numerous studies of
coatings or antimicrobials incorporated into food packaging
[6–9], the coating of nanometre sized antimicrobial particles,
particularly TiO

2
nanoparticles, onto food packaging filmhas

not been studied extensively.
The advent of nanotechnology has greatly improved the

photocatalytic properties of TiO
2
. The TiO

2
nanoparticles

have attracted considerable attention because they exhibit
unique and improved properties compared to their bulk
material counterparts [12]. They show quantum size effects
in which the physical and chemical properties of materials
are strongly dependent on particle size. At the nanoscale level,
the particle size decreases and the surface area of the particles
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increase dramatically. This is one of the desired features for
the nanoparticles to be used and exploited for photocatalytic
applications.

Microorganisms can be killed by TiO
2
upon illumination

of light due to its photocatalytic properties. Hydroxyl radicals
and reactive oxygen species generated on the illuminated
TiO
2
surface play a role in inactivatingmicroorganismby oxi-

dising the polyunsaturated phospholipid components of the
cell membrane of the microbes [13, 14].The use of nanometre
sized TiO

2
particles has the potential to further enhance

the antimicrobial activity of TiO
2
. Effective antimicrobial

film that can extend the shelf life, maintain the quality, and
assure the safety of the food can be developed by coating
TiO
2
nanoparticles onto food packaging materials. This

creates a large commercial potential for TiO
2
nanoparticles

applications in food industry.
The aim of this study is to develop TiO

2
nanoparticle-

coated film, particularly low density polyethylene (LDPE)
film, by investigating the effect of TiO

2
nanoparticle con-

centrations (0–0.11 g/100mL organic solvent), types of light
(fluorescent and ultraviolet (UV)), and light exposure time
(one–three days) on the antimicrobial activity of the film
for potential food packaging applications. The study was
undertaken on lettuce packed with uncoated and TiO

2

nanoparticle-coated films against E. coli. This research work
offers knowledge for developing antimicrobial nanoparticle-
coated food packaging film with consideration for advance-
ment in industrial applications.

2. Experimental

2.1. Preparation of TiO
2
Nanoparticle-Coated Films. Com-

mercial TiO
2
nanoparticles, Aeroxide P25, were obtained

from Evonik Industries (average particle size: 25 nm, purity:
≥99.5% trace metals basis, crystalline phase: 80% anatase +
20% rutile). An amount of TiO

2
nanoparticles (0.05, 0.08, and

0.11 g) was mixed with 100mL organic solvent, particularly
ethyl methyl ketone (MEK), to produce TiO

2
nanoparticle

concentrations of 0.05 g/100, 0.08 g/100, and 0.11 g/100mL
MEK.The suspensionswere ultrasonically irradiated using an
ultrasonic probe homogeniser equipped with a temperature
controller (Cole-Parmer) for 30 minutes [4]. Based on our
previous study related to dispersion and stabilisation of
photocatalytic TiO

2
nanoparticles in aqueous suspension, it

was expected that the nanoparticles would form agglomerates
and that there would be a change in cluster size before and
after the ultrasonication [4]. However, note that in this work,
changes in cluster size were not measured.

The suspension was then manually coated onto one
side of low density polyethylene (LDPE) packaging film
(dimensions: 16.5 cm × 17.8 cm, thickness: 0.01mm) using a K
bar coater (RK Print Instruments, UK) at room temperature
and dried in air for 10 minutes. A cleanroom was utilised to
reduce any possible contamination that could be adsorbed
or chemisorbed on to the surface of the coated films. Note
that there were no significant changes in the thickness of the
film after the coating process, probably due to the nanometre-
sized TiO

2
particles suspension being too small to make a

measurable difference to the thickness.

2.2. Preparation of E. coli Cells. E. coli is a Gram-negative,
rod-shaped bacterium that is usually found in the human
intestine. Most E. coli strains are harmless, but some varia-
tions can cause serious food poisoning in their hosts such as
E. coli O157 :H7. In this work, E. coli O157 :H7 was obtained
from the Laboratory ofMicrobiology, Faculty of Food Science
and Technology, University Putra Malaysia. The E. coli cells
were grown in a conical glass flask (Schott Duran) containing
500mL Luria-Bertani broth (Becton, Dickinson & Co.). The
flask was incubated on a rotary shaker (New Brunswick Sci-
entific Co.) at 37∘C for 24 hours at 150 rpm. After incubation,
the E. coli cells were harvested by centrifugation (FinePCR) at
4000×g for 20minutes andwashed twice with distilled water.
Microbial stock solutionwas prepared by suspending the final
pellets in distilled water. Serial dilution was undertaken to
obtain the desired initial concentration of microbial solution.
The initial population of E. coli (CFU/mL) was determined
using a colony count method and was found to be 7.33 ×
10
8
±1.13CFU/mL or 8.86±0.12 log CFU/mL (mean value ±

standard deviation).

2.3. Actual Antimicrobial Test of Uncoated and TiO
2

Nanoparticle-Coated Films. Fresh lettuce was used in this
experiment and cooled overnight at 4∘C. The damaged part
and outer parts of the lettucewere discarded.Then 25 g lettuce
was cut and dipped in 10% sodium hypochlorite solution (PC
Laboratory Reagent) for about two minutes for the purpose
of cleaning. The cut lettuce was then dip-inoculated with E.
coli with a concentration of about 7.33 × 108 ± 1.13CFU/mL
for two minutes at room temperature and the excess solution
was shaken off.The concentration of E. coli inoculated on the
lettuce was assumed constant. Subsequently, about 25 g of
cut lettuce pieces were taken out and packed in the uncoated
or the TiO

2
nanoparticle-coated films.

The packages were placed in a dark box complete with
an 8W lamp (fluorescent or UV lamp) at room temperature.
Then, the packages were exposed to different types of light,
namely, fluorescent at a wavelength of 425 nm or UV at a
wavelength of 365 nm. An amount of 25 g of lettuce was taken
after each light exposure at designated interval times (1, 2, or 3
days) for the determination of the E. coli colony whereby the
lettuce was placed into 225mL of distilled water and mixed
using a stomacher bag for two minutes. Serial dilution was
made in distilled water solution to produce countable E. coli
colony dilutions and 0.1mL of the undiluted and diluted solu-
tions were plated onto Luria-Bertani agar (Becton, Dickinson
& Co.) in petri dishes using the spread plate technique. A
glass rod was utilised to ensure the uniformity of the spread
area on the agar plates.The agar plates were then incubated in
an incubator at 37∘C for 24 hours. Two replicate plates were
used for each dilution. After 24 hours, the colonies formed on
the agar were calculated using a colony counter machine.The
number of viable E. coli cells was presented as CFU/g lettuce.
The initial concentration of E. coli was 9.70 ± 0.10 log CFU/g
(mean value ± standard deviation).

The procedures were repeated for different light exposure
times (1, 2, and 3 days). The actual antimicrobial test was
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Table 1: The E. coli colony values (CFU/g) of the uncoated and coated films for various TiO2 concentrations (0.05, 0.08, and 0.11 g/100mL
MEK) at designated interval times (1, 2, 3 days) exposed under fluorescent and UV light.

Light Sample film Day Log CFU/g

Fluorescent Uncoated
1 10.06 ± 0.11

2 10.18 ± 0.18

3 10.31 ± 0.13

Fluorescent Coated—0.05 g TiO2/100mL MEK
1 9.08 ± 0.15

2 8.38 ± 0.13

3 8.67 ± 0.20

Fluorescent Coated—0.08 g TiO2/100mL MEK
1 7.96 ± 0.10

2 7.72 ± 0.11

3 7.47 ± 0.15

Fluorescent Coated—0.11 g TiO2/100mL MEK
1 7.44 ± 0.14

2 7.30 ± 0.17

3 7.07 ± 0.09

UV Uncoated
1 9.36 ± 0.18

2 9.94 ± 0.12

3 10.04 ± 0.12

UV Coated—0.05 g TiO2/100mL MEK
1 7.16 ± 0.11

2 7.02 ± 0.20

3 6.86 ± 0.16

UV Coated—0.08 g TiO2/100mL MEK
1 6.96 ± 0.07

2 6.94 ± 0.22

3 6.44 ± 0.15

UV Coated—0.11 g TiO2/100mL MEK
1 6.82 ± 0.10

2 6.68 ± 0.09

3 6.29 ± 0.17

repeated at least twice for all the conditions (different concen-
trations of TiO

2
, different light exposure times, and different

types of light). Note that all the procedures were undertaken
inside a cleanroom to minimise any possible contamination.

3. Results and Discussion

The effect of various TiO
2
concentrations (0–0.11 g/100mL

MEK), types of light (fluorescent and UV), and the time
of exposure to light of the films (one–three days) on the
antimicrobial activity of the filmswas determined and plotted
in Figure 1. For purposes of clarity, the E. coli colony values
(log CFU/g) obtained are also tabulated in Table 1. Note that
the initial E. coli colony value determined using the colony
count method was 9.70 ± 0.10 logCFU/g.

As expected, Figure 1 and Table 1 show that the E. coli
colony for lettuce packed with TiO

2
nanoparticle-coated

films decreased over time after being exposed to both fluo-
rescent and UV light. This is attributed to the antimicrobial
property of the TiO

2
nanoparticles. For instance, the E. coli

colony for film coated with 0.05 g TiO
2
/100mLMEK reduced

from an initial value of 9.70 ± 0.10 log CFU/g to 8.67 ±
0.20 and 6.86 ± 0.16 log CFU/g after being exposed for three
days to fluorescent and UV light, respectively. Moreover,
although not significant, it seems that the E. coli colony values
decreased with an increase in the light exposure time due

6
6.5

7
7.5

8
8.5

9
9.5
10

10.5

0 1 2 3

Lo
g 

CF
U

/g

Day

Antimicrobial activity of uncoated and
TiO2-coated nanoparticle films

Fluorescent uncoated

Fluorescent 0.05 g/100mL MEK
Fluorescent 0.08 g/100mL MEK

Fluorescent 0.11 g/100mL MEK

UV uncoated

UV 0.05 g/100mL MEK
UV 0.08 g/100mL MEK

UV 0.11 g/100mL MEK

Figure 1: Antimicrobial activity of uncoated and coated films for
various TiO

2
concentrations (0.05, 0.08, and 0.11 g/100mL MEK) at

designated interval times (1, 2, and 3 days) exposed to fluorescent
and UV light.

to the higher chances for TiO
2
to photocatalytically react at

longer light exposure time. For example, the E. coli colony
for film coated with 0.08 g TiO

2
/100mL MEK reduced from

an initial value of 9.70 ± 0.10 log CFU/g to 7.96 ± 0.10,
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7.72 ± 0.11, and 7.47 ± 0.15 log CFU/g after being exposed
for, respectively, 1, 2, and 3 days to fluorescent light.

In contrast, the E. coli colony for the lettuce packed
with uncoated films increased from 9.70 ± 0.10 log CFU/g
to 10.31 ± 0.13 and 10.04 ± 0.12 log CFU/g after being
exposed for three days to fluorescent and UV light. The
result occurred due to the absence of the TiO

2
antimicrobial

agent, thus proving that the uncoated films did not exhibit
any antimicrobial effect. This finding is consistent with the
work of Chawengkijwanich and Hayata [9] who found that
after two days, the number of cells of E. coli from cut lettuce
which packed in uncoated film was higher than the initial
concentration of E. coli, whereas the number of cells from
TiO
2
-coated polypropylene film was lower than the initial

concentration.This result implies that the TiO
2
nanoparticle-

coated film has the ability to decrease the microbial con-
tamination on food products as well as decrease the risk of
microbial growth in food packaging.

Note that for the uncoated film under UV light illumi-
nation, the E. coli colony decreased slightly from an initial
value of 9.70 ± 0.10 log CFU/g to 9.36 ± 0.18 log CFU/g (day
1) possibly due to the sterile property of the UV light whereby
UV light impairs microorganism cells by means of oxidative
stress caused by oxygen radicals inside the cells [15].However,
UV light alone, without the presence of an antimicrobial
agent is not capable of adequately inactivating the E. coli.
The E. coli colony for the uncoated film under UV light
illumination increased from 9.36 ± 0.18 log CFU/g to 10.04 ±
0.12 log CFU/g from day 1 to day 3.

The mechanism for the events occurring on the TiO
2

nanoparticle coating can be explained as follows. When
TiO
2
nanoparticles are irradiated with light suitable to their

bandgap energy of 3.2 eV or higher (wavelengths below
385 nm), they have a tendency to experience all of the physical
phenomena that include absorption, reflection, and scatter-
ing of light. Apart from that, TiO

2
nanoparticles will also

be involved in photophysical and photochemical processes.
In a photophysical process, the absorbed photons of light
will excite the electrons (e−) from the valence band to the
conduction band leaving holes (h+) in the valence bandwhich
generate electron and hole pairs (1). These energised electron
and hole pairs can either recombine and dissipate the energy
as heat (2) or dissociate because of charge trapping thus
producing charge carriers available for the redox reactions
((3) and (4)) in the photochemical processes [16].

TiO
2
+ ℎ] → e− + h+

(Photogeneration of electron and hole pairs)
(1)

e− + h+ → light or phonon emission − heat

(Electron and hole recombination)
(2)

D + h+ → D∙+ (Oxidation) (3)

A + e− → A∙− (Reduction) (4)

A portion of the photoexcited electron and hole pairs
will diffuse to the surface of the TiO

2
nanoparticles and take

part in the chemical reaction with the adsorbed electron
donors (D) or adsorbed electron acceptors (A).The holes can
oxidise adsorbed electron donors (3), whereas the electrons
can reduce appropriately adsorbed electron acceptors (4) [17].

The water in the air acts as an electron donor to react
with the holes to produce the highly reactive hydroxyl radical
(OH∙) (5). Oxygen that is omnipresent on the surface of
the particles acts as an electron acceptor by forming the
superoxide ion (O

2

−
) (6). The holes, the hydroxyl radicals,

and superoxide ion are very powerful oxidants that can be
used to oxidise and naturally decompose common organic
matters such as odour molecules, bacteria, and viruses to
water and carbon dioxide (7). Among them, hydroxyl radicals
play the most important role in inactivating microorganism
by oxidising the polyunsaturated phospholipid component of
the cell membrane of microbes

H
2
O + h+ → OH∙ +H+

(Formation of hydroxyl radicals)
(5)

O
2
+ e− → O

2

−
(Formation of superoxide ion) (6)

OH∙ + organic contaminants → 𝑥CO
2
+ 𝑦H
2
O

(Radical oxidation of organic compound)
(7)

Furthermore, Figure 1 also shows that the trend of the
antimicrobial activity of the coated films is the same despite
different concentrations of TiO

2
nanoparticle and different

types of light being used whereby the E. coli colony decreased
over time after being exposed to both types of lighting.
However, it can be clearly observed from Figure 1 that the
antimicrobial effect becomes more pronounced as the TiO

2

concentrationwas increased from 0.05 to 0.11 g/100mLMEK.
After three days of fluorescent light exposure, the E. coli
colony for the film coated with 0.05 g TiO

2
/100mLMEK was

8.67 ± 0.20 log CFU/g compared to 7.07 ± 0.09 log CFU/g
for the film coated with 0.11 g TiO

2
/100mL MEK. Mean-

while, after three days of exposure to UV light, the E. coli
colony for film coated with 0.05 g TiO

2
/100mL MEK was

6.86 ± 0.16 log CFU/g compared to 6.29 ± 0.17 log CFU/g
for film coated with 0.11 g TiO

2
/100mL MEK, respectively.

This finding is consistent with the fact that the higher the
concentration of TiO

2
used as a coating, the higher the

chances of photocatalytic reaction to occur, thus more E. coli
can be inactivated.

This finding can also be evidenced from Figures 2(a)–2(c)
which compares the E. coli colony on agar plates for lettuce
packed inside uncoated and coated films of 0.05 and 0.08 g
TiO
2
/100mLMEK.Note that Figure 2 is for visualisation pur-

poses only to differentiate the effect of uncoated and coated
films on the number cells in the E. coli colonies. Further
serial dilution was undertaken in order to count the colony
forming unit. From Figures 2(a)–2(c), it can be obviously
seen that the E. coli colony area for lettuce packed with TiO

2

nanoparticle-coated films is much smaller compared to that
packed with uncoated film, which demonstrates the antimi-
crobial activity of the coated films. Moreover, the colony
area for 0.08 g TiO

2
/100mL MEK coated film (Figure 2(c))
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(a) (b) (c)

Figure 2: E. coli colony on agar plate for lettuce packed inside (a) uncoated (b) 0.05 g TiO
2
/100mL MEK and (c) 0.08 g TiO

2
/100mL MEK

coated films after three days of UV light illumination.

(a) (b)

Figure 3: E. coli colony on agar plate for lettuce packed inside 0.08 g TiO
2
/100mL MEK films after three days of (a) fluorescent and (b) UV

light illumination.

is smaller than for the 0.05 g TiO
2
/100mL MEK coated film

(Figure 2(b)) revealing improved antimicrobial activity of
the 0.08 g TiO

2
/100mL MEK coated film. This supports the

previous findings whereby antimicrobial activity becomes
more pronounced with the increase in TiO

2
concentration.

Thus, it can be deduced that it is vital to determine the right
concentration of TiO

2
nanoparticles in order to ensure the

effectiveness of the packaging application.
Moreover, from Figure 1 and Table 1 a comparison of the

antimicrobial activity under UV and fluorescent light showed
that the UV light was more effective at inactivating the E.
coli than the fluorescent light. It was found that film coated
with 0.05 g TiO

2
/100mL MEK managed to reduce the E.

coli colony up to 8.67 ± 0.20 log CFU/g after three days of
fluorescent illumination compared to 6.86 ± 0.16 log CFU/g
after three days of UV illumination. Similarly, film coated
with 0.08 g TiO

2
/100mL MEK managed to reduce the E.

coli colony up to 7.47 ± 0.15 log CFU/g after three days of
fluorescent illumination compared to 6.44 ± 0.15 log CFU/g
after three days of UV illumination. Lastly, film coated with
0.11 g TiO

2
/100mLMEKmanaged to reduce the E. coli colony

up to 7.07 ± 0.09 log CFU/g after three days of fluorescent
illumination compared to 6.29 ± 0.17 log CFU/g after three
days of UV illumination. This outcome is most likely related
to the bandgap energy of TiO

2
nanoparticles (3.2 eV ≈

385 nm) which is more suitable and closer to the wavelength
of the UV light (365 nm) than fluorescent light (420 nm).The

bandgap energy can be converted to wavelength by applying
the following equation [18]:

𝜆 (nm) = 1240

bandgap (eV)
. (8)

Apart from that, Horie et al. [19] who compared the
photocatalytic sterilisation rates of E. coli cells in TiO

2
slurry

irradiated with various light sources found that the inactiva-
tion rate of E. coli was dependent on the intensity of UVA
light. Since the UVA light intensity of the UV light was much
higher than the fluorescent light, more OH radicals formed
on the surface of the TiO

2
coated films under UV light illu-

mination, resulting in an increase in antimicrobial activity of
the coated filmunderUV rather than fluorescent light. Cho et
al. [14] in their study reported the linear correlation between
inactivation of E. coli and hydroxyl radical concentration in
TiO
2
photocatalytic disinfection. Photocatalytic disinfection

was significant for higher hydroxyl radical concentration.
This result can also be evidently seen from Figures 3(a)

and 3(b) in which the figures show the E. coli colony on
agar plate for lettuce packed inside 0.08 TiO

2
g/100mL MEK

coated films exposed to both fluorescent and UV light for
three days. Note that Figure 3 is for visualisation purposes
only to differentiate the effect of the type of light on the
number of cells in the E. coli colonies. Further serial dilution
was done in order to count the colony forming unit. It can
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be clearly seen from Figure 3 that the E. coli colony area
for lettuce packed with coated film exposed to UV light is
much smaller compared to that exposed to fluorescent light.
This finding implies that selecting a suitable light in terms of
wavelength and UVA intensity is important in order for the
TiO
2
to work efficiently as a photocatalyst or antimicrobial

agent.

4. Conclusion

This study demonstrated that the produced TiO
2
nanopar-

ticle-coated films exhibited potential for antimicrobial appli-
cations in food packaging. The actual test revealed that
the antimicrobial activity of the films exposed to both
fluorescent and UV light increased with an increase in the
TiO
2
nanoparticle concentration. The UV light was found

to be more effective in expediting the antimicrobial activity
of TiO

2
compared to fluorescent light due to the suitable

bandgap energy of UV light and the higher hydroxyl radical
concentration on the surface of the coated films. It is believed
that the films can not only be used for food packaging but
also other packaging applications that demand a hygienic
environment. The use of nanometre sized TiO

2
has the

prospect for further enhancing the antimicrobial activity of
TiO
2
especially for applications in the food industry forwhich

the antimicrobial agent is important in order to ensure food
safety.
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The role of UV-irradiation on oil and its derivatives is particularly important for analyzing the degradability of specific oil
compounds. Also, nanostructured-TiO

2
is one of the most promising photocatalysts so it is expected to be useful in their

degradation. However the complexity of crude oil, as well as that of the reactions involved, is such that the effect of the presence
of TiO

2
under illumination is not well understood. In this paper, the influence of UV-Vis irradiation on vanadium etioporphyrins,

extracted from crude oil fromDos Bocas, Tabasco,Mexico, is studied using UV-Vis spectrophotometry in the absence and presence
of nanostructured TiO

2
or nitrogen-doped TiO

2
modified with copper (N-TiO

2
/Cu). It is shown that the addition of water shortens

the time to start photodegradation. However, once this process has initiated, the system enters a second stage, that is very similar
for samples with or without water. It is also shown that the use of N-TiO

2
/Cu induces an important delay in the initiation of the

porphyrins’ photodegradation process. Additionally, it has been found that the presence of TiO
2
in samples extracted with water

induces a small reduction in the photodegradation duration and, hence, that TiO
2
can catalyze the degradation of petroporphyrins.

1. Introduction

The many substances forming part of crude oil can have
a limited lifetime due to various external factors. One of
the most important degrading factors affecting oil is UV
light. The photochemical transformation of a given molecule
into lower molecular weight fragments occurs usually via an
oxidation process [1]. Photodegradation of petroleum prod-
ucts both in laboratory and the field have been extensively
explored [2]. In particular, the effect of photolysis has been
studied for a variety of pure hydrocarbons under solar and
simulated solar conditions [3, 4]. It has been shown that,
depending on temperature and using light intensities in the
range from200 to 750W/m2, somewater-soluble compounds
such as naphthalenes and phenanthrenes can degrade rapidly.
In contrast, other aromatic compounds such as alkylated

benzenes did not exhibit photodegradation under these
conditions [4].

In general, it is important to know under which condi-
tions certain substances remain in the oil, stable or not, under
UV illumination. This can be helpful in the development of
efficient methods to attend the problems generated by spills,
and the vulnerability of specific components is also important
for commercial or industrial purposes [5–7]. However, a
large number of substances still remain to be explored and
understood under diverse conditions.

Porphyrins are among the most interesting substances
forming part of crude oil. In particular, the specific chemical
structure of the porphyrins provides a fingerprint of the
origin of the oil. They are mainly present as vanadyl and
nickel chelated compounds, although metal-free porphyrins
have also been isolated from immature sediments [8].

Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2014, Article ID 401239, 9 pages
http://dx.doi.org/10.1155/2014/401239

http://dx.doi.org/10.1155/2014/401239


2 International Journal of Photoenergy

The identification and characterization of metalloporphyrins
in crude oils and source rock are of fundamental interest
within a geochemical context, because they may provide
a better understanding of the geochemical origin of the
petroleum via diagenetic and catagenetic oil formation and
maturation of organic matter. Another interesting feature
related to metalloporphyrins is their significant presence in
heavy crude oil, which can cause problems as these metals
have a deleterious effect on the hydrogenation catalysts used
in upgrading and refining processes [9].

A common material used in cleaning the environment is
titania (TiO

2
), one of the best-known photocatalytic materi-

als due to its high photoactivity andphotostability.Thephoto-
catalytic activity of titania depends on its physical properties,
such as crystal structure, surface area, particle size, particle
shape, among others [10]. One of the main disadvantages
of TiO

2
is its large band gap of 3.2 eV (anatase), which

implies that it only absorbs UV light, corresponding to about
5% of the solar spectrum. However, nanostructured TiO

2

is expected to be useful in the degradation of crude oil as
well as some of their compounds [11]. On the other hand,
there are strong limitations in degrading crude oil; maybe the
most important limitation is related to the opacity of crude
oil to UV light, which does not allow light to successfully
degrade oil even if adequate photocatalysts are present.When
crude oil is mixed with solvents, a partial extraction of
some components occurs; however, the effects of light and
catalysts on the extracts are not well understood. Oil extracts
containing porphyrins are common, and the analysis of
their degradability using TiO

2
nanoparticles is an interesting

challenge.
In recent years, it has been shown that the photocatalytic

action of TiO
2
can be enhanced by impregnation with metals

such as copper. For example, the degradation of methylene
blue is accelerated using nitrogen-doped TiO

2
modified

with copper (N-TiO
2
/Cu) nanomaterials prepared by plasma

discharge techniques in the presence of metallic copper and
gaseous nitrogen [12]. In this paper, the effects of UV-Vis
irradiation on crude oil extracts containing petroporphyrins
are analyzed in the absence and presence of nanostructured
TiO
2
. In addition, the degradation of the metalloporphyrins

in the presence of N-TiO
2
/Cu nanomaterials is determined,

and the role of water in the degradation processes is consid-
ered.

2. Materials and Methods

For the experiments we usedMaya crude oil fromDos Bocas,
Tabasco, Mexico, which is an oil with ∘API = 21.57, 3.4 wt%
sulfur, and 0.32 wt% nitrogen. The following two extraction
methods were used.

In the first method, 1.7mL of heavy crude oil was mixed
with 60mL of acetone in a beaker, and then the following
procedure was performed.

(a) The mixture was stirred during 2 minutes, using
a Sonics ultrasonic vibrating cell (model TM
VCX130PB) operating at 10W.

(b) The obtained sample was covered with a black metal-
lic foil and a plastic bag and left for 24 hours to obtain
the extract.

(c) The supernatant, now with a yellow color, was trans-
ferred to a second beaker labeled COE (crude oil
extract).

The second extraction procedure was performed by
mixing 1.7mL of heavy crude oil in a beaker with 60mL of
acetone and 5mL of distilled water, maintaining the propor-
tion 12 : 1 of acetone to distilled water. Afterwards, the sample
was treated following the same procedure as described in
steps (a), (b), and (c). The solution obtained in the second
extraction procedure was labeled COEW (crude oil extract
with water). Additionally, a standard solution was prepared
by dissolving 0.1mg of vanadium (IV) etioporphyrin III
oxide (C

32
H
36
N
4
OVSantaCruz Biotechnology, CAS number

15709-03-2) in 60mL of acetone.
Two types of nanostructured TiO

2
powder were used,

both based on Degussa P25: pure TiO
2
and N-TiO

2
/Cu.

This last compound was obtained by a plasma treatment of
Degussa P25 in a nitrogen atmosphere in the presence of
metallic copper [12]. Figure 1 shows the XPS analysis as well
as the X-ray diffraction patterns of the N-TiO

2
/Cu material.

X-ray diffraction exhibits the well-known proportion of 80%
anatase and 20% rutile in titania Degussa P25 but it does
not have the sensitivity to detect the presence of copper in
the material. However there are small differences between
both spectra that can be observed; some peaks are slightly
displaced while others are wider or higher, but all of them
are closely related to the ones observed in untreated Degussa
P25 (see Figure 1(a)). These small changes can be related to
changes in the nanoparticles’ size due to the copper impreg-
nation process.

In contrast, XPS measurements are able to detect the
presence of copper in N-TiO

2
/Cu (see Figure 1(b)); in these

measurements two bands associated with copper, as well as
the characteristic bands of TiO

2
(Degussa P25) and a band

related to nitrogen, can be observed. Additional analyses have
shown that the plasma-treated samples contain about 4.4wt%
of nitrogen and 0.4% of copper [12].

Using the COE and COEW extracts, a set of samples was
prepared by adding 25mg of TiO

2
or N-TiO

2
/Cu, labeled

COE-TiO
2
, COE-(N-TiO

2
/Cu), COEW-TiO

2
, and COEW-

(N-TiO
2
/Cu), respectively. These samples were submitted

to an additional mixing process using a Sonics ultrasonic
vibrating mixer cell operated at 10W for 2 minutes and left
to settle for 60 minutes with the samples covered to prevent
evaporation. For all the solutions, COE, COEW, COE-TiO

2
,

COEW-TiO
2
, COE-(N-TiO

2
/Cu), and COEW-(N-TiO

2
/Cu)

aliquots of about 10mL were taken from the beakers and
labeled as “time zero” experiments.The remaining solution in
each one of the beakers was then poured into an Erlenmeyer
flask integrated with a cooling system and placed at 400 rpm
using magnetic stirring. For the photodegradation studies,
the light of a 1000W Xenon lamp (Oriel 6269), operated at
400W, was used to illuminate the Erlenmeyer reaction vessel
from above. This lamp provided 370W/m2 on the surface of
the sample, with most of the intensity in the visible region
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Figure 1: (a) X-ray diffraction spectra of TiO
2
(Degussa P25) and N-TiO

2
/Cu. (b) XPS of N-TiO

2
/Cu.
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Figure 2: Absorption of TiO
2
andN-TiO

2
/Cu obtained fromdiffuse

reflectance measurements using the Kubelka-Munk method.

of light, a good emission of UVA and UVB light, and a very
low fraction of UVC. During irradiation the samples in the
jacketed flask weremaintained at a temperature of 30∘Cusing
a circulating water system. Aliquots of 10mL were taken
from the Erlenmeyer flask every hour for five hours and
transmission optical spectra for the samples were measured
in quartz cuvettes using a fiber UV-Vis spectrophotometer in
the range from 200 nm to 1100 nm using an AvaSpec-2048
fiber optic spectrometer with a deuterium lamp as the light
source.

3. Results and Discussion

Figure 2 shows the absorption spectra, obtained from diffuse
reflectance measurements on the powder by applying the
Kubelka-Munk method, of the Degussa P25 and N-TiO

2
/Cu

powders used in the experiments, and an absorption incre-
ment for N-TiO

2
/Cu in visible light can be observed.

The COE and COEW samples were illuminated over a
period of 5 hours, and Figure 3 shows the corresponding
UV-Vis spectra obtained before illumination (time zero) and
after every hour. Before irradiation the spectra for COE and
COEW samples show a broad band from 220 nm to 450 nm
with three small peaks at 300 nm, 350 nm, and 400 nm and
also a shoulder at 250 nm. Additionally, two smaller bands
can be observed at 530 nm and 569 nm. The spectra remain
largely unchanged upon irradiation; however, as illustrated in
the insets, the peaks at 530 nm and 569 nm disappear upon
prolonged illumination indicating a degradation process.

The COE-TiO
2
and COEW-TiO

2
as well as the COE-(N-

TiO
2
/Cu) and COEW-(N-TiO

2
/Cu) samples show the same

bands as the samples without TiO
2
; however, the shoulder at

250 nm appears more clearly, as illustrated in Figures 4 and 5.
Similar to the samples without TiO

2
, the two bands at 530 nm

and 569 nm are also observed.
It is well known that crude oil contains petroporphyrins

[13] so it is possible that the small bands at 530 nm and

569 nm correspond to such type of compounds. Comparing
the experimental UV-Vis spectra from the crude oil extracts
with databases of spectra for petroporphyrins, we conclude
that the vanadiumetioporphyrins are the best fit for our crude
oil samples. In Figure 6, the UV-Vis spectrum of a standard
solution of vanadium etioporphyrin in acetone is presented.
In this spectrum, the wide band from 200 nm to 270 nm is
due to acetone [14] while a narrow band appearing at 414 nm
can be identified as the Soret band. Additionally, two smaller
bands are clearly observed at 530 nm and 569 nm. From these
results, it can be inferred that the peaks of the spectra of
our extracts appearing at 530 nm and 569 nm correspond to
vanadium etioporphyrins as previously reported for crude oil
from the same geographic location [9].

The UV-Vis spectrum of petroporphyrins show bands
that correspond to a strong electronic transition to the second
excited state (𝑆

0
→ 𝑆
2
) at about 400 nm (the Soret or B

band) and a weak transition to the first excited state (𝑆
0
→

𝑆
1
) at about 550 nm (the Q band). Internal conversion from
𝑆
2
to 𝑆
1
is rapid and, as a consequence, fluorescence is

only detected from 𝑆
1
. The B and the Q bands both arise

from 𝜋-𝜋∗ transitions and can be explained by considering
the four frontier orbitals (HOMO and LUMO orbitals) (the
Gouterman four orbital model) [15]. Gouterman’s “four-
orbital” model of the 𝜋-𝜋∗ transitions in porphyrins is firmly
established as a simple unifying theory of porphyrin spectra.
It provides parametric expressions for the frequencies and
intensities of the 𝛼-𝛽 (Q) and Soret (B) bands of the
porphyrin chromophore. Spectral shifts caused by systematic
variation of ring substituents and changes of the encapsulated
metal ion, axial ligation, or even dimer formation have
successfully been rationalized based on these grounds [16, 17].
The electronic transition to the higher energymixed state, the
𝑆
2
state, is strongly allowed, whereas the electronic transition

to the lower energy mixed state, the 𝑆
1
state, is only weakly

allowed.The band in the UV-Vis absorption spectrum due to
a transition to the 𝑆

2
state is the Soret band, and the band

due to a transition to the vibrationless 𝑆
1
state is the 𝛼 band.

The greater the degree of mixing, the less intense the 𝛼 band
relative to the Soret band. In the UV-visible spectrum of
porphyrin, there is also a vibronic band, the 𝛽 band, which
appears at slightly lower wavelengths than the 𝛼 band. The
𝛽 band is due to transitions to higher vibrational levels in
the 𝑆
1
state and serves as a normalization band in porphyrin

absorption spectra [15]. In summary, the three characteristic
bands appearing in the spectra of the nonirradiated samples
correspond to the bands of vanadium etioporphyrins: at
407 nm the Soret band and the 𝛽 and 𝛼 bands at 533 nm and
572 nm, respectively [18]. When the intensity of the 𝛼 band is
larger than that of the𝛽 band, themetal forms a stable square-
planar complex with the porphyrin [19].

In order to determine the concentration of vanadium
etioporphyrins in our samples, we prepared dilutions of the
standard solution (vanadium IV etioporphyrin III oxide)
and determined the absorbance as a function of concen-
tration. The relationship between the absorbance (𝐴) and
concentration (𝐶), according to the Lambert-Beer law, is
given by 𝐴 = 𝜀𝑑𝐶, where 𝑑 (cm) and 𝜀 (L cm−1mg−1)
are the thickness and extinction coefficient of the sample,
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Figure 3: UV-Vis absorbance spectra as a function of illumination time of the crude oil extracts: (a) COE and (b) COEW. The insets show
the bands observed at 530 nm and 569 nm with the background subtracted.

Wavelength (nm)
0 200 400 600 800 1000 1200

0hours
1hour
2hours

3hours
4hours
5hours

2.5

2.0

1.5

1.0

0.5

0.0

Ab
so

rb
an

ce
 (a

.u
.)

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)

0.15

0.10

0.05

0.00
510 540 570 600

(a)

Wavelength (nm)
0 200 400 600 800 1000 1200

0hours
1hour
2hours

3hours
4hours
5hours

2.0

1.5

1.0

0.5

0.0

Ab
so

rb
an

ce
 (a

.u
.)

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)

0.10

0.05

0.00
510 540 570 600

(b)

Figure 4: UV-Vis absorbance spectra as a function of illumination time in the presence of the TiO
2
nanomaterial with the crude oil extracts:

(a) COE-TiO
2
and (b) COEW-TiO

2
. The insets show the bands observed at 530 nm and 569 nm.

respectively. In Figure 7, the absorbance maximum of the 𝛼
peak versus concentration is presented, in which the fit of the
experimental data provides a value of 0.116 L cm−1mg−1 for
the extinction coefficient.

Using these results, the concentration of the vanadium
etioporphyrin in ourCOEcan be estimated as being 3.8mg/L,
which is in agreement with generally observed concentra-
tions in crude oil from the oil from the same geographical
location [9].

Due to the UV-Vis irradiation treatment, there are
changes in intensity in various bands in the spectra; however,
we will focus our attention on the bands in the range from
500 nm to 620 nm because they are associated directly
with the vanadium etioporphyrins. In order to perform
a nonambiguous analysis of the bands appearing in all
spectra, we separated the 𝛼 and 𝛽 bands absorbance from
the main background absorbance by fitting a cubic spline
in the smooth region from 425 nm to 750 nm, excluding



6 International Journal of Photoenergy

Wavelength (nm)
0 200 400 600 800 1000 1200

0hours
1hour
2hours

3hours
4hours
5hours

2.5

2.0

1.5

1.0

0.5

0.0

0.4

0.5

0.3

0.2

0.1

0.0

Ab
so

rb
an

ce
 (a

.u
.)

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)
510 540 570 600

(a)

Wavelength (nm)
0 200 400 600 800 1000 1200

0hours
1hour
2hours

3hours
4hours
5hours

2.0

1.5

1.0

0.5

0.0

Ab
so

rb
an

ce
 (a

.u
.)

Wavelength (nm)
510 540 570 600

Ab
so

rb
an

ce
 (a

.u
.)

0.15

0.10

0.05

0.00

(b)

Figure 5: UV-Vis absorbance spectra as a function of illumination time in the presence of the N-TiO
2
/Cu nanomaterial with the crude oil

extracts: (a) COE-(N-TiO
2
/Cu) and (b) COEW-(N-TiO

2
/Cu).The insets show the bands observed at 530 nm and 569 nmwith the background

subtracted.
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Figure 6: UV-Vis absorbance spectra as a function of irradiation
time of the standard vanadium etioporphyrins solution in acetone.
The insets show the bands observed at 530 nm and 569 nm with the
background subtracted.

the region from 500 nm to 625 nm and then subtracting this
background from the measured absorbance. The result of
this background removal is shown in the insets of Figures
3 to 6. After one hour of UV-Vis irradiation, a noticeable
decrease in intensity of the 𝛼 and 𝛽 bands in all the samples
is observed; however, the kinetics depend on the extraction
method and the presence and type of catalyst. In order to
characterize the results obtained when irradiating with UV-
Vis light, the area under the curves of the 𝛼 and 𝛽 bands was
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Figure 7: Calibration curve for the vanadium (IV) etioporphyrin III
oxide solution in acetone using the height of the absorbance of the
𝛼 peak as a function of the concentration.

determined. Figure 8 shows the areas under the peaks versus
the irradiation time. It can be seen that in all cases the 𝛼 and 𝛽
peaks disappear after several hours of irradiation, but that the
time needed for this degradation process depends strongly
on the presence of water, TiO

2
, and N-TiO

2
/Cu. As a general

trend, it can be observed that the presence of water shortens
the degradation time of the vanadium etioporphyrins, both
for the measurements with and those without TiO

2
or N-

TiO
2
/Cu.
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The results for samples of crude oil extracts to which
N-TiO

2
/Cu was added (COE-(N-TiO

2
/Cu) and COEW-(N-

TiO
2
/Cu)) show interesting effects: the samples without

water, COE-(N-TiO
2
/Cu), show the smallest degradation

rate of all samples. In the case of the COEW-(N-TiO
2
/Cu)

samples, the degradation rate is faster than for the COE-(N-
TiO
2
/Cu) samples, but slower than for all other samples. Total

disappearance of the 𝛼 and 𝛽 peaks in this case takes more
than 5 hours of irradiation.

The experimental data of the area under both bands
corresponding to the petroporphyrins can be analyzed using
a sigmoidal fit of the following form:

Area = 𝐵
2
+
(𝐵
1
− 𝐵
2
)

1 + 𝑒(𝑡−𝑡0)/Δ𝜏
, (1)

where 𝐵
1
is the initial (maximum) value and 𝐵

2
is the final

(minimum) value. The time 𝑡
0
corresponds to the point

at which the slope of the curve changes (inflection point)
corresponding to where the maximum rate of change of the
process is reached; 𝑡

0
measures the time at which half of the

process has occurred and is useful to determine if a given
factor delays or impedes the process. In this sense it is useful
in defining the start of a given kinetic process.The parameter
Δ𝜏measures the duration of the process around 𝑡

0
, in such a

way that for an interval 4Δ𝜏, 95% of the process has occurred.
Based on this, the time for the photodegradation resulting
from a given treatment, 𝑇, can be found using the formula
𝑇 = 𝑡
0
+ 2Δ𝜏. The continuous lines in Figure 8 correspond to

the results of the fits of the experimental data to (1), and the
results for the parameters are presented in Figure 9.

Comparing the samples COE, COE-(N-TiO
2
/Cu), and

COE-TiO
2
with the corresponding samples to which water

was added, it can be observed that, in all cases, the addition of
water shortens the time 𝑡

0
, being clearly different for samples
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Figure 9: The time parameters of the logistic curve establishing the
differences induced in the crude oil extracts by UV-Vis illumination.

with N-TiO
2
/Cu and those with TiO

2
. This indicates that

water shortens the time at which the photodegradation rate
reaches its maximum. However, by analyzing the behavior
of Δ𝜏, it can be observed that the total time it takes is very
similar with or without water. Hence, for a given treatment,
water shortens the time to initiate photodegradation but once
this process is induced, the duration of this last stage for sam-
ples with or without water is very similar. As a consequence,
the time 𝑡

0
mainly corresponds to an induction time.

On the other hand, comparing all the samples with
the different treatments, 𝑡

0
is around 5 hours for COE-

(N-TiO
2
/Cu) and 2.5 hours for COE-TiO

2
, indicating that

the presence of copper induces a delay in the initiation
of the degradation. In contrast, Δ𝜏 is not very different
for both types of samples, which indicates that once the
photodegradation process starts, the duration of this last stage
is similar for samples with TiO

2
and N-TiO

2
/Cu.

This behavior can be a direct consequence of the fact
that titania impregnated with copper has a stronger optical
absorption in theUV; therefore, adding thismaterial to the oil
extract solutions could have the effect of obstructing partially
the UV radiation, slowing down photolysis. On the other
hand, the impregnation of titania with copper has shown
diverse effects on the photocatalytic activity, when degrading
methylene blue [12]. Even though the chemical processes
induced by light are completely different for methylene blue
and extracts of crude oil, our results agree with the ones
previously found.

In particular, preliminary results obtained by us and
others [20] indicate that a higher concentration of copper
does not improve the photocatalytic properties of Cu-TiO

2
;
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therefore, if the photodegradation of the porphyrinswould be
the objective, a possible solution could be to use nanoparticles
with a lower content of copper concentration. Additionally,
𝑡
0
and Δ𝜏 are smaller for COEW-TiO

2
than for COEW

samples. This implies that Degussa P-25 TiO
2
is showing

photocatalytic activity in presence of water. In contrast, this
is harder to observe in samples without water, where 𝑡

0
is

2 hours for COE-TiO
2
and 2.7 hours for COE; although

there is a slight tendency for Δ𝜏 to being shorter for COE-
TiO
2
than for COE, the spread in the values as represented

by the error bars does not allow to unequivocally state that
there is a difference between the values. Hence, it appears
that direct absorption of UV-light by the crude oil extracts
is capable of the photodegradation of petroporphyrins and
that adding a TiO

2
-based catalyst, in the absence of water,

does not significantly accelerate photodegradation. However,
the presence of water results in a faster initiation of the
photodegradation processes.

4. Conclusions

The effects of UV-Vis illumination on crude oil extracts con-
taining petroporphyrins have been monitored as a function
of time. Analysis of the UV-Vis spectra showed that the UV-
Vis illumination induces the systematic reduction of the size
of the 𝛼 and 𝛽 bands, corresponding to the degradation of
the petroporphyrins. It has been shown that this reduction
can be parameterized as a second-order kinetics process.The
analysis of the parameters of the degradation kinetics allows
inferring that the addition of water to the crude oil extracts
shortens the time to induce the photodegradation. However,
once this process has initiated, the duration of the last stage
of the photodegradation for samples with or without water is
very similar. It has also been shown that the use ofN-TiO

2
/Cu

induces an important delay in the initiation of the process of
photodegradation of the porphyrins. Additionally, it has been
shown that the presence of TiO

2
in the samples extracted

with water induces a small reduction in the duration of
the photodegradation; hence, Degussa P-25 can catalyze the
degradation of petroporphyrins.
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Flexible glass fiber-supported nitrogen-doped titaniumdioxide (GF-N-TiO
2
) photocatalysts with differentN/Ti ratiowere prepared

using a dip-coating method followed by a low-temperature heat-treatment process. In addition, their photocatalytic activities
were evaluated for the degradation of aromatic volatile organic compounds (VOCs) under visible-light irradiation. The prepared
GF-N-TiO

2
photocatalysts were characterized using scanning electron microscopy, energy-dispersive X-ray spectroscopy, X-ray

diffraction spectroscopy, and UV-visible spectroscopy. A control photolysis test performed using an uncoated GF displayed no
detectable degradation of the target compounds under visible-light irradiation. The outlet-to-inlet concentration ratios of the
target pollutants obtained using the GF-N-TiO

2
photocatalysts were lower than that obtained using the GF-TiO

2
photocatalyst.

The photocatalytic activity of GF-N-TiO
2
photocatalyst increased as the N-to-Ti ratio increased from 0.06 to 0.08 but decreased

gradually as the N-to-Ti ratio increased further to 0.12, suggesting the existence of optimal N/Ti ratios. The outlet-to-inlet
concentration ratio of all the target compounds displayed an increasing trend as both air flow rate and inlet concentration increased.
Overall, the GF-N-TiO

2
photocatalysts could be applied effectively for the degradation of aromatic VOCs under visible-light

irradiation when operation conditions are optimized.

1. Introduction

A significant amount of concern has been directed to volatile
organic compounds (VOCs) due to not only their widespread
presence in various environments but also their environ-
mental health hazards. Particularly, monocyclic aromatic
VOCs, including toluene, ethyl benzene, and xylene (TEX),
which originate mainly from traffic emissions in urban
environments, industrial combustion processes, solvent and
petroleum handling, and other industrial processes, are fre-
quently measured at high concentration levels [1]. Ambient-
air TEX can infiltrate buildings, exacerbating indoor air
pollution [2]. Indoor air quality can be worsened due to
TEX emissions from various indoor sources, such as building
finishing materials, furniture, and household products [3,
4]. Moreover, TEX even at sub-ppm concentrations are

potentially toxic to human beings [5], necessitating the
development of control tools to lower health risks to building
occupants from indoor air exposure.

Titanium dioxide (TiO
2
) is a representative semiconduc-

tor photocatalyst that has been extensively used for envi-
ronmental pollutant purifications. However, it has a major
drawback in its practical application in that it is functional
under only UV exposure conditions because of its wide
band gap [6]. To address this drawback of TiO

2
, several

strategies have been applied by a great deal of research
groups; these strategies have included nonmetal deposition
[7, 8], metal deposition [9, 10], dye sensitization [11], semi-
conductor coupling [12], and carbon materials coupling [13,
14]. Among them, nonmetal N-doping has received special
attention for environmental applications, mainly because N
can be easily incorporated into two different sites of the
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bulk phase of TiO
2
owing to its atomic size comparable with

oxygen and small ionization energy [15, 16]. Even though
there are certain questions that remain to be answered to
understand the photocatalyticmechanism andbehavior ofN-
doped TiO

2
(N-TiO

2
) under visible-light exposure [17–20],

several research groups found thatN-TiO
2
photocatalysts had

superior photocatalytic activity to unmodified TiO
2
under

visible-light irradiation for decomposition of a variety of
gaseous and aqueous environmental pollutants [8, 15, 21, 22].

Application of nanomaterials for environmental treat-
ments necessitates a supporting substrate to minimize the
separation of suspended powders in aqueous media or their
uncontrolled dispersion in treated air, problems encountered
in water, and air applications, respectively [23, 24]. A range of
substrates as a nanomaterial support have been investigated
for the photocatalytic degradation of environmental pol-
lutants, including activated carbon powders [25], activated
carbon fiber [26, 27], glass beads [28, 29], glass tubes [21],
and polymer materials [30, 31]. Among these substrates, glass
fiber has received particular attention primarily because of
its flexibility, which enables the materials to be fitted in
various geometrical-shape photocatalytic reactors [32, 33].
Moreover, Panniello et al. [32] reported that glass fiber-
supported Fe-doped TiO

2
prepared by a combined hydrolysis

and dip-coating method displayed superior photocatalytic
performance to a reference P25 TiO

2
for degradation of

aqueous orange dye. However, the feasibility of other types
of photocatalysts, including N-TiO

2
, which are supported

by glass fiber for the treatment of environmental pollutants,
is another recent topic of research that requires further
examination. Consequently, in this study, the feasibility of
applying glass fiber-supported N-TiO

2
(GF-N-TiO

2
) under

visible-light exposure to degradation of TEX at sub-ppm
concentrations typically associated with indoor air quality
issues was investigated.

2. Experimental

2.1. Preparation and Characterization of GF-N-TiO
2
and GF-

TiO
2
. GF (11.5 × 22.0 cm, Hyundai Fiber) was thermally

pretreated and then cleaned using methanol and distilled
water. The GF was heated at 350∘C for 4 h in an electric
furnace to burn away organic residues on the GF surface.
The pretreated GF was washed sequentially with 2-propanol,
acetone, and distilled water, after which it was dried at 125∘C
for 2 h in a dry oven. The dried GF was further treated with
NaOH (98%, Sigma-Aldrich) and distilled water and then
dried at 125∘C for 2 h in the dry oven.

N-TiO
2
powder was prepared using commercially avail-

able P25 TiO
2
powder and urea as a N source. Briefly, 10 g of

TiO
2
powder was added to specified amounts of urea solution

(0.7M, Sigma-Aldrich) in a Pyrex flask and then rigorously
stirred for 2 h under room temperature conditions. Urea solu-
tions of 19, 25, 31, and 37mL were used to synthesize N-TiO

2

powders having N-to-Ti ratios of 0.06, 0.08, 0.10, and 0.12,
respectively. The flask was wrapped with aluminum foil to
prevent transmission gain of light from laboratory fluorescent
lamps and then kept for 24 h. Subsequently, themixture in the
flask was dried for 48 h under reduced pressure conditions to

Figure 1: Photograph of as-prepared N-TiO
2
powder.

give awhite powder.This powderwas calcined at 550∘C for 5 h
in an electric furnace, after which it was washed with diluted
H
2
SO
4
(10%, Sigma-Aldrich), and then distilled water until

the pH value of washed water reached 7. The washed powder
was vacuum-dried for 12 h and then pulverized using an agate
mortar to obtain N-TiO

2
powder (Figure 1).

The GF-N-TiO
2
photocatalyst was prepared using a

dip-coating method followed by a low-temperature heat-
treatment process. Specifically, 50mL titanium (IV) iso-
propoxide (TTIP, 97%, Sigma-Aldrich) was added to 10mL
glacial acetic acid (99%, Sigma-Aldrich) with stirring. This
solution was mixed with 1000mL distilled water followed by
addition of 10mL nitric acid (98%, Sigma-Aldrich) to this
solution. Subsequently, the mixture was stirred, until a white
precipitate was observed, and then heated at 80∘C for 5 h in an
oil bath to obtain a transparent sol. The previously prepared
N-TiO

2
powder (2 g) was added to this sol, after which this

mixture was sonicated for 1 h to obtain the final coating
solution. The previously cleaned GF was dipped into the
coating solution (500mL) in a home-made glass container
(12 cm × 23 cm × 2 cm) for 10min, taken out slowly, and dried
at room temperature for 2 h. These dip-coating and drying
processes were conducted in triplicate to give high coating
amounts. GF-N-TiO

2
powders having N-to-Ti ratios of 0.06,

0.08, 0.10, and 0.12 were named as GF-N-TiO
2
-0.06, GF-

N-TiO
2
-0.08, GF-N-TiO

2
-0.10, and GF-N-TiO

2
-0.12, respec-

tively. In addition, a reference photocatalyst, GF-TiO
2
, was

prepared using P25 TiO
2
instead of N-TiO

2
, following the

same coating procedure as used for the preparation of GF-
N-TiO

2
. The characteristics of as-prepared GF-N-TiO

2
, GF-

TiO
2
, and pretreated GF were determined using scanning

electronmicroscopy (SEM,Hitachi S-4300 FE-SEM), energy-
dispersive X-ray spectroscopy (EDX, Hitachi EDX-350),
X-ray diffraction spectroscopy (XRD, Rigaku D/max-2500
diffractometer), and UV-visible spectroscopy (Varian CARY
5G). For the EDX analysis, the sample was pretreated using a
Pt-coating system (Hitachi E-1030).

2.2. Determination of Aromatic VOC Degradation Efficien-
cies. The degradation efficiencies of aromatic VOCs were
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investigated using GF-N-TiO
2
, GF-TiO

2
, and GF, which were

placed in a cylindrical photocatalytic reactor.The reactor was
prepared using a Pyrex tube (a length of 26.5 cm and an inner
diameter of 3.8 cm),where a cylindrical-shapeddaylight lamp
(F8T5DL, Youngwha LampCo.) with a spectral range of 400–
720 nm was inserted. The light intensities provided by the
daylight lamp were 3.2mWcm−2 at a distance from the light
source to the surface of photocatalysts. The inner surface
of the Pyrex tube was covered by a GF-Fe-TiO

2
, GF-TiO

2
,

or GF sheet. Zero-grade dried air was supplied by an air
cylinder and was allowed to flow through a carbon filter
for repurification. The dried air stream flowed through two
water-containing impingers in tandem, which were partially
immersed in a water bath, for air humidification.The relative
humidity (RH) levels were adjusted by controlling themixing
ratio of dried with humidified air flows. Standard compounds
were prepared by adjusting themixing ratio of the humidified
air with TEX prepared by vaporizing liquid standards, which
were injected into a heated glass chamber via a syringe
pump (KDS 210, KD Scientific). Lastly, the prepared standard
compounds were transferred to the reactor for photocatalytic
decomposition efficiency tests. The degradation efficiency
tests were conducted under different operational conditions
by controlling two important factors: air flow rate (AFR:
1.0, 2.0, 3.0, and 4.0 Lmin−1) and initial concentration (IC:
0.1, 0.5, 1.0, and 2.0 ppm). When evaluating a specific factor,
the other factor was held constant at the following values:
IC, 0.1 ppm, and AFR, 1.0 Lmin−1. In addition, the RH was
fixed at 45%, which represents a comfortable value for typical
indoor life.

Air measurements were carried out at the inlet and outlet
ports of the cylindrical reactor by drawing air through a
stainless steel tubing trap containing Tenax GC adsorbent.
Gaseous species collected in the adsorbent trapwere analyzed
using a gas chromatograph/mass spectrometer (Perkin Elmer
Clarus SQ 8) (GC/MS) coupled to a thermal desorbing
device (Perkin Elmer ATD 350). The gases were qualitatively
analyzed based on both their retention times and mass
spectra (Wiley 275 software library). Each chemical species
was qualitatively analyzed based on calibration curves, which
were determined using five concentrations standardized to an
internal standard chemical. For the quality control program,
a laboratory blank and spiked standard trap samples were
analyzed. The entire experimental procedure was repeated
three times to give more reliable data and the average values
are presented in this paper.

3. Results and Discussion

3.1. Characteristics of As-Prepared Photocatalysts. The surface
characteristics of a representative GF-N-TiO

2
with a N-to-

Ti ratio of 0.08 (GF-N-TiO
2
-0.08) as well as a reference

photocatalyst (GF-TiO
2
) were examined using SEM, EDX,

XRD, and UV-visible absorption analyses. Based on the SEM
micrographs (Figure 2), GF-N-TiO

2
-0.08 showed a better

coating of N-TiO
2
on GF relative to GF-TiO

2
. The enhanced

coating efficiency for GF-N-TiO
2
-0.08 was ascribed to the

strong agglomerating nature of N-TiO
2
[17]. Consistently,

previous researchers [22, 34] have found a higher aggregation

Figure 2: Scanning electronmicroscopy of GF-N-TiO
2
with aN-to-

Ti ratio of 0.08 (GF-N-TiO
2
-0.08) and GF-TiO

2
.

property of N-TiO
2
as compared to pure TiO

2
by SEM

analysis.
As illustrated in Figure 3, the EDX spectrum of GF-N-

TiO
2
-0.08 showed peaks of Ti, O, and N atoms, whereas the

spectrum of GF-TiO
2
showed only Ti and O atom bands;

those bands assigned to Ti and O atoms were associated
with TiO

2
, while the N atom band was ascribed to N

atoms embedded in the TiO
2
lattice. Therefore, EDX spectra

analysis demonstrated that N atoms could be successfully
incorporated intoTiO

2
to allow the prepared photocatalyst be

activated under visible-light irradiation conditions. In agree-
ment with our results, Gurkan et al. [22] found the existence
of N atoms for N-TiO

2
synthesized using a wet incorporation

process through EDX analysis.The undesignated peaks in the
EDX spectra were attributed to Pt, which was used for sample
coating prior to EDX analysis; no other evident impurities
were observed in the samples.

Figure 4 illustrates the XRD spectra of GF-N-TiO
2
-0.08

and the referenceGF-TiO
2
photocatalyst. Both photocatalysts

displayed an anatase phase with a major band at 25.3∘ 2𝜃
and a rutile phase with a major band at 27.3∘ 2𝜃. These
diffractograms were similar to those of Degussa P25 TiO

2

reported in other studies [22, 35], indicating that N incor-
porated into TiO

2
for the GF-N-TiO

2
-0.08 photocatalyst did

not alter the crystal structures of TiO
2
. Gurkan et al. [22] also

reported that the XRD patterns of N-TiO
2
were similar to

those of pure P25 TiO
2
. However, any N dopant-associated

bands were not found in the spectrum of GF-N-TiO
2
-0.08.

These findings suggest that N atoms would not chemically
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Figure 3: Energy-dispersive X-ray images of GF-N-TiO
2
with a N-

to-Ti ratio of 0.08 (GF-N-TiO
2
-0.08) and GF-TiO

2
.

react to produce new crystalline structures, such as TiN,
but are rather incorporated interstitially and substitutionally
into the TiO

2
structure [15]. Otherwise, low amounts of N

atoms impregnated into TiO
2
in GF-N-TiO

2
-0.08 could not

be detected by XRD possibly due to its limited measurement
sensitivity.

The sizes of crystal phases of the GF-N-TiO
2
photocat-

alysts and reference GF-TiO
2
were estimated based on the

Scherrer formula [36]. The anatase crystallite size of GF-
N-TiO

2
-0.08 (36.61 nm) was smaller than that of GF-TiO

2

(39.31 nm), while the crystallite sizes of GF-N-TiO
2
-0.06, GF-

N-TiO
2
-0.10, and GF-N-TiO

2
-0.12 were 36.49, 36.72, and

37.04 nm, respectively. Gurkan et al. [22] also reported a
smaller crystallite size for N-TiO

2
powder relative to that

of pure TiO
2
powder. The reduction in the crystallite size

observed for GF-N-TiO
2
-0.08 was ascribed to the formation

of compressive strain in the crystallite structure, whichwould
likely be due to the transformation of electronic structure
resulting from N dopant ion incorporation into TiO

2
[22].

Figure 5 shows the UV-visible spectra of the GF-N-TiO
2

photocatalysts and reference GF-TiO
2
. The reference GF-

TiO
2
exhibited an absorption edge at a wavelength of around

420 nm, which was in good agreement with that reported in
previous studies [22, 34]. In contrast, the UV-visible spectra
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Figure 5: UV-visible spectra of GF-N-TiO
2
-0.06, GF-N-TiO

2
-0.08,

GF-N-TiO
2
-0.10, GF-N-TiO

2
-0.12, and GF-TiO

2
.

of GF-N-TiO
2
photocatalysts were highly shifted toward the

visible region, which was consistent with the results reported
by Gurkan et al. [22].These shifts toward the visible region of
the spectrum were attributed to the generation of a narrowed
band gap level, which is located between the valence and
conduction bands of TiO

2
. Overall, it was suggested that

the prepared GF-N-TiO
2
photocatalysts could be functional

under visible-light irradiation as well.

3.2. Photocatalytic Degradation of Aromatic VOCs. The pho-
tocatalytic degradation of TEX was conducted using the pre-
paredGF-N-TiO

2
photocatalysts with differentN-to-Ti ratios

and GF-TiO
2
under visible-light irradiation following three-

hour adsorption process. As shown in Figure 6, a control
photolysis test performed using an uncoated GF displayed
no degradation of TEX at all under visible-light irradiation,
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Figure 6: Time-series ratios (𝐶out/𝐶in) of outlet-to-inlet concentrations of (a) toluene, (b) ethyl benzene, and (c) o-xylene as obtained using
GF-N-TiO

2
photocatalysts with different N-to-Ti ratios (GF-N-TiO

2
-0.06, GF-N-TiO

2
-0.08, GF-N-TiO

2
-0.10, and GF-N-TiO

2
-0.12), GF-

TiO
2
, and GF.

which was demonstrated by similar values for inlet and outlet
concentrations of TEX. In addition, Figure 5 shows the outlet
to inlet concentrations of TEX determined for four GF-N-
TiO
2
photocatalysts (GF-N-TiO

2
-0.06, GF-N-TiO

2
-0.08, GF-

N-TiO
2
-0.10, and GF-N-TiO

2
-0.12) and the reference GF-

TiO
2
photocatalyst over three-hour photocatalytic process.

The outlet-to-inlet concentration ratios of the three target
pollutants obtained using theGF-N-TiO

2
photocatalysts were

lower than that of the GF-TiO
2
photocatalyst, indicating that

GF-N-TiO
2
photocatalysts had higher photocatalytic activity

toward the degradation of TEX. For example, the average
outlet-to-inlet concentration ratios of TEX for GF-N-TiO

2
-

0.06 were 0.51, 0.18, and 0.09, respectively, while those of the
GF-TiO

2
photocatalyst were 0.90, 0.76, and 0.67, respectively.

Similarly, Gurkan et al. [22] demonstrated a higher photocat-
alytic activity for the degradation of cefazolin in the aqueous
phase relative to undoped TiO

2
under sunlight irradiation.

Jo and Kim [21] also reported that daylight lamp-irradiated
N-TiO

2
, which was coated directly onto the inner wall of

a Pyrex tubing reactor, showed superior performance for
the degradation of aromatic VOCs compared to unmodified
TiO
2
. The superior photocatalytic activity of the GF-N-TiO

2

photocatalysts under visible-light irradiation was ascribed
to their predisposition for visible-light absorbance owing to
large specific surface area and the reduced impurity level
localized in the top of valence band, as demonstrated from
their UV-visible spectra (Figure 5), since the photocatalytic
reaction rates are proportional to the amount of photon
absorption by the photocatalysts [6, 37–40]. The smaller
crystallite size of GF-N-TiO

2
photocatalysts relative to the

GF-TiO
2
photocatalyst would also enhance their photocat-

alytic activity. Consequently, it was suggested thatGF-N-TiO
2

photocatalysts with visible-light activation can be applied to
effectively degrade aromatic VOCs.
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Figure 7: Time-series ratios (𝐶out/𝐶in) of outlet-to-inlet concentrations of (a) toluene, (b) ethyl benzene, and (c) o-xylene as obtained using
GF-N-TiO

2
-0.08 according to air-stream flow rates.

As also demonstrated in Figure 6, the photocatalytic
activity of the GF-N-TiO

2
photocatalyst increased as the N-

to-Ti ratio increased from 0.06 to 0.08, but then decreased
gradually as the N-to-Ti ratio increased further to 0.12.These
results indicate that there is an optimalN-to-Ti ratio range for
the synthesis of GF-N-TiO

2
photocatalysts. The decreasing

pattern for high N-to-Ti ratios was attributed to increased
particle aggregation due to high amounts of N dopant, which
results in the reduction in photocatalyst surface area [22].The
high amounts of N dopantmight also decrease the separation
distance of charge carriers, which result in an increase in the
recombination of electron-hole pairs.

Figure 7 illustrates the outlet-to-inlet concentration ratios
of TEX obtained using GF-N-TiO

2
-0.08 according to AFRs.

The outlet-to-inlet concentration ratio of all the target com-
pounds displayed an increasing trend as AFR increased,
indicating that the photocatalytic activity of GF-N-TiO

2
-0.08

decreased with increasing AFRs. Particularly, the average
ratios of TEX increased from 0.47 to 0.82, 0.11 to 0.71,

and 0.09 to 0.59, respectively, as the AFR increased from
1 to 4 Lmin−1. In agreement with our results, Jeong et al.
[41] reported that the photocatalytic activity of Degussa P25
TiO
2
for the degradation of benzene and toluene under UV

irradiation showed a decreasing trend with increasing AFRs.
These resultsmight be ascribed to themass transfer rate of the
pollutant molecules from the air stream to the photocatalyst
surface as well as photocatalytic reaction kinetics [42]. Unlike
batch reactors, the mass transfer rates of gas-phase com-
pounds in continuous-flowphotocatalytic reactors are closely
associatedwith the linear face velocities of the air stream [43].
In the present study, the linear face velocities increased as the
AFR increased: the linear face velocities for AFRs of 1, 2, 3,
and 4 Lmin−1 were 4.8, 9.6, 14.4, and 19.2 cm s−1, respectively.
These results suggested that the photocatalytic activity of
the GF-N-TiO

2
-0.08 would increase as the AFR increased,

owing to high mass-transfer rates; rather, the photocatalytic
activity of GF-N-TiO

2
-0.08 decreased with increasing AFR.

As such, the low photocatalytic activity of GF-N-TiO
2
-0.08 at
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Figure 8: Time-series ratios (𝐶out/𝐶in) of outlet-to-inlet concentrations of (a) toluene, (b) ethyl benzene, and (c) o-xylene as obtained using
GF-N-TiO

2
-0.08 according to inlet concentrations.

high AFRs was attributed to an insufficient reaction time in
the photocatalytic reactor, suggesting that the photocatalytic
activity of GF-N-TiO

2
-0.08 was likely limited by reaction

kinetics on the photocatalyst surfaces. The reaction times
for AFRs of 1, 2, 3, and 4 Lmin−1, which were calculated by
dividing the empty-space reactor volume by the AFRs, were
6.1, 3.1, 2.0, and 1.5 s, respectively.

Figure 8 shows the outlet-to-inlet concentration ratios of
TEX obtained using GF-N-TiO

2
-0.08 according to ICs. For

all target compounds, the outlet-to-inlet concentration ratio
increased as IC increased, indicating that the photocatalytic
activity of GF-N-TiO

2
-0.08 decreased with increasing ICs. At

the lowest IC (0.1 ppm), the average ratios of TEX were 0.41,
0.10, and 0.07, respectively, whereas those at the highest IC
(2.0 ppm) were 0.79, 0.49, and 0.42, respectively. Devahasdin
et al. [44] also found that the photocatalytic degradation effi-
ciencies of unmodifiedTiO

2
for degradation ofNOunderUV

irradiation decreased from 70–15% when IC was increased
from 5–60 ppm. In addition, Jeong et al. [41] reported that the
photocatalytic degradation efficiency of toluene determined

using Degussa P25 TiO
2
decreased gradually as IC increased

from 0.6–10 ppm. The descending trend in photocatalytic
activity with increasing IC was ascribed to competitive
adsorption among TEX molecules on the catalyst surface;
adsorption of chemical molecules onto the catalyst surface is
known to be a crucial factor influencing the photocatalytic
degradation of organic compounds [6].

4. Conclusions

This study investigated the applicability of glass fiber-based
N-doped titania (GF-N-TiO

2
) under visible-light exposure

for the photocatalytic degradation of aromatic VOCs. SEM
results indicated the formation of aggregates for the GF-
N-TiO

2
photocatalyst, while EDX spectral analysis demon-

strated that N elements were successfully incorporated into
the TiO

2
crystal lattice. The UV-visible spectra suggested

that GF-N-TiO
2
photocatalysts could be functional under

visible-light exposure. The prepared GF-N-TiO
2
photocat-

alysts showed superior photocatalytic performances to the
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reference GF-TiO
2
photocatalyst for degradation of aromatic

VOCs under visible-light irradiation. The prepared GF-N-
TiO
2
photocatalysts also showed a different dependence ofN-

to-Ti ratios on photocatalytic degradation of aromatic VOCs,
indicating that there is optimal range of N-to-Ti ratios for
the synthesis of GF-N-TiO

2
photocatalysts. In addition, AFR

and IC were both found to be major influential factors on
the photocatalytic performance of theGF-N-TiO

2
photocata-

lysts. Overall, the GF-N-TiO
2
photocatalysts could be applied

effectively for the degradation of aromatic VOCs under
visible-light irradiation at optimal operation conditions.
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Today, organic dyes are one of the largest groups of pollutants release into environment especially from textile industry. It is highly
toxic and hazardous to the living organism; thus, the removal of these dyes prior to discharge into the environment is essential.
Varieties of techniques have been employed to degrade organic dyes and heterogeneous photocatalysis involving titanium dioxide
(TiO
2
) appears to be the most promising technology. In recent years, TiO

2
nanotubes have attracted much attention due to their

high surface area and extraordinary characteristics.This paper presents a critical review of recent achievements in the modification
of TiO

2
nanotubes for dye degradation. The photocatalytic activity on dye degradation can be further enhanced by doping with

cationic or anionic dopant.

1. Introduction

1.1. Overview of Organic Dye Degradation. Nowadays, global
warming poses one of the most serious threats to the global
environment ever faced in human history. The environment
pollutions will cause an unprecedented onslaught of deadly
and costly weather disasters, such as severe storms, droughts,
heat waves, and rising seas and floods all over the world [1–
3]. One of the major water pollutions is the residual dyes
from different sources (e.g., textile industries, paper and pulp
industries, dye and dye intermediates industries, pharmaceu-
tical industries, tannery, and craft bleaching industries, etc.)
which are considered a wide variety of persistent organic
pollutants introduced into the natural water resources or
wastewater treatment systems [4]. Dyeing and finishing
industry produces as much as 50–100 L wastewater/kg of
finished textile products [5]. As shown in Figure 1, World
Bank has estimated that textile industries in many countries
contribute to 17 to 20% of global industrial water pollution
[6]. There are about 10–15% of 700 thousand tons of 10
thousand types of dyes that have been dischargedwithout any
proper physicochemical treatment [7].

There are more than 100 000 commercially available
dyes and an annual worldwide production of synthetic dyes
of nearly 1 million tons [8–10]. Reactive dyes have been
estimated to contribute the most to the discharge of dye
wastewater, as much as 57 thousand tons (Figure 2) because
of their low fixation rate. As shown in Table 1, the reactive dye
has a very poor fixation rates. The fixation rate is influenced
by the extent of hydrolysis of the dye [11], signifying the
vulnerability of reactive dyes to hydrolysis in dye bath.

The release of the persistent organic dyes structure with
toxicity property may cause negative effects on the envi-
ronment and human health. These negative impacts mainly
attributed to the nonbiodegradable nature of the persistent
organic dyes as well as their high colour intensity and are able
to reduce aquatic diversity by blocking the passage of sunlight
through the water [12]. In particular, the discharge of persis-
tent organic dye effluents into the natural water resources or
wastewater treatment systems is undesirable because most of
these organic dyes released and their breakdown products are
very toxic, carcinogenic, or mutagenic to life forms mainly
due to the carcinogens, such as benzidine, naphthalene, and
other aromatic compounds in the structure of persistent
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Figure 1: Water pollution caused by textile industrial from various
countries. The darker icon signifies higher level of water pollution
which is based on percentage of total biochemical oxygen demand
(BOD) emissions [20].
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Figure 2: Mass loss of global dyes into the wastewater [21].

organic dyes [5, 13, 14]. These pollutants can cause irritation
of the eyes, skin, respiratory tract, sore throat, asthma, and
allergic contact dermatitis [15]. The persistent organic dye
effluent will remain in the environment for a long period of
time if incomplete or inadequate treatments during the water
cleaning stage [5]. For instance, the half-life of hydrolyzed
Reactive Blue 19 is about 46 years at pH 7 and 25∘C [16].

Wastewater containing dyes is very difficult to treat,
since the dyes are recalcitrant organic molecules, resistant to
aerobic digestion, and are stable to light. Many traditional
textile wastewater treatment studies have been applied at
many textilemills.However, a synthetic dye inwastewater can
not be efficiently decolorized by these traditional methods.
This is because of the high cost and disposal problems for
treating dye wastewater at large scale in the textile and
paper industries [17]. As such, several wastewater treatments
for colour removal can be divided into 3 categories, which
include physical, chemical, and biological treatments [18,
19]. Nevertheless, most of the conventional dye removal
techniques will have their respective limitations in textile
industry.

Table 1: General fixation rates for different dye classes [22].

Dye class Fixation rate (%) Fibers
Acid 83 to 93 Wool, nylon
Basic 90 to 96 Acrylic
Direct 70 to 95 Cellulose
Disperse 80 to 92 Synthetic
Pigments 95 to 98 Wool
Reactive 50 to 80 Cellulose
Sulphur 60 to 70 Cellulose
Vat 80 to 95 Cellulose

1.2. Dye Removal Techniques. The most popular method for
the removal of pollutants from wastewater is using liquid-
phase adsorption. In fact, liquid-phase adsorption provides
an attractive alternative for the treatment of contaminated
waters, especially if the sorbent is cheap and does not require
an additional pretreatment step before its application. The
adsorption is a well-known equilibrium separation process
and an effective method for water decontamination appli-
cations due to the water reuse in terms of initial cost,
flexibility and simplicity of design, ease of operation, and
insensitivity to toxic pollutants [23]. Adsorption and ion
exchange reactions play an important role in decolonization
[24, 25]. This decolorization process is strongly dependent
on the physiochemical factors (e.g., interaction between dye
and sorbent, active surface area of sorbent, particle size,
reaction time, environment temperature, and pH) [26]. The
most important aspect of the adsorption technique is that no
harmful substance will be generated and released throughout
the reactions. Besides, the adsorption process using activated
carbons has been widely used to remove persistent organic
dyes from wastewaters [27, 28]. However, commercially
available activated carbon is still far from being a potential
candidate in dyes removal applications due to the high pro-
duction cost and regeneration problems [2].The regeneration
activated carbons involve restoring the adsorptive capacity of
saturated activated carbon by desorbing adsorbed dyes on its
surface. In addition, the adsorption involves a phase transfer
of pollutants to other secondary wastes that subsequently
require additional treatment of proper disposal procedure.

In general, several types of filtration technology (physical
methods) have been widely used for wastewater and textile
effluents treatment, such as membrane-filtration processes
(microfiltration, ultrafiltration, nanofiltration, and reverse
osmosis) and adsorption techniques [23, 29–33]. However,
major disadvantages of the membrane-filtration processes
are that they are only applied in small wastewater flow rate,
require higher production cost of membrane and cost of
periodic replacement, require high working pressure to push
the wastewater flow through membrane filtration, and are
unable to reduce dissolved solid content. In addition, this
technique requires frequent cleaning and replacement of the
modules to maintain effectiveness in removing organic dyes.

Besides, biodegradation of organic dyes is often the
most economical alternative as compared to physical and
chemical processes. The possible microorganisms used for
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Table 2: Oxidation potential of several powerful oxidants [34].

Oxidant ∙OH (hydroxyl radical) O3 (ozone) H2O2 (hydrogen peroxide)
Oxidation potential (V) 2.80 2.07 1.77

TiO2

nanoparticles

H2O (OH−)

e− e−

O2

h+ h+

+OH

(CO2 + H2O)

h� (photonic energy)

Degradation product

+O2
−

Figure 3: Overall mechanism of the photocatalytic degradation of organic dye compounds using TiO
2
-based nanomaterial.

biodegradation dyes are fungi, bacteria, yeasts, and algae.
They are involved in fungal decolourization,microbial degra-
dation, and adsorption by (living or dead) microbial biomass
and bioremediation systems that are commonly applied to
the treatment of industrial effluents [9, 35]. However, the
limitations of this technique are often restricted because of
technical constraint. The high toxicity of some chemicals
could decrease the numbers of active organisms used in the
aerobic biological process and long hydraulic retention time
[36]. In addition to that, biodegradation of organic dyes nor-
mally is incapable of obtaining satisfactory colour elimination
with current conventional biodegradation processes [37]. In
this manner, many other organic dyes are recalcitrant due
to their complex chemical structure and synthetic organic
origin [38]. In this case, azo dyes are not totally degraded
or show slow degradation because of their xenobiotic nature
[39].

The chemical treatment includes coagulation and floc-
culation for separation of dyes. The major disadvantages of
these techniques are high cost of coagulating or flocculating
agent and pH dependency for effective dye removal as well
as disposal problem resulted from accumulation of concen-
trated sludge. In addition, secondary pollution problems will
arise due to the excessive chemical used. Meanwhile, the
main reaction involved in chemical wastewater treatment
is ion exchange, which is ineffective in removing several
types of persistent organic dyes. The low removal in the
case of anionic dyes (disperse dyes), diffusion limitation that
can affect reaction rate while the use of organic solvent
for regeneration is very expensive [18] and thus, they are
commercially unattractive.

1.3. Photocatalytic Degradation of Organic Dye by Titanium
Dioxide. In recent years, photocatalysis system has attracted
great interest from science community as themost promising
way to solve the environmental problems, especially getting
rid of residual dyes pollutants fromwastewater stream [2, 40–
42]. In this manner, photocatalysis system is considered to

be ideal green environmental solution to realize our green
economy future. In this case, TiO

2
-based nanomaterials have

been broadly studied as the most promising photocatalyst
for environmental remediation such as air purification, water
purification, heavy metals degradation, and hazardous waste
remediation [3, 43–49]. The reasons mainly attributed to
the nontoxicity, cost effective, long-term stability, widespread
availability, and high stability against photocorrosion with
great capacity for oxidation and high photocatalytic property.
The development of the nanoarchitecture of TiO

2
assemblies

with precisely controllable nanoscale features has gained
significant scientific interest [42–54].

According to Ibhadon and Fitzpatrick (2013) [34], the
principle behind the photocatalysis involves the photoexci-
tation of the metal oxides with light energy (Figure 3). In
this case, only UVL (𝜆 ≤ 387 nm) greater than the band
gap of the anatase TiO

2
(𝐸bg = 3.2 eV) generates electron-

hole pairs as shown in (1). The photoinduced electrons and
holes diffuse to the particle surface of the TiO

2
, in which

they can be exploited for various redox processes analogous
to those of an electrochemical cell. The positive holes react
with water, an electron donors, to produce the most crucial
and powerful oxidizing free radicals, ∙OH ((2) and Table 2).
Thus, any organic compound adsorbed on the surface of
the photocatalysts is oxidized by ∙OH (3). The photoexcited
negative electrons react with oxygen to become superoxide
radicals, O

2

−∙, and perform the similar oxidative attack on
organic compounds. Consider

TiO
2
+ hV → TiO

2
(h+VB) + TiO2 (e

−

CB) (1)

where TiO
2
(h+VB) is the positive hole in valence band (VB)

and TiO
2
(e−CB) is the photoexcited electron in conduction

band (CB) (Figure 4). Consider

TiO
2
(h+VB) +H2Oads → TiO

2
+
∙OH +H+ (2)

∙OH + dye → CO
2
+H
2
O (3)
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3D
2D

1D

Figure 4: A schematic model for the formation of TiO
2
nanotubes

[55].

TiO
2
(e−CB) +O2ads → TiO

2
+O
2

∙−

ads (4)

O
2

−∙
+ dye → CO

2
+H
2
O (5)

In this manner, TiO
2
can act as an ideal semiconductor

material for photocatalysis because it is nontoxic, relatively
cheap, and highly photostable. It is interesting to note
that TiO

2
exists in six different polymorphs, namely, rutile

(tetragonal), anatase (tetragonal), brookite (orthorhombic),
TiO
2
(B) (monoclinic), TiO

2
(II) (alpha-PbO

2
), and TiO

2
(H)

(hollandite) [56, 57]. TiO
2
nanoparticle has been widely used

as an active photoelectrode applied in variety of environment
and energy system since the discovery by Fujishima and
Honda [58]. In particular, the particulate TiO

2
in the form of

suspension requires appropriate substrates as support to form
compacted film [44, 59]. TiO

2
possessing a large bandgap

energy of 3.2 and 3.02 eV for anatase and rutile, respectively.
Thus, they only can be excited under UV light irradiation.
When TiO

2
is excited by UV light irradiation, electrons

from valence band will jump to the conduction band leaving
behind positive holes (h+) [34]. The electrons and holes
diffuse to the particle surface of the TiO

2
in which they can be

exploited for various redox processes analogous to those of an
electrochemical cell. The holes react with water, an electron
donor, to produce the most crucial and powerful oxidizing
free radicals capable of degrading the organic dyes.

However, the major drawback of such nanoparticle TiO
2

is the random pathway of photoinduced electrons during
photocatalytic reactions, which will eventually lead to the
recombination through trapping/detrapping of electron/hole
pairs as well as longer electron transporting time in the
particulate TiO

2
. In addition to that, the probability of

recombination losses of photoinduced charge carriers will
be increased significantly due to the presence of defects
or trapping sites, more grain boundaries, and disordered
contact areas [50, 60–63]. Meanwhile, it was found that two-
dimensional TiO

2
thin film is able to eliminate the reusability

of photocatalyst issues and ease the filtration procedure after
photoreaction [47, 50]. In order to further maximize specific
surface area of TiO

2
thin film for better photons absorption

from illumination, design and development of TiO
2
-based

nanostructure assemblies have gained significant interest and
triggered enormous effort in physics, chemistry, andmaterial
science [45–47, 50, 51, 60]. In this paper, the nanotubular
structure of TiO

2
is extensively reviewed. This is because

TiO
2
nanotubes are becoming more popular due their high

photocatalytic activity for various types of dye degradation.

2. Preparation of TiO2 Nanotubes

TiO
2
nanotubes can be produced by several methods such as

using a template of nanoporous alumina [64], sol-gel tran-
scription process using organogelator templates [65], seeded
growth mechanisms [66], and hydrothermal techniques [67–
69]. However, none of these methods offer superior con-
trol on the nanotube dimensions than the electrochemical
anodization technique [52, 70, 71]. In the following sections,
several techniques to prepare TiO

2
nanotubeswere discussed.

2.1. Sol-Gel Transcription Synthesis. Sol-gel transcription
process is a wet-chemical technique used to synthesize oxides
at relatively low temperature. The process consists of hydrol-
ysis of precursor species and subsequently polycondensation
to form solid network which is known as gel. The common
precursors employed in sol-gel processing aremetal alkoxides
and metal chlorides.This sol-gel template processing making
use of porous alumina, polymer fibers or super molecular
compound as a template, and their diameters was normally
larger than 50 nm [72–74]. The walls of the TiO

2
nanotubes,

prepared by deposition in porous alumina membrane, con-
sisted of anatase nanoparticles and contained mesopores
arising from the spaces between the anatase particles [75,
76]. Hoyer’s research team firstly reported the formation of
the pore diameter of 70–100 nm TiO

2
nanotubes via sol-gel

transcription process in 1996.
Sol-gel transcription process in formation of high-

ordered TiO
2
nanotubes was reported by Kang et al. (2009)

[77]. In this report, titanium isopropoxide, Ti(OC
3
H
7
)
4
, in

ethanol was used as precursor. The TiO
2
nanotubes were

grown on an alumina template. Then, the resultant sample
was dried at room temperature for 12 hours in an ambient
environment and calcined at 500∘C to convert into crystalline
phase. After that, the isolated TiO

2
nanotubes were obtained

by removing the alumina template. However, the main draw-
back of sol-gel method is that it is difficult to form aligned
and well-ordered nanotubular structure. Besides that, this
method is time consuming because it is relatively difficult to
remove the solvent and organic by-products and not practical
from the economic point of view due to high chemical and
energy consumption. Furthermore, rawmaterials used in this
experimental works are expensive and caused many research
groups to try to find an alternative way to produce TiO

2

nanotubes.

2.2. Hydrothermal Synthesis. Hydrothermal synthesis can
be defined as a heterogeneous reaction in the presence of
aqueous solvents or mineralizers under high pressure and
temperature. This is an important technique to produce big,
pure, and dislocation-free single crystals [78–80].The crystal
growth is performed in a steel pressure vessel known as
autoclave where nutrient is supplied along with water. A
temperature gradient needs to be maintained in the growth
chamber so that the hotter end dissolves the nutrient whereas
the cooler end causes seeds to take additional growth.
The growth rate of the seeds will increase with increasing
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Table 3: Comparison of the most widely used synthesis methods for preparing TiO2 nanotubes.

Synthesis method Characteristics

Sol-gel transcription process
(a) Ordered arrays
(b) Advantages: the scale of nanotubes can be controlled by the applied template
(c) Disadvantages: the nanotubular structure can be damaged or destroyed during the after
removal of the templates; raw materials used are expensive

Hydrothermal synthesis
(a) Random alignment
(b) Advantages: easy route to obtain nanotubes in relatively large amount
(c) Disadvantages: difficulty in producing uniform size of nanotubular; long reaction
duration; and random distribution of nanostructured tubes

Electrochemical anodization

(a) Oriented arrays with high aspect ratio
(b) Advantages: self-organized anodic oxides in the form of nanotubular structures with
almost perfect vertical, relatively simple alignment and can be adopted for large-scale
industrial production
(c) Disadvantages: fabrication apparatuses are costly; massive organic waste will be
produced after the anodization process

concentration of solvent, crystallization temperature, and
temperature gradient [76, 81, 82].

In a typical hydrothermal experiment, the TiO
2
nanopar-

ticle powder is processed in alkaline solution such as NaOH
in a Teflon-lined autoclave at a temperature up to 150∘C for
time range from 15 h and above [69]. TiO

2
nanoparticles

will transform to nanotubes when the reactive Na+ and
OH− species react with TiO

2
and forms Ti–O–Na and Ti–

OH bonds. At this stage, the particles will be transformed
to lamellar structure and finally roll up to form tubular
structure to reduce the high energy [68, 83]. Figure 4 shows
the schematic model for the formation of TiO

2
nanotubes.

However, the main drawback of hydrothermal technique is
the inability to form nanostructured tubes which are well
aligned and ordered. Besides that, hydrothermal treatment
required long reaction duration and addition of highly
concentrated NaOH having difficulty in obtaining uniform
size of TiO

2
nanotubes.

2.3. Electrochemical Anodization Synthesis. Highly ordered
and vertically oriented TiO

2
nanotubes can be fabricated by

potentiostatic anodization of Ti metal under suitable elec-
trolyte and processing conditions. TiO

2
nanotubes are gained

after the process which initially involves the formation of
barrier layer and followed by rather well-defined nanoporous
structure [51, 53, 84, 85]. The Ti metal was used as substrate
for TiO

2
nanotubes to grow.The amorphous TiO

2
nanotubes

can be obtained at the end of the anodization process. This
amorphous phase of nanotubes needs to be crystallized via
high temperature annealing process [70, 86, 87].

Electrochemical anodization is an electrolytic process
that creates a protective or decorative oxide layer over a
metallic surface [88]. Synthesis of TiO

2
nanotubes using

electrochemical anodization method is preferred due to the
simplicity in preparation and handling and being more
controllable than the othermethods [58].Generally, vertically
oriented nanotubes offer large specific surface area, which
have tube-like structures with circular nanotubular opening
that serve as a scaffold to anchor light-harvesting assemblies
[50, 51]. The diameter of the opening ranges from 20 nm to

350 nm and the length of the tube can vary from 0.2 𝜇m to
1000 𝜇mdepending on the processing parameter.The bottom
part of the nanotubes which are in the form of domes is called
barrier layer with typical shape of hexagonal or pentagonal
[89–91].

In anodizing cell, Ti is used as an anode and it is
connected to positive terminal of power source, whereas
platinum is used as cathode being connected to negative
terminal of power source [84, 92]. There are few other
candidates for cathode, which consist of carbon, lead, nickel,
or stainless steel. The cathode has to be an inert electrode
and nonreactive in the electrolyte bath [90, 93]. Generally, the
geometrical feature of the nanotubes is controlled by a variety
of parameters such as anodization potential, electrolyte com-
position, and properties such as conductivity and viscosity, as
well as anodization time and temperature. From theoretical
perspective, an anodic oxide layer growth involved field-
assisted oxidation of anodic Ti film. The high electric field
across the anodic oxide layer will induce the Ti–O bond
polarization. Then, Ti–O polarization will lead to the pit
formation.These random pits will then etch into nanotubular
structure in the presence of fluoride ions via chemical disso-
lution reaction.The comparison between the unique features
of sol-gel transcription process, hydrothermal synthesis, and
electrochemical anodization techniques is summarized in
Table 3.

3. Titanium Dioxide Nanotubes for
Dye Degradation

In this manner, one-dimensional TiO
2
nanotubes are con-

sidered a promising candidate because of their inner and
outer wall surface area of nanotube that greatly increases
the active sites available for photon absorption [43, 48, 50,
80, 94]. One-dimensional TiO

2
with well-aligned nanotube

arrays provides unique electronic properties, such as high
electronmobility, low quantum confinement effects, and high
mechanical strength [95–97]. Furthermore, vertical charge
transport in well-aligned TiO

2
nanotube structure greatly

contributes to better photocatalytic efficiency due to the
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Figure 5: Band structure of a cationic loaded on wide band gap of
semiconductor photocatalyst with visible light response [105].

grains of TiO
2
that are stretched in the tube growth direction

and low recombination losses at grain boundaries as com-
pared to randomly oriented particulate TiO

2
[47, 50, 63, 97].

Quan et al. (2005) [98] have reported that TiO
2
nanotubes

give a higher kinetics constant than TiO
2
nanoparticles

for photoelectrochemical degradation of pentachlorophenol.
In terms of dye degradation in TiO

2
nanotubes, it is also

performed far much better as compared to that of TiO
2

nanoparticles. Xu et al. (2011) [99] show that TiO
2
nanotubes

efficiency was two times much better than nano-TiO
2
in

degrading Acid Orange 7 dye.

3.1. Cationic Doping on Titanium Dioxide Nanotubes. TiO
2

nanotube is considered the noble photocatalyst in organic dye
degradation because of itsmany intrinsic properties [88, 100],
but it has its own limitations which are critical to photocat-
alytic techniques such as recombination of photogenerated
electron-hole pairs, fast backward reaction, and inefficient
visible light utilization. These drawbacks are very much
related to the wide band gap of TiO

2
nanotubes. In fact, TiO

2

nanotube can only effectively function under the UV region
(𝜆 < 400 nm) and it only contains about 4-5% of UV rays
from our solar energy. Thus, the efficient use of visible light
from our solar energy is essential for effectively degrading
organic dye. These drawbacks can not be overcome by only
optimizing the dimensions of TiO

2
nanotube itself.Therefore,

considerable efforts that have been exerted to solve these
drawbacks by modifying TiO

2
nanotubes with the addition

of electron donors (hole scavengers), carbonates salts, metal
ion doping [101], anion doping [102], and dye sensitization
[62] have been investigated. Among these, doping of TiO

2

using metal ions (Fe, Cr, V, Nb, Si, Al, Li, Na, K, Cu, Mn,
Co, and Gd) and nonmetal (C, N, S, and P) has reported to
show a promising result under visible light irradiation though
the mechanism under which this process occurs still remains
controversial. The following are some of the attempts made
to modify the electronic structures of TiO

2
nanotubes to

improve their effectiveness under visible light.
In 2004, Komornicki et al. [103] proposed that binary

oxide photocatalysts are promising candidates with enhanced
properties for photocatalytic system. Such photocatalysts
may benefit from the combination of the best properties of
their pure components and modification of the electronic
structure of the system could be expected. Later, in 2006,

Higashimoto et al. [104] suggested that binary oxide pho-
tocatalyst can promote better charge carriers separation by
accumulating electrons and holes in two different semicon-
ductor layers with suppression of charge carriers recombi-
nation. The useful features of the individual components in
the mixed oxide systems can be complementary with each
other, while alleviating the disadvantages at the same time.
Generally, numerous studies have proved that visible light
absorption of TiO

2
photocatalyst could be improved and

recombination of charge carriers could be suppressed by
coupling with another cationic species [43, 105–107]. The
replacement of cationic ions within the crystal lattice may
create impurity energy levels that facilitate better absorption
in the visible light region, as depicted in Figure 5. Further-
more, different redox energy levels for their corresponding
conduction and valence bands provide another attractive
approach to achieve much more efficient charge carrier
separation tominimize the recombination losses.WhenTiO

2

photocatalyst is loaded with sufficient content of cationic
species in lattice, the electrons would be injected from
the semiconductor with a more negative CB level to the
positive one, while holes would be transferred from the
semiconductor with a more positive VB level to the negative
one. Thus, separation of charge carriers could be achieved;
as a consequence, the lifetime of the charge carriers and
the efficiency of the interfacial charge transfer to water are
increasing significantly [49, 100, 108].

Based on the literature, majority of the cationic species-
loaded TiO

2
photocatalysts studied were prepared using the

coprecipitation, incipient wet impregnation method and sol-
gel method. Details of the cationic species-loaded TiO

2
pho-

tocatalysts by several researchers and their findings are sum-
marized in Table 4. Transitional metal and rare earth metal
ions have been tried as dopants to improve the photocatalytic
efficiency of TiO

2
in the visible light region. However, per-

formances of those binary oxide photocatalysts were strongly
dependent on the content of cationic dopants. The impurity
levels created by cationic dopants in the binary oxide photo-
catalyst are usually discrete, which would appear disadvanta-
geous for the migration of the charge carriers if the content
of cationic dopants exceeds the optimum value [43, 47, 109].
Furthermore, there are a few drawbacks of cationic species
doping such as different morphological and crystalline prop-
erties of the photocatalyst due to different methods of doping
and the shift of the absorption edge in the metal ion doped
system may have a complex origin, due to either homoge-
neous substitution of Ti4+ or segregated M

𝑥
O
𝑦
clusters.

Although cationic species doping can improve the visible
spectrum response, the photogenerated electron-hole pair
lifetime decreases causing the overall efficiencies to be at
similar level [126]. This reason might be attributed to the
doped sites that often behave as recombination centers for
photogenerated charged carriers due to the substitution of
Ti4+ with metallic ions. Also, transition metal species-loaded
TiO
2
samples often suffer from thermal instability. These

cause the photocatalytic activity of cationic species-loaded
TiO
2
to often decrease because of the thermal instability or

an increase in carrier recombination centers [127, 128]. Thus,
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Table 4: Summary of the works reported on the different cationic-loaded TiO2 photocatalyst.

Cationic Author (year) Findings Reference

Cu Li et al. (2008)

Cu ions on TiO2 nanotubes effectively acted as electron
trappers prohibiting the recombination of photoexcited
electrons and holes in Cu-loaded TiO2 nanotubes, hence
improving the photocatalytic degradation of Rhodamine B
under UV light irradiation within 50min. The catalytic

performance is also better than the undoped TiO2
nanotubes.

[110]

Pd Mohapatra et al.
(2008)

Self-organized TiO2 nanotubes with Pd nanoparticles were
found to be an excellent photocatalyst that can decompose

nonbiodegradable azo dyes (methyl red and methyl
orange) due to the fact that lifetime of the charge carriers

has been increased significantly

[111]

Ru Khan et al.
(2009)

Doping of Ru by the ion exchange method to the
hydrothermally synthesized TiO2 nanotube was found to
be an effective photocatalyst active under visible light for

degradation of methylene blue dye

[112]

Fe Deng et al.
(2009)

The methyl orange was completely degraded using 0.5%
Fe-doped TiO2 nanotubes under UV light irradiation

within 3 h
[113]

Nd Xu et al. (2009)
Nd-doped TiO2 nanotubes showed a high photocatalytic
activity by degrading 99.6% of methyl orange within 20

min under UV irradiation
[114]

W Xiao et al.
(2009)

5 wt% of W-loaded TiO2 nanotubes enhanced
photocatalytic activity of RhB degradation compared to

the pure TiO2 nanotubes due to the better charge
separation efficiency and the extension of the wavelength

range of photoexcitation

[115]

Co Hsieh et al.
(2009)

Codoped TiO2 nanotubes showed a promising candidate
in a photocatalysis degradation of basic Violet 10 Dye

under visible light irradiation
[116]

W Paramasivam et
al. (2010)

The improvement of the photocatalytic degradation of
Rhodamine B was observed for the addition of lowWO3

content (0.2 at.% W) to the Ti nanotubes
[59]

W Sajjad et al.,
(2010)

4%WOx-TiO2 nanotubes composite demonstrated the
best reactivity under visible light in degradation of acid

Orange 7 Dye
[117]

La Wu et al. (2010) La-doped TiO2 nanotubes have been tested by using
methyl orange dye under UV light irradiation. [118]

Cu Ma et al. (2010)

Cu-doped TiO2 nanotube has been employed to degrade
methyl orange. However, only 21% of methyl orange was
removed using Cu-doped TiO2 nanotube arrays after

240min of UV illumination

[119]

W Das et al. (2011) The high efficiency of photodegradation of Rhodamine B
is observed for the 0.2 at.% W content [120]

Pt Su and Deng
(2011)

The Pt-doped TiO2 nanotubes possess high photocatalytic
activity for degrading methyl orange under UV and visible

light irradiation
[121]

Fe Pang and
Abdullah (2012)

The Fe-doped TiO2 nanotubes were evaluated based on
oxidation of Rhodamine B under ultrasonic irradiation [122]

Fe Wu et al. (2012)
The incorporation of Fe into TiO2 nanotubes has increase
the efficiency of methylene blue degradation under visible

light region
[123]

Cu Sreekantan et al.
(2014)

Cu loaded on TiO2 nanotube arrays demonstrates the
highest photocatalytic activity with 84% degradation of

methyl orange under visible light
[124]
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Table 4: Continued.

Cationic Author (year) Findings Reference

Bi Natarajan et al.
(2013)

Bismuth-doped TiO2 nanotubes were successfully
synthesized and capable of degrading Rhodamine B

completely under direct sunlight
[125]

making intuitive prediction is impossible, and conducting
a focused research is challenging. It is important to fine-
tune the content of the cationic substitution into TiO

2

photocatalysts to develop an efficient visible light driven
photocatalyst.

3.2. Anionic Doping on Titanium Dioxide Nanotubes. Anion
doping is another type of elemental doping to modify
the band gap of TiO

2
nanotubes. It has been proven that

anion-doped TiO
2
, such as nitrogen-, carbon-, phosphorus-

, or sulphur-doped TiO
2,
exhibits visible photoresponse and

reduced the band gap of native TiO
2
. According to Tang and

Li (2008), this is because the atomic orbitals of nonmetal
elements (e.g., N

2𝑝
, S
3𝑝,

andC
2𝑝
) have higher potential energy

than O
2𝑝

[129]. This will form a new VB instead of a pure
O
2𝑝
atomic orbital which reduce the band gap energy without

affecting the conduction band level.This doping required the
creation of surface oxygen vacancies where the anions will
incorporate into the anatase as well as rutile by substitution
in oxygen lattice sites [130].

The nonmetal ion doped catalysts are better for extend-
ing the photocatalytic activity of TiO

2
into visible region

compared to metal cationic species loading methods because
their impurity states are near the VB edge and their roles
as recombination centers may be minimized. Table 5 shows
the characteristics of anion-doped TiO

2
. However, the photo-

catalytic activity of conventional TiO
2
doped with nonmetal

elements is still limited or at early stage. It is expected that
a combination of doping elements could result in a marked
increase in the photocatalytic activity of TiO

2
under both

UV and visible light. Most of the researchers have doped the
TiO
2
with nitrogen in order to enhance the photocatalytic

activity and expand the photoactivity response toward the
visible light region. In addition, codoped species may be
more appropriate for extending the photocatalytic activity
of TiO

2
into the visible light region. For example, nonmetal

codoping of TiO
2
such as F-B-codoping, C-N-codoping, and

S-N-codopingwas studied to further enhance the visible light
activity.

The purpose of the modification of TiO
2
is believed to

improve the performance of TiO
2
nanotubes by introducing

new energy level into the forbidden gap, therefore causing the
effect of band gap narrowing and provide site that slow down
the recombination process. This improved the performance
of the TiO

2
nanotubes in photocatalytic degradation of

organic dyes [131]. The following sections are some of the
attempts made to modify the electronic structure of TiO

2

nanotube to improve its effectiveness under visible light. The
electronic structure of TiO

2
by the substitution of metal

O2−

O2−
O2−

O2−

O2−

O2−
O2−

O2−

O2−

O2−

O2−

O2− O2−

O2−

O2−

O2−

O2−

Mn+

Mn+

Metal ions implantation and
metal ions substitution

Chemically anions
doping and oxygen

defects
Ti4

Ti4+

Anions or defects
Metal ions

Figure 6: Electronic structure of TiO
2
by the substitution of metal

ions or anions to harvest visible light response [101].

(a) (b) (c) (d) (e)

Figure 7: Various schemes illustrating the possible band gap elec-
tronic structure and excitation processes of visible-light-responsive
TiO
2
materials: (a) pure TiO

2
; (b) band gap narrowing model for

nonmetal-dopedTiO
2
; (c) oxygen-deficient TiO

2
; (d) localizedmid-

gap level model for nonmetal-doped TiO
2
; (e) oxygen vacancy and

nonmetal-doped mid-gap levels are considered together [41].

ions or anions to harvest visible light response is shown in
Figure 6. The various schemes illustrating the possible band
gap electronic structure and excitation processes of visible-
light-responsive TiO

2
materials are shown in Figure 7.
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Table 5: Summary of the works reported on the different anionic-doped TiO2 photocatalysts.

Anionic Authors Findings Reference

N Dong et al.
(2009)

N-doped TiO2 nanotubes exhibit enhanced photocatalytic
degradation of methyl orange under visible light
irradiation by narrowing the band gap energy

[132]

N and C Liu et al. (2009)

The C–N doping shifts the absorption edge of TiO2
nanotubes to the visible light regions and promotes the
charge carrier transfer from the TiO2 surface to the

electrolyte. The C–N doped TiO2 higher photocatalytic
activity in the degradation of methyl orange than the

undoped TiO2 nanotubes

[133]

N Lai et al. (2010)
The N-doped titanium dioxide nanotubes exhibited higher
photocatalytic activity in degrading methyl orange under

UV and simulated sunlight irradiation
[134]

N Peng et al.
(2010)

N-doped titanate nanotubes completely degraded methyl
orange within 240 minutes under 15W fluorescent lamps [135]

N and Zr Liu et al. (2010)
N/Zr-codoped TiO2 nanotubes significantly improved the
photocatalytic efficiency of TiO2 nanotube arrays under

both UV and visible light irradiation
[136]

N Z. He and H. Y.
He (2011)

The N-doped TiO2 nanotubes with 25.7 at.% nitrogen
content were capable of degrading methyl orange under

visible and sunlight irradiation
[137]

N and C Wang et al.
(2011)

The photocatalytic activity of the codoped TiO2 nanotubes
with C and N shows a superior photocatalytic activity in

degradation of Rhodamine B under visible light
irradiation

[102]

N Wang et al.
(2012)

N-doped TiO2 nanotubes associated with iron oxide
photocatalyst successfully decomposed methyl orange in

air under visible light irradiation
[138]

N Lv et al. (2012)
N-doped TiO2 nanotubes showed further enhancement in
photodegradation activity of methylene blue in the visible

region
[139]

N and F Lee at al. (2012)
F–N-codoped TiO2 nanotubes effectively photodegraded
the aniline blue dye within 200min under visible light

irradiation
[140]

F and S Liao et al. (2012)
The binary F- and S-doped TiO2 nanotubes were capable
of degrading methyl orange using xenon lamp to simulate

natural sunlight
[141]

N Dang et al.
(2012)

N-doped TiO2 nanotube array films effectively degraded
81% of methyl orange in 150min under visible light

irradiation
[142]

N and S Wang et al.
(2013)

Thiourea-doped TiO2 nanotubes composed of N and S
successfully decomposed 81.5% of methyl orange under

visible light illumination within 90 min
[143]

N Yuan et al.
(2013)

The N-doped TiO2 exhibited higher photocatalytic
degradation of methyl orange as compared to undoped

TiO2 under UV and visible light irradiation
[144]

4. Conclusion and Future Works

Nanosize TiO
2
especially TiO

2
nanotubes seems to be the

most promising photocatalyst for organic dye degradation.
It is very obvious that many researchers have been trying
to synthesize not only higher active surface area of nan-
otubes but also sunlight-driven photocatalyst for effective dye
degradation. The industrial application of TiO

2
nanotubes

is anticipated for the future due to its high photocatalytic

activity, photostability, and nontoxicity. Nevertheless, further
modifications are essential to improve its photocatalytic
activity under the direct sunlight irradiation. Thus, various
potential cationic and anionic elements have been employed
to increase TiO

2
nanotubes efficiency for organic dye degra-

dation under sunlight irradiation. It is believed that TiO
2

nanotubes still permit extensive and in-depth study on the
electronic and lattice structure in order to truly understand
the effect of different doping method and elements on TiO

2
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nanotubes. This is crucial because it is obvious that same
elements with different doping methods demonstrated a
different photocatalytic activity on dye degradation.
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Dye-sensitized solar cell (DSSC) using multiwalled carbon nanotube/titanium dioxide (MWCNT/TiO
2
) was successfully

synthesized using sol-gel method. In this method, it has been performed under various acid treatments MWCNT concentration
level at (a) 0.00 g, (b) 0.01 g, (c) 0.02 g, and (d) 0.03 g. Atomic force microscopy (AFM) was used to study surface roughness
of the MWCNT/TiO

2
thin films. The average roughness results for 0.00 g, 0.01 g, 0.02 g, and 0.03 g were 10.995, 18.308, 24.322,

and 25.723 nm, respectively. High resolution transmission electron microscopy (HR-TEM) analysis showned the inner structural
design of the MWCNT/TiO

2
particles. The TiO

2
nanoparticles covered almost all the area of MWCNT particles. Field emission

scanning electron microscopy (FESEM) gave the morphological surface structure of the thin films. The thin films formed in good
distribution with homogenous design. The DSSC with MWCNT/TiO

2
electrode containing 0.03 g MWCNT were resulted in the

highest efficiency of 2.80% with short-circuit current density (𝐽sc) of 9.42mA/cm2 and open-circuit voltage (𝑉oc) of 0.65V.

1. Introduction

Dye-sensitized solar cell (DSSC) is considered as a relatively
new type of solar cell being discovered, in 1991, by Grätzel
et al. DSSC shows greater promise compared to Si solar
cells due to low cost, environmental friendly and simple
manufacturing process. DSSC has attracted a lot of attention
worldwide. Nevertheless, Grätzel’s cell has a solar conversion
efficiency of ∼13% [1], which is significantly lower than that of
Si solar cells. To improve the performance of DSSC devices, a
number of aspects are considered. Electron transport across a
TiO
2
electrode is one of the most important factors affecting

the conversion efficiency of DSSC; the greater electron
mobility is, the higher the DSSC efficiency will be [2]. On
the other hand, charge recombination processes generally
inhibited injected electrons from TiO

2
to the conducting

glass substrate, thus decreasing the performance of DSSC.
Therefore, the rapid photo induced electron transport in

the working electrode, TiO
2,
and the suppression of charge

recombination processes can ensure a higher conversion
efficiency of DSSC [3, 4].

In recent years, multiwalled carbon nanotube MWCNT
has attracted considerable attention worldwide due to its
excellent mechanical properties and electrical and thermal
conductivity making it a high potential candidate in var-
ious applications, for example, field emission display [5],
photo catalysis, photovoltaic devices, and DSSC [6]. Several
researches [7, 8] reported the incorporation of MWCNT
within nanocrystalline TiO

2
working electrodes to enhance

the solar energy conversion efficiency of DSSC. Furthermore,
some studies [9] have revealed that the better performance of
DSSC fabricated using MWCNT/TiO

2
electrodes is because

of the higher electron mobility at the electrodes than that
of conventional TiO

2
electrodes. This resulted in a higher

short-circuit photocurrent (𝐽sc) of DSSC. However, the per-
formance of DSSC dropped when high MWCNT content
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was applied to the MWCNT/TiO
2
electrode, possibly due

to a severe aggregation of MWCNT in the nanocomposite
electrode [10, 11].

In this study, we aim to synthesize and fabricate
MWCNT/TiO

2
dye-sensitized solar cell using sol-gelmethod

with different concentrations of MWCNT. The different
MWCNT concentrations were the main key in order to get
better photovoltaic efficiency. We investigate the MWCNT
concentration effect on the solar cell in terms of their
photo-conversion efficiency performance. The samples were
analyzed using FESEM, TEM, AFM, and IV curve analysis to
see the effect of MWCNT doped into TiO

2
photoelectrode.

2. Methodology

2.1. Materials. Titanium (IV) tetraisopropoxide (TTIP)
(98%) was purchased from Sigma-Aldrich, Belgium, and
used as the main material. MWCNT, 98% carbon basis with
length of 6 to 13 nm, was purchased from Sigma-Aldrich,
USA. The MWCNT will go through the acid treatment
process before being used. The MWCNT will be sonicated
for 2 h in a beaker containing 50mL of concentrated
nitric acid and boiled at 90∘C on a hotplate. The MWCNT
powder achieved after filtering was washed several times
using distilled water to remove residual acid and dried in
oven for 24 h. In this study, other chemicals were used as
ethanol anhydrous I

2
(99.5%), ruthenium 620-1H3TBA dye

obtained from Solaronix SA, adult MPN-100 purchased
from Solaronix SA, nitric acid (95%), and electrode substrate
fluorine tin oxide (FTO) glasses, 30Ω, obtained from
Solaronix SA and used as received.

2.2. Preparation of MWCNT/TiO
2
Solution. TiO

2
nanopar-

ticles are produced from titanium (IV) tetraisopropoxide
that acts as a precursor solution. The TTIP solution mixed
with anhydrous ethanol solution in the ratio of (0.1/2)
using magnetic bar stirrer for 30min. The acid treatment
MWCNT powder with different weights of (a) 0.00 g, (b)
0.01 g, (c) 0.02 g, and (d) 0.03 g was added into the TiO

2

colloidal solution paste and dispersed using an ultrasonic
horn machine for 60min. MWCNT/TiO

2
nanocomposite

stirred vigorously for another 2 h to get homogeneous solu-
tion. The MWCNT/TiO

2
paste coated onto the fluorine tin

oxide (FTO) conductive glass using doctor-blade technique
to generate 0.25 cm2 active area is followed by evaporation of
ethanol in air at room temperature for a few minutes. All the
MWCNT/TiO

2
thin films were annealed in a dry furnace at

300∘C for 30min forming noncrack and uniform thin film
electrode. Figure 1 shows the flowchart of this preparation.

2.3. Fabrication of Dye-Sensitized Solar Cell. The annealed
MWCNT/TiO

2
electrode thin films were then being

immersed in 0.5M N719 ruthenium dye for 1 day to make
sure that all the MWCNT/TiO

2
particles were covered with

the N719 dye particle. The electrodes were then sandwiched
with another electrode glass called counter electrode which
was covered with platinum (Pt) thin film on top of the
FTO glass. Both electrodes separated using parafilm barrier

TTIP and P25 TiO2 nanopowder mixed at molar

ratio of 0.1/1 in ethanol solution for 30 min.

MWCNT powder of 0.01g, 0.02 g, and 0.03 g

was added into TiO2 colloidal solution and ultrasonic

for 60 min.

MWCNT/TiO2 nanocomposite stirs vigorously

for 2 hours to get homogeneous solution.

MWCNT/TiO2 paste was coated onto FTO glass

using doctor-blade technique and annealed in

furnace at 300∘C for 30 min.

MWCNT/TiO2Noncrack and uniform thin flm

Figure 1: Flowchart diagram for synthesis MWCNT/TiO
2
nano-

composite thin film.

The annealed MWCNT/TiO2 electrodes were

immersed into 0.5M N719 ruthenium dye for 1 day. 

After that, the thin film
electrodes were sandwitched with platinum (pt)

counter electrode.

Dye-sensitized solar cells based on
MWCNT/TiO2 nanocomposite were completed.

MWCNT/TiO2

Figure 2: Flowchart diagram for fabrication of MWCNT/TiO
2
dye-

sensitized solar cell.

to place electrolyte between the electrodes. DSSC based
MWCNT/TiO

2
nanocomposite is completed and is ready to

be analyzed. Figure 2 shows the flowchart of this preparation.

2.4. Characterization. Field emission scanning electron
microscopy (FESEM, Zeisz Supra-15KV) was used to analyze
the morphological structure of the MWCNT/TiO

2
thin film.

Transmission electron microscopy (TEM, CM12 Philips,
1990) is a device used to see the internal structure of a sample.
Thismicroscopy has expanded until 660,000xwith resolution
around 100 nm at 120 keV. Atomic force microscopy (AFM)
analysis showed the roughness of thin film in 3D images.
Photovoltaic analysis (GAMRY Instruments G300) was
assessed as simulated AM 1.5 xenon illumination with
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Figure 3: The FESEM images of undoped (a) 0.00 g, (b) 0.01 g, (c) 0.02 g, and (d) 0.03 g added MWCNT; while image (e) and (f) show the
average thickness of the thin films with EDX graph.

a 100mW/cm2 light output. All experimental results were
characterised by good repeatability.

3. Results and Discussions

3.1. Field Emission Scanning Electron Microscopy (FESEM).
By referring to other researches and studies [12], we expect to
improve the solar cell energy conversion efficiency with the
presence of the MWCNT as favorable electrical conductivity
on the metal oxide nanocomposite. MWCNT nanoparticles
can extend the electron lifetime and enhance the electron
transport rate in the photovoltaic metal oxide electrode. In
addition, we notice that the MWCNT nanoparticles that go
through acid treatment process in the concentrated nitric acid
could produce MWCNT with terminal COOH group. This
phenomenon can improve the solar cell electron collection

due to better interconnection between MWCNT and TiO
2

nanoparticles.
Figure 3: (a) 0.00 g, (b) 0.01 g, (c) 0.02 g, and (d) 0.03 g

show themorphological images ofMWCNT/TiO
2
thin films,

where else for (e) and (f) images show the film cross-section
and EDX graph. From FESEM images, we found that the
MWCNT and TiO

2
nanoparticles there are in good contact.

MWCNT nanoparticles are well dispersed and highly com-
pact after annealing at 300∘C for 30min. The porosity can be
observed from the morphological structure of all thin films.
The thin films are connected randomly which in lack dissem-
ble long range order for the pore arrangement.We also found
that, with every additional MWCNT, the porosity of the thin
film became bigger and larger, while the TiO

2
nanoparticles

become smaller and thinner [13, 14]. The thin films also
show, with increasing the amount of MWCNT, the structural
morphology of TiO

2
nanoparticles changes from spherical
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Table 1: Weight percentage parameter from EDX analysis.

Sample MWCNT added Carbon (%) Oxygen (%) Titanium (%)
(a) TiO2—nanoparticles 0.00 40.09 59.91
(b) MWCNT/TiO2—0.01 g 4.15 40.14 55.71
(c) MWCNT/TiO2—0.02 g 5.25 39.64 55.11
(d) MWCNT/TiO2—0.03 g 6.55 38.84 54.61
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Figure 4: Carbon weight percentage graph from EDX spectroscopy
analysis.

to oval nanoparticles structure, which existed around the
long range MWCNT nanoparticles. The average thickness of
TiO
2
and MWCNT/TiO

2
thin film samples around 14.88 𝜇m

and 18.79 𝜇m, respectively. The addition of MWCNT can
improve the structural andmorphological design of the films.
However, the amount of MWCNT added must be controlled
and optimized to produce high quality electrode thin film.
The amount of MWCNT can affect the films in terms of large
crack and inhomogeneous arrangement. Referring to others
[15], with the increase in the amount ofMWCNT, the number
of cracks on the surface of the films is increased subsequently.
It is thought that the cracks generated on the surface could be
reducing the number of adsorption sites on TiO

2
film as well

as causing the discrimination in the conversion efficiency of
DSSC.

Table 1 shows the data collected for energy dispersive X-
ray (EDX) spectroscopy analysis. The EDX data prove that
every additionalMWCNTadded into the samples, the carbon
weight percentage in the samples increased from 0.00%,
4.15%, and 2.25% to 6.55% of samples (a) 0.00 g, (b) 0.01 g, (c)
0.02 g, and (d) 0.03 g, respectively. These results confirm that
the sample (d) 0.03 g MWCNT added has a larger MWCNT
weight percentage compared to the other samples. Figure 4
shows the MWCNT weight percentage in graphical diagram.
Both oxygen and titanium compoundweight percentage data
were decreased in small amounts from 40.09% to 38.84% and
from 59.91% to 54.61%, correspondingly.

Table 2:Average length ofMWCNT/TiO2 nanocomposite andTiO2
nanoparticles parameter.

Type Size/nm
MWCNT inner structure 4.49
MWCNT outer structure 17.71
TiO2 attached at MWCNT 3.91
TiO2 nanoparticles 12.00

3.2. High Resolution Transmission Electron Microscopy (HR-
TEM). In Figure 5, the HR-TEM images of TiO

2
nanopar-

ticles (a) 0.00 g, (b) 0.01 g (c) 0.02 g, and (d) 0.03 g
MWCNT/TiO

2
nanocomposite are shown. Images in Figures

5(a), 5(b), 5(c), and 5(d) are carried out to show the compar-
ison between undoped TiO

2
nanoparticles and TiO

2
doped

MWCNT nanocomposite in terms of their inner structure
design. HR-TEM investigation on selectedMWCNTpartially
covered by TiO

2
aggregates indicates that simple or multiple

connections of aggregates of TiO
2
nanoparticles to MWCNT

are possible. In Figure 3(a), TiO
2
nanoparticles with low

grain density and compact agglomerate configuration were
observed. The TiO

2
nanoparticles sizes vary compared to

the TiO
2
attached to MWCNT particles. From images (b,

c, and d), by using chemical treatment process, we can
see the MWCNT particles successfully formed in nanotube
structure. From these images, we can find out that the type
of CNT used in this research is MWCNT not SWCNT
[16, 17]. This can be confirmed by the multiple thin walls
formed along the CNT. The TiO

2
nanoparticles and TiO

2

sphere-like shape are formed and positioned mostly around
the MWCNT particles. Another researcher [18] also implies
that there is a good contact between MWCNTs and TiO

2

particles. MWCNTs are directly coupled with the uniform
anatase shell, which are together embedded in the TiO

2

aggregates. Such a structural feature is beneficial for efficient
electron transfer and hole-electron separation, as if there is
a “conducting wire” acting as a readily accessible electron-
transfer channel.

Table 2 illustrates the data size parameter for TiO
2
doped

MWCNT nanocomposite and TiO
2
nanoparticles alone.

The MWCNT inner and outer structure diameters were
approximately 4.49 nm and 17.71 nm in length, respectively.
The diameter size for TiO

2
doped MWCNT was slightly

smaller with only 3.91 nm compared to the TiO
2
nanoparti-

cles with 12.00 nm.Thismight be due to the combinationwith
MWCNT nanoparticles that reduce the TiO

2
size and hence

produce highly porous thin film as presented and shown in
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Figure 5: HR-TEM images of undoped (a) 0.00 g, (b) 0.01 g, (c) 0.02 g, and (d) 0.03 g MWCNT/TiO
2
nanocomposite.

the FESEM analysis. HR-TEM images suggest a good affinity
between the TiO

2
and the MWCNT, which is important in

view of limiting the MWCNT loading required to improve
DSSC performance. MWCNT improves the roughness factor
of the electrode and limits the charge recombination of elec-
tron/hole (e−/h+) pairs [19]. Another advantage of combining
MWCNT with TiO

2
was to get higher photo response due to

decrease in resistivity of the thin film and resulting in a higher
current collection at the electrode thin film [20, 21].

Nevertheless, a high loading of MWCNT causes light-
harvesting competition that affects the light absorption of
the dye sensitizer and consequently reduces the cell effi-
ciency. Moreover, an excess of MWCNT can result in a less
compact TiO

2
layer, in which large pores are formed at the

micron scale [22] or in the formation of quite disconnected
aggregates of MWCNT covered in conformance by TiO

2

nanoparticles.

3.3. Atomic Force Microscopy (AFM). The MWCNT/TiO
2

thin films upper texture prepared using doctor-blade tech-
nique are observed by AFM instrument. Images in Fig-
ure 6: (a) 0.00 g, (b) 0.01 g, (c) 0.02 g, and (d) 0.03 g
demonstrate that, with increasing MWCNT concentration
in the MWCNT/TiO

2
sample, the texture of the thin films

Table 3: Average roughness parameter for all samples.

Sample MWCNT added Root mean square (rms)/nm
(a) 0.00 g 10.995
(b) 0.01 g 18.308
(c) 0.02 g 24.322
(d) 0.03 g 25.723

became rougher and the particle arrangement became com-
pact. This condition can be appointed from the root mean
square (rms) value. The AFM analysis results unveil that
the nonadded MWCNT 0.00 g has roughness average value
of only 10.995 nm. The roughness average slightly increases
with additional MWCNT added with 18.308 nm for 0.01 g,
24.322 nm for 0.02 g, and 25.723 nm for 0.03 g. These image
data also reveal that rms value drastically increases for each
sample. The rms values of the MWCNT/TiO

2
thin film are

listed in Table 3 and the data are illustrated with graphical
diagram in Figure 7.

AFM measurement investigates the surface morpholog-
ical roughness of the film. By AFM roughness analysis,
roughness factors obtained are increased as increasing the
content of MWCNT in TiO

2
film with the maximum value

in 0.03 g carbon-content TiO
2
as listed in Table 1. This
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Figure 6: Surface roughness images of MWCNT/TiO
2
thin film with different MWCNT concentrations of undoped (a) 0.00 g, (b) 0.01 g, (c)

0.02 g, and (d) 0.03 g added MWCNT.
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Figure 7: Graphical diagram for MWCNT/TiO
2
thin film rough-

ness of undoped (a) 0.00 g, (b) 0.01 g, (c) 0.02 g, and (d) 0.03 g added
MWCNT.

characterization is an important characteristic to investigate
the surface reflection phenomenon in DSSC [23]. Due to the
increase in roughness average, the enlargement for surface
texture angle in the thin film will bounce the light on surface
films and causing the light to reflect indirectly back to the
electrode surface. This phenomenon can increase the light
absorption in the metal oxide photovoltaic and improve
the light of electrical conversion energy because the light
reflectance had been reduced [24].
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Figure 8: Efficiency percentage graphical diagram for
MWCNT/TiO

2
DSSC of undoped (a) 0.00 g, (b) 0.01 g, (c) 0.02 g,

and (d) 0.03 g added MWCNT.

3.4. I-V Curve Efficiency. Figure 8 shows the 𝐼-𝑉curve graph
of MWCNT/TiO

2
thin film photoelectrode dye-sensitized

solar cell. This process is performed under 100mW/cm2
illuminations using xenon lamp. The measurement of light
to electrical process was executed after completing the
sandwich-look DSSC between electrode and counter elec-
trode part. The parameters included in Table 4 were open-
circuit voltage (𝑉oc), short-circuit photocurrent density (𝐽sc),
fill factor (FF), and energy conversion efficiency (𝜂) [25]. As
stated in Table 4, open-circuit voltage (𝑉oc) data increased
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Table 4: Solar cell efficiency parameter of MWCNT/TiO2 with different MWCNT concentrations.

Sample MWCNT added 𝑉oc/V 𝐽sc/mAcm−2 Fill factor (FF) 𝜂/%
(a) 0.00 g 0.49 7.60 0.38 1.43
(b) 0.01 g 0.67 7.25 0.43 2.12
(c) 0.02 g 0.64 8.11 0.47 2.46
(d) 0.03 g 0.65 9.42 0.45 2.80

from 0.49V to 0.67V but decreased to 0.64V for sam-
ples (a) 0.00 g, (b) 0.01 g, and (c) 0.02 g MWCNT. At the
end, the (𝑉oc) data slightly increased back to 0.65V for
sample (d) 0.03 g MWCNT. Short-circuit photocurrent den-
sity (𝐽sc) data for sample (a) 0.00 g is 7.60mAcm−2. The
data for samples (b) 0.01 g and (c) 0.02 g decreased from
7.25mAcm−2 to 8.11mAcm−2. However, data for sample (d)
0.03 g increased rather large about 19% from sample (c)
0.02 g from 8.11mAcm−2 to 9.42mAcm−2 successively. The
fill factor percentage data for (a) 0.00 g, (b) 0.01 g, (c) 0.02 g,
and (d) 0.03 g MWCNT are 38%, 43%, 47%, and 45% in
that order. An increase in gas values implied enhanced
electron transfer in DSSC [26].The𝑉oc and 𝐽sc data gradually
increased for sample (d) 0.03 g, which might be attributed
from enlargement of thin film porosity and alignment of
MWCNT in the photoelectrode thin film.As referred to other
researches [27], MWCNT particles might cause a significant
change in efficiency via the fluctuation of the short-circuit
photocurrent and the open-circuit voltage for the DSSC.
Incorporating MWCNT into TiO

2
nanoparticles electrode

might also affect the quantity of dye adsorption and the e−/h+
recombination process in this dye-sensitized solar cell.

The efficiency data for samples (a) 0.00 g, (b) 0.01 g, (c)
0.02 g, and (d) 0.03 g MWCNT are 1.43%, 2.12%, 2.46%, and
2.80%, respectively. Sample (d) 0.03 g CNT gives the highest
efficiency percentage 2.80% with 0.65V (𝑉oc), 9.42mAcm−2
(𝐽sc), and 45% fill factor. Table 4 demonstrates the solar
cell performance trend. It showed that, with every addi-
tional MWCNT powder, the efficiency of the solar cell
exponentially increased.TheMWCNT/TiO

2
nanocomposite

combination tends to improve the electrical conductivity of
the photoelectrode and also helps to enhance the intercon-
nectivity between the TiO

2
andMWCNT nanoparticles, thus

increasing the short-circuit current density and providing
an alternative route for efficient electron transfer between
the TiO

2
nanoparticles. It shows that the MWCNT can

operate as an electrochemical catalyst to improve the energy
conversion efficiency of DSSC [28]. The overall light to
electrical effectiveness of the dye-sensitized solar cell can be
efficiently enhanced with every additional MWCNT added.
By referring to another researcher [29], the advantages of
addingMWCNT in the photoelectrode are that theMWCNT
can absorb over almost the entire visible light spectrum
and act as photo sensitizers, providing the MWCNT/TiO

2

nanocomposites with an electron transfermechanism similar
to that of DSSC based TiO

2
. As a result, the MWCNT/TiO

2

samples can transfer excited electrons from the MWCNT
to the conduction band of TiO

2
when illuminated with

visible light, thereby increasing the photocurrent. Second,

the conductivity of MWCNTs is superior to that of TiO
2
;

therefore, we can expect a high transport rate of electrons in
the CNT/TiO

2
composites.

However, the concentration of MWCNT should be
maintained ∼0.03 g optimum MWCNT to avoid MWCNT
agglomeration within the films. This is because higher
concentration of MWCNT can cause light-harvesting com-
petition between the dye and MWCNT particles. Thus,
increases the charge transport resistance and consequently
reduces the solar cell efficiency [30]. Besides, excessMWCNT
may cause aggregation of TiO

2
grains (as observed in the

FESEM result), leading to a decrease amount of dye being
adsorbed on the working electrode. In addition, as reported
by another researcher [31], excessive amount of MWCNT
may cause the working electrode to be less transparent,
which leads to reduced efficiency ofDSSCs. Furthermore, this
condition will decrease the crystallinity of the TiO

2
samples,

thereby inhibiting the transport of electrons and increasing
the probability of electron trapping by the crystal defects.
Moreover, the shielding and scattering effects of excess
MWCNT might have prevented the photo absorption of
other visible light-active species. Nevertheless, the optimum
amount of MWCNT needs to be considered for fabrication
of MWCNT/TiO

2
working electrodes being used in DSSC

applications.

4. Conclusion

The MWCNT/TiO
2
nanocomposite DSSC was successfully

fabricated using sol-gel method and doctor-blade technique.
The films were uniform and highly adherent. Photochemical
and structural properties of the thin film were improved
by incorporate MWCNT powder into TiO

2
nanoparticles.

The 0.03 g is the best and optimum concentration of CNT
added to this research. Excessive amount of CNT may
cause the working electrode to be less transparent, which
leads to reduced efficiency of DSSC. FESEM morphological
analysis indicated that the TiO

2
and MWCNT/TiO

2
thin

films were in compact alignment and highly porous with
thickness around 14.88 𝜇m and 18.79 𝜇m. HR-TEM inner
structural analysis confirms that the thin film is composed
of TiO

2
nanoparticles that existed around the multiwalled

carbonnanotube particle.The average thickness forMWCNT
and TiO

2
nanocomposite was about 17.71 nm and 3.91 nm,

respectively. AFM analysis proved that the roughness factor
can significantly improve the photoelectrode performance in
the solar cell. The AFM topography reveals a very compact
and rough surface; the rms values of all films are in the
range of 10–25 nm. From 𝐼-𝑉 analysis, the highest efficiency



8 International Journal of Photoenergy

(𝜂) wassuccessfully obtained from sample (c) 0.03 g added
MWCNT with 2.80% efficiency, 0.65V open-circuit voltage
(𝑉oc), 9.42mAcm−2 short-circuit photocurrent density (𝐽sc),
and 45%fill factor (FF).This result indicated that the solar cell
efficiency can be enhanced by adding optimumconcentration
of MWCNT into TiO

2
photoelectrode solar cell.
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Titania modified nanoparticles have been prepared by the photodeposition method employing platinum particles on the
commercially available titanium dioxide (Hombikat UV 100). The properties of the prepared photocatalysts were investigated by
means of the Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), atomic force microscopy (AFM), and UV-
visible diffuse spectrophotometry (UV-Vis). XRD was employed to determine the crystallographic phase and particle size of both
bare and platinised titanium dioxide. The results indicated that the particle size was decreased with the increasing of platinum
loading. AFM analysis showed that one particle consists of about 9 to 11 crystals. UV-vis absorbance analysis showed that the
absorption edge shifted to longer wavelength for 0.5% Pt loading compared with bare titanium dioxide. The photocatalytic activity
of pure and Pt-loaded TiO

2
was investigated employing the photocatalytic oxidation and dehydrogenation of methanol.The results

of the photocatalytic activity indicate that the platinized titanium dioxide samples are always more active than the corresponding
bare TiO

2
for both methanol oxidation and dehydrogenation processes. The loading with various platinum amounts resulted in a

significant improvement of the photocatalytic activity of TiO
2
. This beneficial effect was attributed to an increased separation of

the photogenerated electron-hole charge carriers.

1. Introduction

Titanium dioxide is regarded to be one of the most common
photocatalysts, having a wide range of properties, such as
a strong resistance to chemical and photocorrosion, strong
oxidation capability, low operational temperature, low-cost,
being and nontoxic [1]. These properties make TiO

2
an

attractive candidate for its utilization as a photocatalyst in the
photocatalytic processes. TiO

2
has been extensively studied

and demonstrated to be suitable for numerous applications
such as, destruction of microorganisms [2–5], inactivation of
cancer cells [6, 7], protection of the skin from the sun [8–11],
photocatalytic water splitting to produce hydrogen gas [12–
14], manufacture of some drug types [15–17], degradation of
toxic organic pollutants in water [18–20], and self-cleaning

of glass and ceramic surfaces [21]. Even though TiO
2
is the

most used semiconductor material, it exhibits some disad-
vantages, such as low surface area and fast recombination
rate between the photogenerated charge carriers and the
maximum absorption in the ultraviolet light region.

Different attempts have been performed to improve the
efficiency of TiO

2
depressing the recombination process of

the photoelectron-hole pairs. Some of them include the
modification of TiO

2
surface with other semiconductors to

alter the charge-transfer properties between TiO
2
and the

surrounding environment [22, 23], sensitizing TiO
2
with col-

ored inorganic or organic compounds improving its optical
absorption in the visible light region [24–28], bulk modifi-
cation by cation and anion doping [29–38], and fabrication
of TiO

2
surface from polyhedral to produce hallow TiO

2
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[39, 40]. TiO
2
nanoparticles are considered to be more active

photocatalysts as compared with the bulk powder. The ratio
of surface area to volume of nanoparticles has a significant
effect on nanoparticles properties. This leads to a higher
chemical activity and loss of magnetism and dispersibility
[41].

This work was focused on the characterization of the
prepared Pt-loaded TiO

2
(Hombikat UV 100) samples.More-

over, the photocatalytic oxidation and photocatalytic dehy-
drogenation of methanol have been studied employing both
the bare and Pt-loaded TiO

2
in the O

2
and N

2
atmosphere.

Themethanal formation was determined using Nashmethod
at a wavelength of 412 nm.

2. Materials and Methods

Aknownweight (2 g) of TiO
2
(HombikatUV 100, Sachtleben,

Germany) was suspended under continuous stirring at
250 rpm in a solution containing 40 cm3 of 40% aqueous
methanal (Chemanol), 10 cm3 of methanol (Hayman), and
the appropriate volume of hexachloroplatinic acid (Riedel-
De-Haen AG) dissolved in HCl. The reaction mixture was
maintained at 303K, purged with nitrogen gas (20 cm3/min)
and irradiated by UV-A light employing Philips Hg lamp
(90W) with the light intensity of 3.49mW/cm2 (Efbe-
Schon 6 lamps) for 4 h. This period of irradiation time
was found to be the most sufficient time for the com-
plete photodeposition process of metallic platinum. The
concentration of platinum was monitoring by the atomic
absorption spectroscopy (Shimadzu-AA-6300, Japan). The
milky white suspension turns to the pale grey colour
with the deposition of Pt. The suspension solution was
filtered and washed by absolute methanol, throwing in a
desecrater overnight. At the end the product was dried
in an oven at 100∘C for 2 h [31, 32]. Band gap ener-
gies of bare and Pt (0.5)-loaded on TiO

2
surface were

determined, via the measurement of reflectance data R by
(Cary 100 Scan) UV-visible spectrophotometer system. It is
equipped, with using a Labsphere integrating sphere diffuse
reflectance accessory for diffuse reflectance spectra over
a range of 300–500 nm by employing BaSO

4
as reference

material.
In all photocatalytic experiments, 100 cm3 of 40mM

aqueous methanol solution (HPLC grade, Sd fine-CHEM
limited) was mixed with certain weight of bare TiO

2
or

platinized TiO
2
and was suspended using a magnetic stirrer

at 500 rpm. At different time of intervals 2.5 cm3 of reaction
mixture was collected in a plastic test tube and centrifuged
(4000 rpm, 15 minutes) in an 800 B centrifuge. The super-
natant solution was carefully removed by a syringe to a new
plastic test tube and centrifuged again to remove the fine
particles of bare TiO

2
or platinized TiO

2
. The concentration

of formed methanal was determined spectrophotometrically
at 412 nm following Nash method [42, 43] using UV-visible
spectrophotometer (T80+, PG Instruments Limited, Eng-
land).
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Figure 1: FT-IR spectra for bare and different percentages of
Pt-loaded on TiO

2
, at (a) bare TiO

2
, (b) Pt (0.25)/TiO

2
, (c) Pt

(0.50)/TiO
2
, (d) Pt (0.75)/TiO

2
, and (e) Pt (1.00)/TiO

2
.

3. Results and Discussion

3.1. Characterisation of Bare and Platinized TiO
2

3.1.1. FTIR Analysis. The Fourier transform infrared spectra
of bare and platinized TiO

2
are depicted in Figure 1.The illus-

trated peaks at 3350–3450 cm−1 correspond to the stretching
vibration mode of O–H bonds of free water molecules and at
1620–1630 cm−1 correspond to the bending vibrationmode of
O–H bond of chemisorbed water molecules. The absorption
intensity of surfaceO–Hgroups in TiO

2
is regularly increased

with the increasing of the percentage ofmetals content.These
findings are in a good agreement with the literature data
[44–46]. The broad intense band below 1200 cm−1 is due
to Ti–O–Ti bridging stretching mode in the crystal. This
peak appeared as unsymmetrical valley with the increasing
of metal loading (or content) on TiO

2
exhibiting a maximum

at 580 cm−1. This change is related to the formation of
Ti–O–M vibrations [47, 48]. The intense bands at 3621,
3645, and 3696 cm−1 in all spectra are attributed to the
characteristic tetrahedral coordinated vacancies of

4
Ti4+–OH

besides two bands at 3765 and 3840 cm−1.These revealed that
the octahedral vacancies designated as

6
Ti3+–OH are found.

In the presence of metal loaded on TiO
2
the peaks of

6
Ti3+–

OH are not observed. This is because the metal acts as an
electron trapper, mainly preventing the formation of Ti3+–
OH species [49]:

Ti4+–OH + e− → Ti3+–OH (1)

M + e− → M− (2)

3.1.2. XRD Analysis. The XRD patterns of different TiO
2

samples (bare and platinum loaded) are shown in Figure 2.
The mean crystallite size (𝐿) of samples was calculated by
Scherrer’s equation (3) and the crystallite size (Ĺ) of samples
can be estimated from plotting the modified Scherrer’s
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Figure 2: XRDpatterns of bare and different percentage of Pt loaded
on TiO

2
surface.

formula (4) [50] as shown in Figure 3. The corresponding
values are listed in Table 1:

𝐿 =
𝑘𝜆

𝛽 cos 𝜃
, (3)

ln𝛽 = ln(𝑘𝜆
́𝐿
) + ln( 1

cos 𝜃
) . (4)

In (3) and (4), 𝑘 is Scherer’s constant depending on shape of
particles (0.94), 𝜆 is the wavelength of the X-ray radiation
(0.15418 nm for CuK

𝛼
), 𝛽 is the full width of half maximum

(FWHM) intensity (in degree which converted to radian),
and 𝜃 is the diffraction (Bragg) angle [50, 51].

No peak was observed for Pt (0.25 wt%)/TiO
2
sample

at 𝜃 = 46.5∘. This result is in good agreement with the
previous findings [52]. However, 𝜃 = 46.6∘ which is related
to Pt appeared very weak band with Pt (0.5%) loading and
increased for Pt (1.0%) as shown in Figure 2. The mean
crystallite size of both bare and platinized TiO

2
decreased

from 11.487 nm to 9.355 nm, respectively. The crystallite size
of bare TiO

2
was found to be equal to 10.132 nm. This value

was decreased with the increasing of Pt content on TiO
2
.

The decreasing of the mean particle size of platinized TiO
2

is attributed to the location and incorporation of Pt(IV) with
Ti(III) in TiO

2
lattice. Moreover, the ionic radius of Pt(IV)

(0.63 Å) is relatively smaller than that of Ti(III) (0.67 Å)
[53, 54].

3.1.3. AFM Analysis. Figure 4 shows the three-dimensional
AFM images of bare and Pt-loaded TiO

2
surface which were

used to measure the particle sizes. AFM images indicate that
the shapes of both bare and platinized TiO

2
are spherical.

The results summarized in Tables 1 and 2 indicate that the
particle sizes for all samples are found to be bigger than
the values found for crystallite size. This indicates that each
particle consists of several crystals (polycrystals) [55]. The
values of crystal size and particle size for bare TiO

2
are more

than those values for metalized TiO
2
. This is related to the

Table 1: Mean crystallite sizes and crystallite sizes of bare TiO2 and
Pt-loaded on TiO2.

Crystal components Pt % Mean crystallite
sizes (𝐿)/nm

Crystallite
sizes (Ĺ)/nm

TiO2 Hombikat
(UV 100) 0.000 11.487 10.132

Pt-TiO2 0.250 10.799 10.021
Pt-TiO2 0.500 9.355 9.503
Pt-TiO2 0.750 10.221 9.589
Pt-TiO2 1.000 10.475 8.262

increasing of the number of located of Pt4+ ions in TiO
2

lattice, which depresses the growth of TiO
2
Hombikate (UV

100) nanocrystals [54]. The results show that each particle
consists of about 9 to 11 crystals, according to the results
obtained from the calculation of Crystallinity Index values by
employing the following equation [56]:

Crystallinity Index =
𝐷
𝑝

𝐿 or ( ́𝐿 )
, (5)

where𝐷
𝑝
is the particle size which is measured by AFM anal-

ysis and 𝐿 and ́𝐿 are the corresponding mean crystallite size
and the crystallite size calculated by the Scherrer equation
and the modified Scherrer equation employing XRD data,
respectively.

The maximum value of average Crystallinity index for
Pt (0.5)/TiO

2
is found to be 8.168. That referred to the

suppression of the crystal defects number through decreasing
the amorphous phase present in TiO

2
and overall enhancing

the photocatalytic activity of TiO
2
[57].

3.1.4. UV-Visible Diffuse Reflectance Spectra. The UV-vis
absorbance spectra of the bare TiO

2
and platinized TiO

2

(0.5% Pt) powders were also measured to confirm the Pt-
loading trend and to measure the effect of Pt loading. The
results from UV-visible reflectance spectra as plotted in
Figure 5 clearly show the shift of absorption edge towards
longer wavelength for platinized TiO

2
. These results indicate

that the excitation of metalized TiO
2
occurs with the narrow-

ing and red shift of the band gap energy (𝐸
𝑔
) peak [58].These

results were subsequently agreed with the increasing of the
average Crystallinity Index [57].

3.2. Effect of the Metal Loading on Photocatalytic Activity
of Methanol Solution. The photocatalytic activity of the
platinized titanium dioxide was first increased with the
increasing of themetal loading until amaximumwas reached
with the following decrease in the activity. Figures 6 and
7 show the results obtained with the samples containing
different amount of platinum. The highest photocatalytic
activity was observed with the Pt loading of 0.5 wt%. This
loading percentage may give the most efficient separation of
photogenerated electron-hole pairs [59]. The presence of Pt
on the TiO

2
surface leads to an increase of the surface barrier

and the space charge region becomes narrower. As a result of
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Figure 3: Modified Scherrer equation plot of (a) bare TiO
2
, (b) 0.25% Pt loaded on TiO

2
, (c) 0.50% Pt loaded on TiO

2
, (d) 0.75% Pt loaded

on TiO
2
, and (e) 1.00% Pt loaded on TiO

2
.

Table 2: Particle size measured by AFM and Crystallinity values of bare TiO2 and platinized TiO2.

Samples Particle size/nm ∗Crystallinity Index ∗∗Crystallinity Index Average Crystallinity Index
TiO2 80.940 7.046 7.988 7.517
Pt(0.25)/TiO2 63.600 5.889 6.346 6.117
Pt(0.50)/TiO2 77.020 8.233 8.104 8.168
Pt(0.75)/TiO2 54.890 5.370 5.724 5.547
Pt(1.00)/TiO2 73.130 6.981 8.851 7.916
∗Crystallinity Index calculated by divided particle size on mean crystallite size and ∗∗Crystallinity Index calculated by divided particle size on crystallite size.
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Figure 4: Three-dimensional AFM image of (a) bare TiO
2
, (b) 0.25% Pt loaded on TiO

2
, (c) 0.50% Pt loaded on TiO

2
, (d) 0.75% Pt loaded

on TiO
2
, and (e) 1.00% Pt-loaded on TiO

2
.

the metal loading the space charge region becomes narrower
leading to an increase of the efficiency of the electron-hole
separation [60] and formation of the Schottky barrier by the
electron transfer from the conduction band of TiO

2
to the

conduction band of Pt. Thereby the recombination process is
suppressed according to the following equations [31, 32, 61]:

Pt/TiO
2
+ ℎ] → h+VB + e

−

CB (6)

Pt
𝑛
+ e−CB → Pt−

𝑛
(7)

O
2
+ Pt−
𝑛
→ O

2

−∙
+ Pt
𝑛
. (8)

Platinum acts as electron scavenger hindering the recombi-
nation of the charge carriers and ultimately exhibiting the
enhancement of the photoreactivity as shown in the following
equation [31, 32, 62, 63]:

Pt−
𝑛
+ h+VB → Pt

𝑛
. (9)

However, when the percentage of the metal reached max-
imum, the additional amount leads to making the space

charge layer very narrow. As a result the penetration depth of
light exceeds the space charge layer.The recombination of the
electron-hole pairs will be favorable and the photocatalytic
activity will be reduced [60]. Moreover, the presence of
metal on the TiO

2
surface reduces the number of the surface

hydroxyl groups leading to the reduction of the photoreac-
tivity [64]. This means that the metal on the TiO

2
surface

acts both as an efficient trap site and as a recombination
center at the same time [65]. Hence the rate of the methanal
(HCHO) formation will be slower while the conversion of
methanal to formic acid (HCOOH) is a faster process. On the
other hand, with the increasing of the metal amount, TiO

2

samples will become more grey in color. Thus, the changed
optical properties of the samples could lead to the screening
of the light towards the TiO

2
and suppression of the electrons

excitation to the conduction band [31, 66].
Two mechanisms for the photocatalytic oxidation (in the

presence of O
2
) and photocatalytic dehydrogenation (in the

presence of N
2
) of methanol with Pt (0.5)/TiO

2
are suggested

as shown in Scheme 1. The scheme shows the differences
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between the mechanism of photooxidation and photodehy-
drogenation of methanol on platinized titanium dioxide. The
formation of CaCO

3
in photooxidation process was indicated

by passing the outlet gas in Ca(OH)
2
solution. However, no

CO
2
formation was indicated in photodehydrogenation of

methanol.
Differences in experimental conditions, such as, exper-

imental equipment, type of photocatalyst, position of band
edges of semiconductor compared to redox potential of
O
2
/O
2

−∙ and −OH/∙OH, and type and concentration of
organic pollutant, cause difficulties in the comparison of
photocatalytic activity of different materials. Xiang et al. [67]
measured the formation rates of hydroxyl free radical for var-
ious semiconductor photocatalysts at the same experimental
conditions. They discussed the difference of rates formation
of hydroxyl free radical on various semiconductors. In
another study Xiang et al. [68] showed that hydroxyl radicals
are one of active species and indeed participate in photo-
catalytic reactions. They also found that the photocatalytic
activity of Ag-TiO

2
exceeds that of P25 by a factor of more

than 2. Our results are in good agreement with these findings.
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Figure 7: Rate of methanal formation as function of bare and
different percentage of Pt on TiO
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surface, under purged N

2
.

The different yields that are suggested in the two mecha-
nisms are HCOH and H

2
O in the absence of oxygen (photo-

catalytic dehydrogenation of methanol) and HCOOH in the
presence of oxygen (photocatalytic oxidation of methanol).
The pH of the reaction suspension after one hour of irra-
diation was found 6.93 in dehydrogenation process while it
was 4.82 in photooxidation process.This indicates the further
oxidation of the formed formaldehyde to formic acid.

4. Conclusions

This study is focused on the elucidation of the mechanism
of the methanol formation by the photocatalytic oxidation
and/or photocatalytic dehydrogenation of aqueous methanol
solutionwith bare and platinized TiO

2
.Themain conclusions

can be summarized as follows.

(1) The FT-IR spectra show that the peaks at 3450 cm−1
and 1630 cm−1 related to the surface O–H groups of
TiO
2
are increasedwith the increasing of the platinum

amount loaded on TiO
2
surface. The intense bands

at 3621, 3645, and 3696 cm−1 have been observed
in all spectra which are characteristics for the tetra-
hedral coordinated vacancies designated as

4
Ti4+–

OH. Additionally, a disappearance of two bands at
3765 and 3840 cm−1 attributed to

6
Ti3+–OH has been

observed as well.
(2) The XRD data have been used to calculate the

crystallite size of the bare and Pt-loaded TiO
2
. The

values obtained for the crystallite size of the bare
TiO
2
showed a decrease with the increasing of plat-

inum amount on TiO
2
.

(3) AFM images indicate that the shapes of both bare and
platinized TiO

2
are spherical.

(4) One particle consists of about 9 to 11 crystals.
(5) In photoreaction, no reaction occurred with using

bare TiO
2

under inert gas (N
2
); however, in the

presence of metal, the photoreaction occurred; that
is, the existence of the metal substituted the needed
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for the O
2
. In the existence of O

2
the reaction was

carried on to form formic acid as a result of further
oxidation of methanol while, in the absence of the
O
2
, dehydrogenation of methanol occurred, and no

further photooxidation occurred.
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