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Semiconductor photocatalytic materials have attracted considerable attention in the fields of solar energy conversion
and environmental protection. However, their photocatalytic
performance should be further enhanced from the viewpoints of practical applications and commercial benefits.
Nanosized photocatalytic materials because of their novel
properties have created more opportunities in extending
their applications in various fields such as water and air
purifications, hydrogen generation, CO2 reduction, and dyesensitized solar cells. A rapid growth of these applications
indicates a need for the assessment of potential risk of
nanomaterials to environment and organisms.
This special issue contains 11 papers, mainly related to
preparation, characterization, and environmental purification of nanosized photocatalytic materials. Among them 4
papers are about fabrication of TiO2 , and 6 papers deal with
fabrication of non-TiO2 photocatalytic materials including
CeVO4 , ZrFe2 O5 , AgBr/Ag3 PO4 , Bi2 O3 , Bi2 MoO6 , and ZnO.
Furthermore, there are 2 review papers published in this
special issue. A brief summary of all 11 accepted papers is
provided as follows.
In “3D CFD simulations of MOCVD synthesis system of
titanium dioxide nanoparticles,” the authors describe the 3dimensional (3D) computational fluid dynamics simulation
study of metal organic chemical vapor deposition (MOCVD)
producing photocatalytic TiO2 nanoparticles, which will provide better understanding of the MOCVD synthesis system
especially for deposition process of TiO2 nanoparticles as well
as fluid dynamics inside the reactor.

The paper “TiO2 deposition on AZ31 magnesium alloy
using plasma electrolytic oxidation” reports fabrication of
oxide films containing TiO2 nanoparticles on AZ31 magnesium alloy using plasma electrolytic oxidation (PEO) in
phosphate electrolyte with the addition of TiO2 nanoparticles. The corrosion resistance of the PEO treated samples
was evaluated with electrochemical impedance spectroscopy
(EIS) and DC polarization tests in 3.5 wt.% NaCl.
The paper “TiO2 -based photocatalytic process for purification of polluted water: Bridging fundamentals to applications”
reviews the fundamentals that govern the actual water purification process, including the fabrication of engineered TiO2 based photocatalysts, process optimization, reactor design,
and economic consideration. The state-of-the-art of photocatalyst preparation, strategies for process optimization, and
reactor design determines the enhanced separation of photoexcited electron-hole (e-h) pairs on the TiO2 surface.
The paper “Synthesis and characterization of CeVO4 by
microwave radiation method and its photocatalytic activity”
describes a microwave radiation method for synthesizing
nanostructured CeVO4 . The result indicated that the pH
of the precursor solutions was the key factor to control
the morphologies of CeVO4 : nanoparticles, nanorods, and
microflowers.
The paper “Characterization of newly synthesized ZrFe2 O5
nanomaterial and investigations of its tremendous photocatalytic properties under visible light irradiation” reported
the photocatalytic performance of ZrFe2 O5 nanoparticles by
measuring the degradation rate of toluidine blue O (TBO)
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dye in aqueous solution under visible light irradiation. The
degradation efficiency was observed up to 92% after 140 min
of exposure to visible light.
The paper “Preparation and characterization of highly
efficient and stable visible-light-responsive photocatalyst AgBr/
Ag 3 PO4 ” described preparation and photocatalytic performance of AgBr/Ag3 PO4 photocatalyst by a facile coprecipitation method. The activity of the photocatalyst was evaluated
by the degradation of methyl orange (MO) and rhodamine
B (RhB), indicating that the prepared AgBr/Ag3 PO4 exhibited excellent performance and much higher photocatalytic
activity than the single one under visible light irradiation. The
optimum mole ratio of Br/P in AgBr/Ag3 PO4 samples is 0.3.
In “Preparation of bismuth oxide photocatalyst and its
application in white-light LEDs,” bismuth oxide photocatalysts were synthesized and coated on the front surface of
phosphor-converted white-light-emitting diodes to produce
a safe and environmentally benign lighting source.
In “Hydrothermal synthesis and characterization of
Bi2 MoO6 nanoplates and their photocatalytic activities,”
the pH effect of the precursor solutions on the phase,
morphologies, and photocatalytic activity of Bi2 MoO6
synthesized by a hydrothermal reaction at 180∘ C for 20 h
was investigated. The photocatalytic activity of Bi2 MoO6
nanoplates at the pH 6 determined via the decomposition of
rhodamine B (RhB) organic dye was the highest at 98.66%
decolorization under Xe light irradiation.
In “Transport behavior of engineered nanosized photocatalytic materials in water,” this review paper reports the transport of engineered photocatalytic nanoparticles (PCNPs) in
water by addressing the important factors that determine the
transport of PCNPs, such as particle size, pH value, ionic
strength (IS), ionic valence, and organic matter. The potential
risks of PCNPs are also mentioned due to easily entering the
environment with the rapid increase in their manufacture and
use.
The paper “Visible light photoelectrochemical properties of
N-doped TiO2 nanorod arrays from TiN” reported preparation
of N-doped TiO2 nanorod arrays (NRAs) by annealing
the TiN nanorod arrays (NRAs), which were deposited by
using oblique angle deposition (OAD) technique. All of the
N-doped TiO2 NRAs exhibit the enhanced photocurrent
intensity under visible light as compared to pure TiO2 and
TiN, and the sample annealed for 15 min shows the maximum
photocurrent intensity due to the optimal N dopant concentration.
In “Photocatalytic characterization of Fe- and Cu-doped
ZnO nanorods synthesized by cohydrolysis,” Fe- and Cu-doped
ZnO nanorods are synthesized by employing a hydrolysis
of Zn, Fe, and Cu metal nanopowders, which shows higher
photocatalytic activity than pure ZnO in degradation of
phenol in an aqueous solution.
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Plasma electrolytic oxidation (PEO) has been used in the past as a useful surface treatment technique to improve the anticorrosion
properties of Mg alloys by forming protective layer. Coatings were prepared on AZ31 magnesium alloy in phosphate electrolyte
with the addition of TiO2 nanoparticles using plasma electrolytic oxidation (PEO). This present work focuses on developing a
TiO2 functional coating to create a novel electrophotocatalyst while observing the surface morphology, structure, composition, and
corrosion resistance of the PEO coating. Microstructural characterization of the coating was investigated by X-ray diffraction (XRD)
and scanning electron microscopy (SEM) followed by image analysis and energy dispersive spectroscopy (EDX). The corrosion
resistance of the PEO treated samples was evaluated with electrochemical impedance spectroscopy (EIS) and DC polarization tests
in 3.5 wt.% NaCl. The XRD pattern shows that the components of the oxide film include Mg from the substrate as well as MgO and
Mg2 TiO4 due to the TiO2 nanoparticle addition. The results show that the PEO coating with TiO2 nanoparticles did improve the
corrosion resistance when compared to the AZ31 substrate alloy.

1. Introduction
In recent years, magnesium (Mg) and its alloys have attracted
great attention for use as structural materials due to their
superior properties which include high strength to weight
ratio, low density, good electromagnetic shielding, recycling
ability, and good machining [1–3]. Unfortunately, Mg and
Mg alloys have very poor corrosion resistance which is
attributed to the high chemical activity of Mg. The physical
and mechanical properties of Mg implants will decrease as
the corrosion of the alloy increases and this disadvantage
has limited its use in several applications, particularly in
aggressive environments [4, 5].
Surface modification in the form of a coating on the base
Mg alloy is one of the most effective ways to prevent corrosion. Currently, there are numerous surface treatments that
can be used to provide corrosion protection for magnesium
alloys which include chromating, phosphating, electroplating, anodization, waxing, and organic coatings [6–8].

Photo catalysis is a reaction that uses light to activate a
substance which in turn modifies the rate of the chemical
reaction. TiO2 is a semiconductor material that is well
known for its numerous advantages which include high
photo catalytic activity, long-term stability, photosensitivity,
and antimicrobial properties [9–11]. Although photo catalytic
reactions can only occur under UV light, various studies have
been conducted in order to improve the catalytic reaction of
TiO2 .
Plasma electrolytic oxidation (PEO) is a surface treatment
method that is used to form relatively thick, ceramic-like
coatings on metals where the coating is developed from
the substrate and the electrolyte. The coatings are formed
under high voltages where short-lived discharges occur on
the substrate surface to develop the corrosion resistant layer.
These coatings provide high hardness and can be used at
high temperatures, and the coating process is environmentally friendly [12–14]. The electrolyte composition, electrical
parameters, and substrate material all affect the coating
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surface morphology, structure, and corrosion resistance. Previous studies have determined that the application of bipolar
current regimes usually produces a denser PEO coating on
Mg alloys when compared to the unipolar mode. When the
electrical parameters are controlled during the PEO process,
significant reduction of strong discharges can occur and
thereby reduce the detrimental effects associated with these
discharge events [15–19].
It is well known that the composition of the PEO coatings
is strongly dependent on the electrolyte solution composition
and oxidation parameters. The PEO coating used in this
study used phosphate as an interface layer. Phosphate plays
an important role as a binder between Mg (AZ31) substrate
and TiO2 nanoparticles in this PEO coating. This has an
application for photoelectrocatalysts due to the stable surface
that is generated. There have been several reports by other
researchers that focus on the use of phosphate in PEO
coatings for Mg and Mg alloys [20–28]. The addition of
TiO2 into the electrolyte solution has been noteworthy due
to its possible uses with solar energy [29, 30], air purification
[31, 32], photo catalysis [33, 34], and corrosion protection
[35–37]. There have been previous reports that nanoparticles
that were added into the electrolyte were incorporated into
the PEO coating [38–40]. However, there has been very
limited study and focus on the influence of the added TiO2
nanoparticles on the PEO formation process and coating
properties. A PEO coating with TiO2 nanoparticle addition
would help to not only improve the corrosion resistance but
also develop a photoelectrocatalyst. The present work focuses
on the surface morphology and chemical composition of PEO
coatings grown on AZ31D magnesium substrates with the
addition of TiO2 nanoparticles in the electrolyte solution.

2. Materials and Methods
2.1. Sample Preparation. Commercial bicrystalline TiO2 was
supplied by Degussa (P25, 80% anatase and 20% rutile) for
this study. Die-cast AZ31 Mg alloy with a nominal composition (mass fraction, %) of 3.0 Al, 1.0 Zn, and balance Mg
was used. Cylindrical samples were cut from 1.27 cm diameter
rod into 3 mm thick pieces. All samples were connected
with copper wire on one side and mounted in epoxy resin
with the other surface exposed. The exposed surface gave
a working area of 0.785 cm2 . In order to ensure the same
surface roughness of different tested samples, the working
electrodes were successively polished using 400-grit, 600grit, 800-grit, 1000-grit, and 1200-grit abrasive paper, using
water as a lubricant. Samples were carefully degreased with
acetone, rinsed with distilled water, and dried.
2.2. PEO Coating Preparation. AC PEO treatment was conducted in electrolyte solution with treatment parameters
of 100 V RMS and 1000 Hz for 5 minutes. The electrolyte
solution consisted of 10 g/L NaOH + 6 g/L TiO2 + 1 g/L
NaH2 PO4 ⋅2H2 O which was prepared using deionized water
and was continuously stirred by magnetic stirrer during treatment. Pulse waveforms were applied using the ET Systems
electronic GmbH power supply. Voltage/current responses
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were monitored electronically with use of a Tektronix TDS
2020 oscilloscope. After coating, samples were rinsed with
deionized water and dried in warm air. The electrochemical
behavior of the anodized samples was then studied in 3.5 wt.%
NaCl solution.
2.3. Coating Characterization
2.3.1. Morphology Study. The surface and cross-section morphologies of the coating were observed using scanning
electron microscope operated at a voltage of 10 kV and
probe current of 10 mA (Hitachi). Elemental composition
of the coatings was analyzed using energy dispersive X-ray
spectroscopy (EDX).
2.3.2. Phase Analysis. The phases of the coating were determined using X-ray diffraction (XRD) method. The experiments were performed using a commercial X-ray diffractometer (Bruker D8 Tools instrument; 𝜆 = 1.5406 A, 40 mA,
and 40 kV). The scanning range of diffraction angle (2𝜃) was
set between 20∘ and 80∘ with steps of 0.02∘ and step time of
1 s.
2.3.3. Corrosion Behavior. The electrochemical behavior was
examined using a Gamry potentiostat and a conventional
three-electrode cell, employing a saturated calomel reference
electrode (SCE) and platinum counter electrode. The working
electrode was the test material, the test solution was 3.5 wt.%
NaCl, and testing was conducted at room temperature.
After 5 minutes of immersion (to become stable), electrochemical impedance spectroscopy (EIS) measurements
were performed with a frequency range of 1 Hz–1 MHz and
a 10 mV peak-to-peak AC excitation. In the DC polarization
tests, the scan rate was conducted at a rate of 5 mV/s for
−0.50 V to 1.0 V with respect to the open circuit potential. The
corrosion current, 𝐼corr , in mA⋅cm−2 can be related to the 𝐼corr
in millimeters/year (mm⋅y−1 ) using (1) [41]. Measurements
were performed twice to ensure reproducibility of the results:
corrosion rate (mm ⋅ y−1 ) =

3.28𝑀
𝑖 .
𝑛𝜌 corr

(1)

𝑛 is the number of electrons freed by the corrosion reaction;
𝑀 is the atomic mass of Mg (24.3 g/moL); 𝜌 is the density of
Mg (1.74 g/cm3 ).
The corrosion potential, corrosion current density, and
anodic/cathodic Tafel slopes (𝐵a and 𝐵c ) were obtained using
Gamry Instrument. Based on the approximate linear polarization at the corrosion potential (𝐸corr ), the polarization (𝑅p )
values were determined using the following from [41]:
𝑅p =

𝐵a × 𝐵c
.
2.3𝑖corr (𝐵a + 𝐵c )

(2)

3. Results and Discussions
3.1. Morphology and Microstructure of Coatings. Figure 1
shows the surface morphology of the PEO coated AZ31
substrate after 5 min treatment in phosphate solution with
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Figure 1: PEO coated AZ31 substrate after 5 min treatment in phosphate solution with TiO2 nanoparticle addition.
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Figure 2: Dynamic light scattering data with TiO2 (inset shows SEM
image of TiO2 particles).

TiO2 nanoparticle addition. The coating shows the presence
of pores which is common for the PEO process [18, 42]. The
formation of any PEO coating is based on the sparks passing
through the oxide layer and generating discharge tunnels
[43]. The observed pores on the surface of the coatings can
be reduced in size with optimization, but they cannot be
avoided. It is also known that pores grow on the surface with
increasing current density. It is clear that the addition of TiO2
nanoparticles makes a change in the surface morphology of
traditional PEO coatings. The SEM images show that the TiO2
nanoparticles have adhered uniformly to the phosphate layer.
Figure 2 shows the size distribution of TiO2 by dynamic light
scattering. The TiO2 sizes are uniform and are in the size
range of 25–40 nm from these results. This size range was also
confirmed in other literatures [44–46].
Figure 3 shows the cross-section morphology of the PEO
coated AZ31 substrate after 5 min treatment in phosphate
solution with TiO2 nanoparticle addition. The thickness of
the coating measured by image analysis from the crosssections was approximately 2–4 𝜇m. With more cracking and
pores, it will be easier for aggressive ions to penetrate the
coating and begin to attack the substrate. However, with this
cross-section image, there is no sign of major cracking, which
helps to improve corrosion resistance. There is no noticeable

5.00 𝜇m

Figure 3: Cross-section morphology of the PEO coated AZ31
substrate after 5 min treatment in phosphate solution with TiO2
nanoparticle addition.

porosity in the layer as the porosity is only on the outer layer
close to the surface. The dense/compact structure of the oxide
layer also added to the improved corrosion resistance.
3.2. Phase and Chemical Composition. The XRD pattern of
the TiO2 (P25) nanoparticles is presented in Figure 4. It is
well known that P25 TiO2 is a bicrystalline structure and is a
mix of anatase and rutile phases. This study used commercial
bicrystalline TiO2 which was supplied by Degussa (P25, 80%
anatase, and 20% rutile).
X-ray diffraction (XRD) analysis was used to further
investigate the changes in composition of the PEO coatings
with addition of TiO2 nanoparticles in phosphate electrolyte
solution. Figure 5 shows the XRD patterns for the AZ31
substrate alloy and PEO coated sample. It can be seen that
the AZ31 alloy is mainly composed of a (hcp) magnesiumrich phase. The XRD pattern indicates the presence of a
dominating (hcp) magnesium-rich phase, periclase MgO in
the coating, and the diffraction peaks assigned to the Mg
substrate. The MgO phase was formed when Mg2+ cations
react with O2− anions under the high temperature and
pressure due to the existence of electric field during PEO [43,
47, 48]. The Mg peaks were also observed because through
the porosity in the coating the substrate was exposed in a
localized manner to the incident X-ray beam. This was also
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Table 1: EDX surface results of PEO coatings formed in phosphate solution with TiO2 nanoparticle addition.
Mg
50.01

O
46.63

Na
0.26

P
0.8

Ti
1.12

Al
0.89

Zn
0.28

Intensity (a.u.)

Intensity (a.u.)

Coating
PEO

20

30

40

TiO2 (P25)
Anatase

50
2𝜃 (deg)

60

70

20

80

40

AZ31 substrate
5 min PEO treatment

Rutile

Figure 4: XRD pattern of TiO2 (P25) nanoparticles.

50
2𝜃 (deg)

60

70

80

MgO
Mg2 TiO4
Mg

Figure 5: XRD patterns of TiO2 and PEO coatings formed in
phosphate electrolyte with TiO2 nanoparticle addition.

reported by the other researchers [48, 49]. The low thickness
of the PEO film may have also allowed the X-rays to penetrate
into the discharge channels and reach the metallic substrate
which led to the AZ31 substrate peaks shown. The XRD
patterns for the PEO coatings also indicate the presence of
Mg2 TiO4 . TiO2 nanoparticles can participate in the reaction
with MgO inside the discharge channel during the PEO
process. Mg2 TiO4 could possibly be formed due to the high
temperature in the discharge channels due to the following
reaction [50]:
TiO2 + 2MgO → Mg2 TiO4

30

(3)

No peaks associated with TiO2 anatase or rutile phases are
detected indicating that these elements may exist in small
amounts of crystallized phases and could not be detected.
These elements exist in small amounts perhaps due to the
short coating time of only five minutes. A longer coating
time may allow for the presence of these peaks. Generally, the
thicker the oxide layer, the higher the XRD peak intensities
[34]. However, it can be concluded that PEO coatings have
been produced on AZ31 magnesium alloy in phosphate
electrolyte with TiO2 nanoparticle addition.
The elemental compositions of the PEO coatings were
detected by EDX and are listed in Table 1. EDX analysis
revealed the presence of Mg and O as the major elements of
the PEO coating. Elements from the substrate AZ31 which
include Al and Zn are found and elements from the electrolyte
were also found to include Na, P, and Ti due to TiO2
nanoparticle addition. The presence of Ti, Na, and P in the
coating shows that Na, P, and the TiO2 nanoparticles are able

to penetrate into the oxide coating during the PEO process.
A longer treatment time may show an increased Ti and P
content on the surface.
The distributions of chemical elements across the coatings are shown in elemental maps via cross-sections presented in Figure 6. From these maps, it is clear that the
major constituents, that is, Mg, O, P, and Ti, are evenly
distributed throughout the coating thickness without any
distinct irregularities. It is observed that the Ti concentration
tends to increase slightly towards the outer region of the
coating. Conversely, the P concentration appears to increase
at the coating/substrate interface. It can be speculated that the
P will deposit first to the substrate due to its strong attraction.
During PEO, the oxide film formation is influenced
by plasma microdischarge events which deliver numerous
heating-cooling cycles to the surface. These cycles affect the
film structure, phase composition, and stress state. A possible
explanation for the coating delamination can be found when
considering a competition between stress generation and
relaxation process during the coating growth [51]. Optimization of the PEO coating parameters (voltage, time, frequency,
and current) will help to reduce or eliminate delamination.
3.3. Corrosion Study. The corrosion resistance of the AZ31
substrate and PEO coated AZ31 in phosphate solution with
TiO2 nanoparticle addition was evaluated by the electrochemical polarization test after 5-minute immersion in
3.5 wt.% NaCl solution. This immersion time was so that
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Figure 6: EDX elemental maps for coating cross-section of PEO coated sample after 5 min treatment.

−0.4

Potential versus SCE (V)

−0.6
−0.8
−1.0
−1.2
−1.4
−1.6
−1.8
−2.0
1

0.1

0.01

1E − 3

1E − 4

1E − 5

1E − 6

1E − 7

1E − 8

−2.2

Current density (mA/cm2 )
5 min PEO treatment
AZ31 (substrate)

Figure 7: Potentiodynamic polarization curves of PEO coated AZ31
and substrate AZ31 in 3.5 wt.% NaCl.

the electrochemical cell could become stabilized. The corrosion potential (𝐸corr ) and corrosion current density (𝐼corr )
were derived directly from the DC polarization curves.
Figure 7 shows DC polarization curves that compare the
uncoated AZ31 sample with the sample coated in phosphate
and TiO2 nanoparticles. This figure shows that the corrosion

resistance of the AZ31 Mg alloy does improve with the use of
the PEO treatment for 5 minutes.
Table 2 shows the results from the DC polarization test
and gives values for 𝐼corr and 𝐸corr . Although there was
no major change in values of 𝐸corr for compared samples
(−1.465 V for AZ31 substrate and −1.418 V for PEO coated
sample), the values for 𝐼corr do show a significant change.
The 𝐼corr value for the AZ31 substrate sample (𝐼corr = 2.45 ×
10−3 mA/cm2 ) is three orders of magnitude higher than that
for the coated sample (𝐼corr = 2.64×10−6 mA/cm2 ). This gives
way to a much higher corrosion rate when you compare the
uncoated AZ31 sample (corrosion rate (mpy) = 5.6 × 10−2 )
to the PEO coated sample treated (corrosion rate (mpy) =
6.047 × 10−6 ). The remaining corresponding parameters from
the polarization curves measuring the corrosion rates are
listed in Table 2.
Electrochemical impedance spectrometry (EIS) was carried out for the AZ31 substrate and PEO coated AZ31 as
shown in the Nyquist plot in Figure 8. The data in Table 3
shows that the PEO coated sample does offer improvement
in resistance with additional 𝑅p and CPEp values that the
uncoated AZ31 sample does not have.
The EIS data for both the uncoated and PEO coated
AZ31 samples were fitted with a widely accepted model for
coatings (Figure 9) [52, 53]. All the capacitance elements in
the equivalent circuit are replaced with the constant phase
elements (CPE) in the fitting of the EIS, which is a modified
Randles circuit. This model consists of 𝑅s which is the
solution resistance. 𝑅p is the outer porous layer resistance
and is parallel to the constant phase element (CPEp ). 𝑅b is
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Table 2: Electrochemical parameters of AZ31 substrate and PEO coating after 5-minute treatment.

Sample

𝐸corr (V)

𝑖corr (A/cm2 )
−3

−1.465
−1.418

AZ31
PEO

2.45 × 10
2.64 × 10−6

𝐵a (V)

𝐵c (V)

𝑅p (Ω⋅cm2 )

C.R. (mpy)

0.165
0.041

0.103
0.074

11.25
1.65 × 105

5.6 × 10−2
6.047 × 10−6

Table 3: Data of equivalent circuits of AZ31 substrate and PEO coating after 5 minutes.
𝑅s (Ω⋅cm2 )

Sample
AZ31
PEO

𝑅p (Ω⋅cm2 )

CPEp

−9

204.3 × 10
1.114 × 10−6

7.118
15.24

—
3.356 × 10−6

×104

Zlm (Ohm·cm2 )

1.5

1.0

0.5

4.02 × 10
225.4 × 103

CPEb
293.0 × 10−9
15.57 × 10−6

4. Conclusions
1

2

3

4

5
×104

Zre (Ohms·cm2 )
5 min PEO treatment
AZ31 (substrate)

Figure 8: Electrochemical impedance curves of PEO coated AZ31
and substrate AZ31 in 3.5 wt.% NaCl.
CPEp

CPEb
R.E Rs

3

The SEM images showed a uniform morphology with
titanium and phosphorous evenly dispersed. PEO normally
shows a porous nature on the surface, but the cross-section
images show that there were no signs of major cracking
and a compact structure. The XRD analysis proved that
Mg2 TiO4 phase was present in the oxide film which was
formed due to the reaction with MgO and TiO2 nanoparticles
in the discharge channels during coating formation. The DC
polarization and EIS results showed that the PEO coated
AZ31 with phosphate and TiO2 nanoparticle addition provide
increased corrosion resistance when compared to the AZ31
substrate. This can be attributed to the uniform and compact
nature of the coating.

2.0

0.0

𝑅b (Ω⋅cm2 )

Rb

W.E

R.E Rs

Rp

CPEb

W.E

Rb

Oxide film containing TiO2 compounds was produced on
AZ31 magnesium alloy using plasma electrolytic oxidation
(PEO) in phosphate electrolyte with the addition of TiO2
nanoparticles. Further research on photocurrent and photochemical reactions using PEO coated AZ31 substrate with
TiO2 nanoparticles is needed. It will be developed to enhance
photo catalytic activity and enable more environmentallyfriendly applications.
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Figure 9: Equivalent circuits for fitting the experimental data of (a)
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Fe- and Cu-doped ZnO nanorods have been synthesized by a novel process employing a hydrolysis of metal powders. Zn, Fe, and
Cu nanopowders were used as starting materials and incorporated into distilled water. The solution was refluxed at 60∘ C for 24 h to
obtain the precipitates from the hydrolysis of Zn and dopants (Cu and Fe). The TEM results for ZnO with and without metal doping
showed that the produced powders had a rod-like shape. The rod shape was attributable to the zinc oxide from the hydrolysis of
Zn. With an increasing doping content, the UV-vis spectra were shifted to a long wavelength and this result indicates that the band
gap was changed by the metal doping. The values of phenol degrading Fe- and Cu-doped ZnO by a solar simulator were measured
to be 60 and 75%, respectively.

1. Introduction
Zinc oxide (ZnO) powders show important applications in
catalyst, surface acoustic wave devices, cosmetic pigments,
varistors, ultraviolet (UV) absorbers, optical materials, gas
sensors, and as window material for displays and solar cell
[1]. Microstructure and chemical properties of ZnO powders
depend upon the synthesis method of this material. Different
synthesis methods were used to fabricate ZnO particles with
various sizes and morphologies. Accordingly, the synthesis of
ZnO fine particles is of great importance for basic research.
The size-dependent effects are correlated with the physical
properties and structure of the system, for example, the
size dependence of the electron-phonon coupling, the size
dependence of surface luminescence of ZnO nanowires,
the compressibility, and the transition pressure [2]. Metaldoped ZnO is generally investigated in the form of diluted
magnetic semiconductor (DMS) materials and photocatalyst,
because it shows much higher Curie temperature than room
temperature, along with strong stability in UV light [1–
3]. A visible-ray-active photocatalyst is very important with

respect to solar energy and interior lighting applications.
For practical application, it has been reported that the
enhancement of photocatalytic activity can be achieved by
introducing foreign metal ions into ZnO or creating oxygen
vacancies with hydrogen plasma or X-ray irradiation. Thus,
many scientists have been studying a method to introduce
foreign metal ions, such as W6+ , V5+ , Cu2+ , Fe3+ , and into
ZnO. In particular, both Fe- and Cu-doped cases have
been widely examined [4–7]. To obtain metal-doped ZnO
powders suitable for their intended applications, the control
of particular properties including chemical composition,
purity, morphology, and particle size is very important. ZnO
powder has various shapes such as prismatic, ellipsoidal,
bipyramidal and dumbbell-like, nanowire, and nanorod by
different synthesis method [1]. There are several methods for
the synthesis of ZnO nanopowder, such as sol-gel method,
hydrothermal process, gas condensation method, and spray
pyrolysis [8–11]. Among them, the hydrolysis synthetic route
has the advantage to simply obtain high-crystallized powders.
Particularly, cohydrolysis method for preparing metal-doped
ZnO nanorods is simple one-step process. This method is
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easily control crystallization not only of the target materials
but also of dopant without any surfactants. The present
paper describes the processing details to synthesize ZnO
nanoflower and rods as well as their particulate morphologies
such as the phase, size, and shape. We synthesized Fe- and
Cu-doped ZnO nanorods using a simple process employing
the hydrolysis of Zn, Fe, and Cu nanopowders, which were
produced by pulsed wire evaporation (PWE) of metal wire
[12]. The present paper describes the processing details for the
synthesis of Fe- and Cu-doped ZnO nanorods as well as the
particulate properties of the produced powders such as the
phase, size, and photocatalytic effect.

2. Materials and Methods
High purity Zn, Fe, and Cu nanopowders were synthesized
using a pulsed wire evaporation (PWE) method. The Zn, Fe,
and Cu nanopowders have spherical shapes and average sizes
of about 80–120 nm, as shown in Figure 1. For a precondition
of the hydrolysis reaction, the nanopowders were immersed
into distilled water at a regular rate (Fe or Cu: 0, 2, 5, 8,
10 wt.%) and ultrasonically treated for 10 min [13, 14]. A small
amount of acetic acid was added into the solution, where
the acid played a role of promoting the hydrolysis reaction
between the nanopowders and H2 O. Hydrolysis has been
carried out at 60∘ C for 24 h to produce the precipitation of
both iron and copper doped zinc hydroxide gel. The produced
gel was precipitated as ZnO powders. The precipitated powder has been drawn through filtering using a 0.2 𝜇m filter
and subsequently dried in an oven at 6∘ C for 12 h. After
that, the precipitated powders were heat treated at 300∘ C for
1 h [13]. The particle size and morphology of the particulate
samples were examined using a MTE10 transmission electron
microscope (TEM) at accelerating voltages up to 300 kV. The
particles were also analyzed by selected area diffraction.
To investigate the structural properties of the samples
produced after the hydrolysis process, an X-ray diffractometer (RIGAKU D/MAX-3C) with Cu K𝛼 radiation was carried
out. The absorption spectra of the samples were recorded
using a UV-visible spectrometer. The phenol degrading was
measured to evaluate the photocatalytic properties using a
solar simulator. The solar simulator consists of Hg-Xe lamp
with a wavelength of 200∼2500 nm and 1 kWatt of power. The
photocatalytic activity of the Fe- and Cu-doped ZnO nanorod
was evaluated according to the photodegradation of phenol
aqueous solutions under different irradiation conditions. For
experiments under UV-visible light, a 100 mL 50 ppm phenol
aqueous solution with 0.5 g sample powders was loaded in a
glass container and stirred with a magnetic stirrer a under
irradiation of a Hg-Xe lamp. Total organic carbon (TOC)
values as a function of time were measured after filtration
under reduced pressure [15, 16].

3. Results and Discussion
3.1. Synthesis of Fe- and Cu-Doped ZnO. The ZnO nanoparticles were synthesized by the hydrolysis of nanometal powders. When Zn metal particles are hydrolyzed with distilled
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water, the ZnO phase is formed by the following reaction
[5, 13, 17]:
precipitation

Zn+2H2 O → Zn(OH)2 +2H2 → ZnO.

(1)

After the hydrolysis reaction of the Zn nanopowder in
distilled water, white precipitated materials were obtained
and were found to be zinc oxide [13, 14]. Figure 2 shows
the transmission electron microscopy (TEM) images for
Fe- and Cu-doped ZnO nanorods that were synthesized
by hydrolysis. The starting material of the produced Zn
nanopowder is spherical with a mean size of ∼100 nm. The
image shows that the produced ZnO powder has a rod-like
shape with a diameter of 80 nm and a length of 200 nm, as
shown in Figure 2(a). The aspect ratio of the ZnO nanorod
is about 2 : 5. Figures 2(b) and 2(c) show the images for
the 5 wt.% Fe- and Cu-doped ZnO nanorods prepared by
hydrolysis. As for the Fe- and Cu-doped case, a rod shape with
a diameter of 40 nm and a length of 270 nm is observed, in
which the large aspect ratio of the shape is attributable to the
hydrolysis of iron and copper.
3.2. Crystal Structure of Fe- and Cu-Doped ZnO NanoRod.
Fe- and Cu-doped ZnO nanorods (Fe = 0, 2, 5, 8, and 10 wt.%)
have been synthesized by the hydrolysis of nanometal powders. Characterizations of the crystal structure for the Fedoped ZnO nanoparticles were carried out at previous studies
[13]. Also, characterizations of the crystal structure for the
Cu-doped ZnO nanorods synthesized by the hydrolysis
process were carried out by XRD and the results are presented
in Figure 3. When the copper powder was cohydrolyzed with
zinc in distilled water, Cu-oxides and Cu-hydroxides forms
were rarely observed as shown in Figure 3. The copper were
well substituted into Zn sites without changing the crystal
structure [18]. The sharp diffraction peaks imply the good
crystallization of the samples. The positions and relative
intensities of all the main diffraction peaks were in good
agreement with those of the standard JCPDS card (JCPDS No.
89-1397, 89-0511, and 89-0510) of ZnO.
Infrared (IR) spectrum is an important measurement,
which provides useful information about the structure of a
compound. The IR spectrum shape of the ZnO powder is
generally influenced by the particle size and morphology, the
degree of a particles aggregation, or the crystal structure of
the ZnO powder [17]. Figure 4 exhibits IR spectra for the
pure ZnO and Cu-doped ZnO nanopowders. In the IR region,
ZnO usually shows distinct absorption bands around wave
numbers of 450 cm−1 . Also, this maximum band broadens
and often splits into two maxima if the particle morphology
changes from a spherical to a needle-like shape, which
corresponds well with the two absorption maximum bands
observed at around 500 and 400 cm−1 as shown in Figure 3.
The same IR spectra for the Fe-doped ZnO were observed
[13].
3.3. Photocatalytic Characterization of Fe- and Cu-Doped ZnO
NanoRod. In the spectrum of the Fe 2 wt.%-doped ZnO, it
is observed that the absorbance between 400 and 500 nm
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Figure 1: Scanning electron microscope (SEM) images for (a) Zn, (b) Fe, and (c) Cu prepared by pulsed wire evaporation (PWE).

(a)

(b)

(c)

Figure 2: TEM images for (a) ZnO, (b) 5 wt.%-Fe-, and (c) 5 wt.%-Cu-doped ZnO nanorod.
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Figure 3: X-ray diffraction patterns for the Cu-doped ZnO nanorods synthesized by the hydrolysis process. (Doping concentration 0, 2, 5, 8,
and 10 wt.%).
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Figure 5: UV-vis absorbance (wavelength from 200 to 800) of the (a) Fe-doped and (b) Cu-doped ZnO nanorods synthesized by hydrolysis
process. Doping concentrations of 0, 2, 5, 8, and 10 wt.%.

begins to increase, when compared with the undoped one
[13]. When ZnO is doped with above 5 wt.% Fe, the spectra
show that the absorption edge shifts to a long wavelength.
The introduction of Fe into ZnO by substituting the Zn
sites with Fe ions leads to the appearance of additional

absorption bands [13]. These bands are due to the transitions
involving crystal field levels in the Fe ions. These transitions
are observed in the Fe-doped ZnO with a doping rate of
above 5 wt.% [13, 14]. Figure 5 shows the UV-vis spectra for
the pure and Cu-doped ZnO nanorods. In the spectrum of
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Figure 6: Photomineralization of phenol with sunlight (TOC: total
organic carbon content at times) in the presence of Fe-doped ZnO.
(Hg-Xe lamp with a wavelength of 200∼2500 nm and 1 kWatt of
power).

the Cu 8 wt.%-doped ZnO, it is observed that the absorbance
between 400 and 500 nm begins to increase. When ZnO
is doped with above 10 wt.% Cu, the spectra show that the
absorption edge shifts to a long wavelength. The introduction
of Cu into ZnO by substituting the Zn sites with Cu ions leads
to the appearance of additional absorption bands involving
crystal field levels in the Cu ions [16, 17]. The transitions are
observed in a doping rate of above 8 wt.%.
Figure 6 shows the photomineralization of phenol with
UV-visible light (solar simulator) in the presence of Fe-doped
ZnO. Obviously, Fe-doped ZnO shows higher activity for a
degradation of phenol in an aqueous solution compared to
pure ZnO. ZnO nanorods did not significantly change the
total organic carbon value under sunlight irradiation. When
ZnO is doped above 8 wt.% Fe, the total organic carbon
(TOC) value was reduced to 60%.
Figure 7 shows the photocatalytic effect of Cu-doped
ZnO in phenol under UV-visible light (solar simulator).
Cu-doped ZnO shows higher activity for a degradation of
phenol in an aqueous solution compared to pure ZnO. The
introduction of Cu into ZnO by substituting the Zn sites
leads to the additional absorption bands. This additional
absorption bands played a role of increasing photocatalytic
activity. When ZnO is doped from 2 to 8 wt.%, the TOC
value was reduced to 50%. The largest reducing value of
the TOC, 75%, was observed at 10 wt.% Cu-doped ZnO.
This results well correspond to UV-vis spectra. Both Feand Cu-doped ZnO show higher degradation of phenol in
an aqueous solution compared to pure ZnO, because of
enhanced absorption threshold of UV-visible light.

4. Conclusions
In conclusion, Fe- and Cu-doped ZnO nanorods have been
synthesized using a simple process employing the hydrolysis
of Zn, Fe, and Cu nanopowders. TEM result showed that the
produced samples had a rod shape. The acetic acid was a key
material for the hydrolysis reaction of Zn metal powder with

2

3

4

Irradiation time (h)

Irradiation time (h)

Figure 7: Photomineralization of phenol with sunlight in the
presence of Cu-doped ZnO. (Hg-Xe lamp with a wavelength of 200∼
2500 nm and 1 kWatt of power).

a thin oxide surface layer. With increasing doping contents,
the UV-vis spectra were shifted to a long wavelength and the
substitution of Cu2+ and Fe3+ into Zn2+ led to the appearance
of additional absorption bands. Both Fe- and Cu-doped ZnO
show higher degradation of phenol in an aqueous solution
compared to pure ZnO.
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Bismuth oxide photocatalysts were synthesized and coated on the front surface of phosphor-converted white light-emitting diodes
to produce a safe and environmentally benign lighting source. Bismuth oxide photocatalyst powders were synthesized with a spray
pyrolysis method at 500∘ C, 600∘ C, 700∘ C, and 800∘ C. Using the absorption spectrum in the blue and UV regions of the bismuth
oxide photocatalysts, the blue light and UV leakage problems of phosphor-converted white LEDs can be significantly reduced. The
experimental results showed that bismuth oxide photocatalyst synthesized at 700∘ C exhibited the most superior spectrum inhibiting
ability. The suppressed ratio reached 52.33% in the blue and UV regions from 360 to 420 nm. Related colorimetric parameters and
the photocatalyst decomposition ability of fabricated white-light LEDs were tested. The CIE chromaticity coordinates (x, y) were
(0.349, 0.393), and the correlated color temperature was 4991 K. In addition, the coating layer of photocatalyst can act as an air
purifier and diffuser to reduce glare. A value of 66.2 ± 0.60 ppmv of molecular formaldehyde gas can be decomposed in 120 mins.

1. Introduction
White light-emitting diodes (LEDs) are a promising new
lighting source. Compared with traditional lighting sources,
white-light LEDs offer the advantages of low energy consumption, are free of mercury pollution, and are small,
lightweight, durable, and reliable. Presently, the luminous
efficiency of white-light LEDs exceeds that of incandescent
light bulbs (approximately 20 lm/w) and that of fluorescent
lamps (60 to 100 lm/w) [1]. Consequently, the applications of
white-light LEDs will gradually transform from localized and
accent lighting to indirect lighting and to main lighting, in the
near future.
Two main methods have been developed to produce
white-light LEDs, including multicolored and phosphorbased white-light LEDs. The multicolored white-light LED,

based on a physical additive color-mixing principle, uses LED
chips with the 3 primary colors (red, green, and blue; RGB)
to obtain white light. The phosphor-based white-light LEDs
use blue- or UV-light LED chips to excite yellow or RGB
phosphors to generate white light. For LEDs to be an ideal,
practical lighting source, several issues require consideration.
A large amount of research is focused on the improvement
of luminous efficiency, light extraction efficiency, color temperature, and color rendering index of white-light LEDs [2–
5]. However, most commercial phosphor-based white-light
LEDs produce blue light, UV leakage, and glare problems,
which can be harmful to the skin, eyes, or other bodily organs
[6]. Only a few studies have investigated these issues [7–9]. A
healthy, safe, and environmentally friendly lighting source is
in high demand.
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Figure 1: Schematic representation of the proposed white light LED coated with a layer of photocatalyst.
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Figure 2: Bismuth oxide photocatalyst coating sample under FE-SEM at a magnification of (a) ×2,000 and (b) ×10,000.
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Figure 3: Schematic representation of spray pyrolysis method and
static electricity deposition.

Photocatalyst materials have wide applications and
exhibit the benefits of high activity, nontoxicity, low cost,
and superior chemical and physical properties. Currently,
most products which use photocatalysts use titanium oxide
(TiO2 ), which may be limited by application patents, and
the activating wavelength is below 388 nm. Therefore, as a
photocatalyst, titanium oxide is not an optimal candidate
for solving the blue light and UV-leakage problems of commercial phosphor-based white-light LEDs. By comparison,
bismuth oxide (Bi2 O3 ) has an activating wavelength above
388 nm. The energy band gap (𝐸𝑔 ) of Bi2 O3 is 2.6 to

2.8 eV, which has a broader absorption range in visible light.
Accordingly, as a photocatalyst material, bismuth oxide is a
suitable candidate for the suppression of blue light and UV in
white-light LEDs.
Synthesis methods of bismuth oxide include spray pyrolysis [10], electrospinning [11], hydrothermal synthesis [12],
co-precipitation [13] and sol-gel [14]. The spray pyrolysis
method is a continuous fabrication procedure for ceramic
powder. Powder with high purity and uniformity of particles
is mass produced with this method. The electrospinning
method produces nanofibers that have a superior activity
and recycling rate than traditional nanoparticles. Although
nanofibers have a lower energy band gap, the electron-hole
pair has a higher recombination probability. The hydrothermal method is used to manufacture high crystalline powders
and does not require calcine. However, the cost of production is high. The coprecipitation method uses atmospheric
pressure to produce nanopowders, which have the advantages
of being low cost, easy-to-use, and tiny particles of high
purity. However, their crystalline structure is inferior. The
sol-gel method produces powders which have the benefits
of uniform holes, low sintering temperature, and narrow
pore distribution, but organics contained in the product are
difficult to remove during processing. Therefore, in this study,
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Figure 4: FE-SEM micrograph of (a) SP500, (b) SP600, (c) SP700, and (d) SP800 Bi2 O3 powders.
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was proposed. The related colorimetric parameters and photocatalyst decomposition of fabricated white-light LEDs were
tested. It was concluded that the bismuth oxide photocatalyst
material can be applied effectively to implement a safe and
environmentally friendly white LED light source.
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Figure 5: XRD patterns of (a) SP500, (b) SP600, (c) SP700, and (d)
SP800 Bi2 O3 powders.

the spray pyrolysis method was applied to synthesize Bi2 O3
powder. Bismuth oxide photocatalysts were synthesized with
a spray pyrolysis method at 500∘ C, 600∘ C, 700∘ C, and 800∘ C.
The absorption spectrum in the blue and UV regions of
the Bi2 O3 photocatalyst was applied to phosphor-converted
white LEDs to moderate the blue light and UV leakage
problems. To show the feasibility of the concept, an RGB
phosphor-converted white light-emitting diode, coated with
a layer of photocatalyst on the surface of the LED package,

Figure 1 is the schematic representation of the proposed
RGB phosphor-converted white-light LED, coated with a
layer of Bi2 O3 photocatalyst resin. Because the absorption
spectrum of the bismuth oxide photocatalyst includes blue
and UV regions, the blue light and UV leakage problems of
phosphor-converted white LEDs can be significantly reduced.
In addition, the coating layer of the photocatalyst can act as
an air purifier and diffuser and reduce glare.
2.1. White-Light LED Packaging. A UV LED chip (HU1165W,
TEKCORE) with a spectrum of 380 to 385 nm mounted on an
SMD LED lead frame was used as the light source for exciting
RGB phosphors. Inside the LED lead frame, the bottom
layer and superstratum were filled with epoxy resin and RGB
phosphor resin, respectively. The RGB phosphor resin was
prepared by mixing red phosphor (RU-R6006S, NANTEX),
green phosphor (RU-G503, NANTEX), blue phosphor (RUB403, NANTEX), and epoxy resin with a weight ratio of
1 : 1.84 : 7.83 : 104 and was baked in vacuum oven at 80∘ C for
3 hrs. A glass substrate coated with a layer of photocatalyst
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Figure 6: The light absorption of (a) SP500, (b) SP600, (c) SP700, and (d) SP800 Bi2 O3 powders as a function of light wavelength.

resin covered the top of the LED package. By mixing the
Bi2 O3 photocatalyst and an adhesive in a weight ratio of
1 : 15, the photocatalyst coating was prepared using the screen
printing method and then baked at 300∘ C. The adhesive
consisted of terpineol and ethyl cellulose ethoce with a weight
ratio of 94 : 6. Figures 2(a) and 2(b) show the photocatalyst
coating sample under scanning electron microscopy at a
magnification of ×2,000 and ×10,000, respectively. From
Figure 2, it can be seen that the quality of uniformity and
adhesion are favorable.
2.2. Bismuth Oxide Photocatalyst Synthesis. The bismuth
oxide (Bi2 O3 ) photocatalyst was synthesized with the spray
pyrolysis method. Figure 3 shows the schematic representation of the spray pyrolysis method and static electricity
deposition for the photocatalyst synthesis.
In the synthesis process, a precursor of 1 wt% bismuth
nitrate peroxide solution was prepared by adding 10 g
bismuth nitrate pentahydrate (BiNH) to 100 mL acetic acid,

and diluting with 890 mL deionized (DI) water after the BiNH
had dissolved completely. The precursor was nebulized as
small droplets with a commercial nebulizer (King Ultrasonics
Co., Ltd) at 1.65 MHz. The nebulized droplets were guided
into a quartz tube with 3 heating regions, with gas flow and
velocity of 27 L/min and 27 cm/sec and applying a voltage of
16 kV. The temperatures of the first and third regions were set
to 200∘ C and 350∘ C, respectively. The pyrolysis temperature
in the second region was set at 500∘ C, 600∘ C, 700∘ C, and
800∘ C, and the resulting powders were thus denoted as
SP500, SP600, SP700, and SP800, respectively. After drying
for 24 hrs, the photocatalyst powders were scraped away
from the stainless collector. The 4 powders were analyzed
by field-emission scanning electron microscope (FE-SEM,
JSM-6700F, JEOL), X-ray diffraction (XRD, D/MAX2500,
Rigaku), and UV-Visible spectrometer (U3900, Hitachi).
Figure 4 shows the FE-SEM microscopy of the SP500,
SP600, SP700, and SP800 Bi2 O3 photocatalyst powders,
demonstrating that the pyrolyzed powders exhibited
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of the photon energy for the corresponding temperatures
of pyrolyzed powders, where 𝛼 is the absorption coefficient,
and a function of light frequency. The energy band gaps (𝐸𝑔 )
for corresponding temperatures of pyrolyzed powders were
2.85, 2.43, 2.38, and 2.33 eV. These values show a decreasing
trend with the increasing of pyrolysis temperature. As shown
in Figure 4, the particle size increases with the pyrolysis
temperature. Therefore, the trend could be explained by the
particle-size effect [15, 16]. In addition, it is obvious that the
range of the absorption wavelength extends to the blue and
green spectrum region (436 to 533 nm) with the increase in
the pyrolysis temperature of the Bi2 O3 powders.
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Figure 7: Spectrum comparison of the LED light source with and
without covering a layer of photocatalyst.

Figure 8: The colorimetric parameters of white LED coated with a
layer of SP700 bismuth oxide photocatalyst.

spherical particulate morphology. Figure 5 shows the XRD
patterns for the samples at 4 temperatures of the pyrolyzed
powders. The results show that the diffraction peaks became
sharper with increasing pyrolysis temperature, revealing the
increases in crystallinity of the Bi2 O3 powder. The mean
grain sizes of SP500, SP600, SP700, and SP800 powders
calculated by Scherrer’s formula are 77.04 nm, 61.25 nm,
64.19 nm, and 67.94 nm, respectively. The light absorption
of the Bi2 O3 photocatalyst powders can be determined by
the reflection spectra. Figure 6 shows the light absorption
of Bi2 O3 photocatalyst powders as a function of light
wavelength. The insets show the (𝛼h])2 plots as a function

3. Colorimetric Parameters and Photocatalyst
Decomposition Tests
The fabricated white-light LEDs were driven (SourceMeter
2400, KEITHLEY) at forward voltage and current of 3.48 V
and 20 mA and were tested by the LED characterization
system (LCS-100, SphereOptics). The relative intensities and
inhibition abilities in various spectrum regions are shown in
Table 1. From Table 1, it is apparent that the UV inhibition of
Bi2 O3 powder increases with the increase of pyrolysis temperature. However, the inhibition ability of the SP800 in the blue
and UV regions degrades, because of the increase of grain
size of the spray pyrolysis particles and the disappearance
of the surface integrity of the spray pyrolysis particles, as
shown in Figure 4(d). The specific surface areas of the SP700
and SP800 were 4.465 m2 /g and 2.228 m2 /g, respectively. The
degradation of inhibition ability in the blue and UV regions
was a result of the dramatic decrease in specific surface
area. Meanwhile, the specific surface areas of the SP500 and
SP600 were 1.987 m2 /g and 5.428 m2 /g, respectively. Though
the SP600 owns a higher specific surface area than the
SP700, the crystallinity of SP600 is poor. Therefore, the SP700
exhibited the most superior inhibition ability in the short
wavelength regions. A spectrum comparison of the LED
light source with and without a covering layer of the SP700
photocatalyst is shown in Figure 7. The UV-suppressed ratio
reached 52.33% in the region from 360 to 420 nm; the visible
light-suppressed ratio was 33.11% in the region from 420 to
780 nm. In addition, colorimetric parameters of the whitelight LED were tested with CIE chromaticity coordinates
(𝑥, 𝑦) of (0.349, 0.393) and correlated color temperature of
4991 K with a dominant wavelength of 564 nm. The color
purity was 23%, and the color rendering index was up to
90, as shown in Figure 8. Figures 9(a) and 9(b) are the glare
comparisons of the LED light source with and without a
covering layer of the SP700 photocatalyst resin. Because of
the particle scattering phenomenon, the coating layer of the
photocatalyst can act as a diffuser, as shown in Figures 2(a)
and 2(b). The glare problem was thus reduced.
The Bi2 O3 photocatalyst has a broader absorption spectrum from UV to green light. Therefore, the Bi2 O3 photocatalyst powder has superior decomposition efficiency for organic
molecules exposed to white light. As shown in Figure 10,
the photocatalytic decomposition efficiency of molecular
formaldehyde gas molecules for the fabricated LED was
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(a)

(b)

Figure 9: Glare comparison of the LED light source (a) with and (b) without covering a layer of photocatalyst resin.

Table 1: The relative intensities and inhibition ability of LED coated with a layer of bismuth oxide photocatalyst at different wavelength.
Category of
photocatalyst

360–420

Spectrum region (nm)
420–780
Power (𝜇W)

780–1000

Inhibition ability
of UV (%)

Inhibition ability
of visible light (%)

Noncoating
SP500
SP600
SP700
SP800

163.7569
92.2919
92.1663
78.0649
85.7250

763.8944
544.5116
560.6209
511.0019
536.9019

8.0054
6.5766
6.9978
5.8518
7.5358

NA
43.14%
43.72%
52.33%
47.65%

NA
26.61%
28.72%
33.11%
29.72%

photocatalysts as a safe and environmentally friendly LED
lighting source.
3
2

1

2

3

6

4. Conclusion

5

This study presents a phosphor-based white-light LED with
a coating layer of photocatalyst. To show the feasibility of
the design, bismuth oxide photocatalysts were synthesized
using the spray pyrolysis method at 500∘ C, 600∘ C, 700∘ C, and
800∘ C. Four kinds of bismuth oxide powders were analyzed,
and the bismuth oxide powders pyrolyzed at 700∘ C exhibited
the most favorable ability to inhibit. The UV-suppressed
ratio reached 52.33% in the region from 360 to 420 nm;
the visible light suppression ratio was 33.11% in the region
from 420 to 780 nm. The proposed white-light LEDs were
fabricated with CIE chromaticity coordinates (𝑥, 𝑦) of (0.349,
0.393) and correlated color temperature of 4991 K with a
dominant wavelength of 564 nm. The color rendering index
reached 90. The coating layer of photocatalyst can also act
as an air purifier and diffuse glare. Thus, the experimental

4

Figure 10: Schematic representation of gas-phase organic matter
decomposition system.

tested with a specially designed 200 mL gas-phase organic
matter decomposition system. The residual formaldehyde
was checked with a gas chromatography flame ionization
detector (GC-FID) by sampling with a gas needle. The test
result is shown in Figure 11. The molecular formaldehyde
gas was decomposed 66.2 ± 0.60 ppmv in 120 mins. The
results confirm the practical application of bismuth oxide
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Figure 11: The efficiency of bismuth oxide photocatalyst decomposes formaldehyde.

results demonstrated a safe and environmentally friendly
LED lighting source.
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AgBr/Ag3 PO4 photocatalyst was synthesized using a facile coprecipitation method. The photocatalyst was characterized by Xray powder diffraction (XRD), UV-Vis diffuse reflectance spectroscopy (DRS), scanning electron microscopy (SEM), BrunauerEmmett-Teller (BET) surface areas, and photoluminescence (PL) technique. The activity of the photocatalyst was evaluated by
the degradation of methyl orange (MO) and rhodamine B (RhB). The results showed that the prepared AgBr/Ag3 PO4 exhibited
excellent performance and much higher photocatalytic activity than the single one under visible-light irradiation. The optimum
mole ratio of Br/P in AgBr/Ag3 PO4 samples is 0.3. The prepared AgBr/Ag3 PO4 photocatalyst was transformed to Ag/AgBr/Ag3 PO4
system with excellent property and good stability in the photocatalytic process. The possible mechanisms of the enhanced
photocatalytic activity for the AgBr/Ag3 PO4 were also discussed in detail.

1. Introduction
Photocatalysis is a promising technology for the treatment of
contaminants, especially for the removal of organic pollutants
with solar energy [1–6]. To date, TiO2 has undoubtedly
been proven to be the most excellent photocatalyst for the
decomposition of many organic compounds. However, TiO2
photocatalyst has a wide bandgap (i.e., 3.2 eV for anatase and
3.0 eV for rutile) and hence absorbs only the UV light, which
accounts for only 4% of the total sunlight, to generate charge
carriers for promoting the surface redox reactions. Due to this
inherent property of TiO2 [7–14], its practical applications
are rather limited. To effectively utilize the visible light that
constitutes 43% of the total sunlight, it is important to find
a photocatalyst that is active and efficient under visiblelight illumination [15]. Consequently, much effort has been
devoted to developing visible-light-driven photocatalysts in
order to utilize solar energy and indoor light efficiently in
current photocatalysis research field.
Silver halides (AgX, X = Cl, Br, I) are photosensitive materials extensively used as source materials in photographic
films. When absorbing a photon, silver halide particle may

generate an electron and a hole, so AgX can be used as a
potential photocatalyst. But the photoinduced electrons will
combine with interstitial Ag+ ions to form a cluster of Ag0
atoms within the silver halide particle, which results in the
instability of AgX under light irradiation [16]. Therefore, pure
AgX is seldom used as a photocatalyst. Recently, Kakuta et
al. [17] observed that Ag0 species are formed on the surface
of AgBr in the early stage of the reaction and AgBr in
the AgBr/SiO2 photocatalyst is not destroyed under successive UV illumination. The separation of the photoexcited
electron-hole pairs may occur in the presence of Ag0 species
on the surface of the photocatalyst. It is considered that the
silver nanoparticles formed on silver halide particles might
be expected to be a stable photocatalyst under visible-light
illumination. At the same time, Ag0 species formed on the
surface of the photocatalysts may produce the effect of surface
plasmon resonance (SPR) [15, 18]. Since the results were
reported by Kakuta et al. [17], to improve the photostability
of AgX, numerous studies have attempted to form composite
photocatalysts by loading AgX particles on different materials, such as SiO2 [19], TiO2 , Al2 O3 [20–22], Al-MCM-41 [23],
Y-zeolite [24], Fe3 O4 [25], BiOI [26], H2 WO4 [27, 28], and

2
Bi2 WO6 [29, 30]. The results showed that the Ag0 species on
the surface of the catalyst indeed enhanced the interfacial
charge transfer and the stability of AgX. This expectation
leads us to prepare a new stable photocatalyst under visiblelight, which will greatly improve its current performance and
open up new applications.
Recently, Ag3 PO4 has attracted considerable attention
as a new visible-light photocatalyst, and it is a pale yellow
semiconductor with a bandgap of 2.45 eV [16, 31–33]. The
results in the pieces of literature demonstrated that Ag3 PO4
was a potential photocatalyst in decomposing organics and
exhibited outstanding oxygen evolution rate and excellent
antibacterial activity under visible-light irradiation. It is
known that the conduction band (CB) and valence band
(VB) levels of AgBr (2.50 eV) [34] are 0.06 eV and 2.56 eV,
respectively, and the CB and VB of Ag3 PO4 (2.45 eV) are
0.45 eV and 2.90 eV [16, 31], respectively. It is clear that the
CB and VB of Ag3 PO4 , respectively, lie below those of AgBr,
which is favorable for the efficient separation of photoinduced
electrons and holes. Furthermore, AgBr/Ag3 PO4 can be easily
transformed into an Ag/AgBr/Ag3 PO4 system in the early
stage of the photocatalytic reaction, in which Ag nanoparticles will play an important role. So, AgBr is considered
to be an appropriate choice to improve the photocatalytic
activity for the Ag3 PO4 photocatalyst. To the best of our
knowledge, however, the study of the composite photocatalyst
AgBr/Ag3 PO4 has rarely been reported.
In the study, a novel AgBr/Ag3 PO4 was constructed
and synthesized by a facile coprecipitation method. Methyl
orange (MO) and rhodamine B (RhB) were used as model
pollutants to evaluate the photocatalytic activity of the
AgBr/Ag3 PO4 composites under visible-light irradiation (𝜆 >
400 nm). The optimum mole ratio of Br/P in AgBr/Ag3 PO4
system and the stability of the photocatalyst were also
investigated. More importantly, different scavengers were
introduced to the photocatalytic reaction system to explore
the roles of different reactive species, and the reaction
mechanism was discussed in detail.

Journal of Nanomaterials
to the above suspension and stirred magnetically for 2 h.
Subsequently, 5.3 g of AgNO3 in 100 mL of deionized water
was quickly added to the mixture. The resulted suspension
was vigorously stirred for 12 h. The product was filtered
and washed with absolute ethanol and deionized water for
several times and dried at 60∘ C for 24 h. Finally, the obtained
0.10-AgBr/Ag3 PO4 with theoretical Br/P molar ratio of
0.10 : 1 was collected. Varying the amount of AgBr, different
AgBr/Ag3 PO4 photocatalysts were prepared, respectively,
and defined as BP-0.1, BP-0.3, BP-0.5, and BP-0.7. Pure
Ag3 PO4 and AgBr samples were prepared using the same
method but with only one kind of anion in the solution
(PO4 3− or Br− ).
2.3. Characterization of AgBr/Ag3 PO4 Photocatalyst. X-ray
diffraction (XRD) measurements were carried out at room
temperature using a BRUKER D8 ADVANCE X-ray powder
diffractometer with Cu K𝛼 radiation (𝜆 = 1.5406 Å) and
a scanning speed of 3∘ /min. The accelerating voltage and
emission current were 40 kV and 30 mA, respectively. X-ray
photoelectron spectroscopy (XPS) examination was carried
out on a Thermo ESCALAB 250 multifunctional spectrometer (VG Scientific, UK) using Al K𝛼 radiation. All XPS
spectra were referenced to the C1s peak at 284.8 eV from
the adventitious hydrocarbon contamination. JEOL JSM6610LV scanning electron microscope (SEM) with 20 kV
scanning voltages was employed to observe the morphologies
of as-prepared catalysts. UV-Vis diffuse reflectance spectroscopy (DRS) measurements were carried out using a UV
3600 (SHIMADZU, Japan) UV-Vis-NIR spectrophotometer
equipped with an integrating sphere attachment. The analysis
range was from 200 to 700 nm, and BaSO4 was used as
a reflectance standard. Fluorescence emission spectra were
recorded on a JASCO FP-6500 type fluorescence spectrophotometer with 315 nm excited source over a wavelength range
of 350–600 nm. The Brunauer-Emmett-Teller (BET) surface
areas were measured using a Micromeritics ASAP 2020 N2 physisorption method at 77 K.

2. Experimental
2.1. Chemicals and Materials. All reagents are of analytical purity and were used without further purification. Silver nitrate (AgNO3 ), potassium bromide (KBr), disodium
hydrogen phosphate (Na2 HPO4 ), methyl orange (MO), rhodamine B (RhB), absolute ethanol, terephthalic acid (TA),
benzoquinone (BQ), isopropanol (IPA), potassium iodide
(KI), and sodium hydroxide (NaOH) were obtained from
Sinopharm Chemical Reagent Co., Ltd. Deionized water was
used throughout this study.
Photocatalyst.
2.2.
Preparation
of
AgBr/Ag3 PO4
AgBr/Ag3 PO4 was prepared by the coprecipitation method in
a dark room to facilitate the experimental manipulation and
prevent the decomposition of AgBr. In a typical procedure,
1.42 g of Na2 HPO4 dispersed in 500 mL of deionized
water was placed in a 1000 mL pyrex glass beaker. Then,
0.119 g of KBr in 100 mL of deionized water was added

2.4. Photocatalytic Activity Test. The photocatalytic degradations of MO and RhB were adopted to evaluate the photocatalytic activity of the samples in a photoreaction apparatus
[35]. A 500 W Xe lamp (Institute of Electric Light Source,
Beijing) was used as a light source with a 400 nm cut-off filter
(Instrument Company of Nantong, China) to provide visiblelight irradiation. In each experiment, the reaction suspension
containing 0.05 g photocatalyst and 25 mL dye solution was
put in the 100 mL beaker, and a magnetic stirrer was used
to stir the reaction solution. The initial concentrations of
MO and RhB were 10 mg/L and 4.0 mg/L, respectively. And
the initial pH value of solution is 7.0. The distance between
the light source and the surface of the reaction solution is
11 cm. Prior to illumination, the suspension was magnetically
stirred in the dark for 30 min to reach adsorption-desorption
equilibrium of the dyes on catalyst surfaces. At the given
time intervals, 5 mL of the suspension was collected, centrifuged, and filtered through a 0.2 𝜇m millipore filter to
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where 𝜂 is the photocatalytic efficiency; 𝐶0 is the concentration of reactant before illumination (mg/L); 𝐶 is the
concentration of reactant after illumination time 𝑡 (mg/L).

(f)

Intensity (a.u.)

𝜂=[

200

remove the catalyst particles. The concentration of catalystfree dye solution is determined spectrophotometrically. The
photocatalytic activity of the samples is calculated from the
following expression [35]:

(e)
(d)
(c)

210

(b)

211

3. Results and Discussion
3.1. Characterization of AgBr/Ag3 PO4 Photocatalyst

3.1.2. XPS Analysis. To further confirm the existence of Ag
in the used AgBr/Ag3 PO4 sample, the used BP-0.1 sample
was examined by XPS. The results are shown in Figure 3.
Figure 3(a) displays the XPS survey spectrum of the used
AgBr/Ag3 PO4 photocatalyst, which mainly exhibits the peaks
of Ag, Br, P, O, and C. The XPS peak for C1s (284.8 eV)
is ascribed to the adventitious hydrocarbon from the XPS
instrument. In addition, no other impurity is found in the
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Figure 1: XRD patterns of (a) Ag3 PO4 , (b) BP-0.1, (c) BP0.3, (d) BP0.5, (e) BP-0.7, and (f) AgBr.

Ag0 (38.07∘ )

Intensity (a.u.)

3.1.1. XRD Analysis. In order to determine the crystal phase
composition and the crystallite size of the photocatalyst, XRD
study of the samples was carried out. Figure 1 shows the
XRD patterns of different photocatalysts. The patterns show
that Ag3 PO4 is a body-centered cubic structure (JCPDS no.
06-0505) and AgBr is face-centered cubic crystal (JCPDS
no. 06-0438). The result is in accordance with the previous
report [16]. As shown in Figure 1, it can be seen that when
the amount of AgBr is 0.1, the diffraction peaks of AgBr
can be found in XRD patterns. And with further increase of
AgBr concentration, the intensity of diffraction peaks of AgBr
increases remarkably, whereas the intensity of diffraction
peaks of Ag3 PO4 decreases simultaneously. It demonstrates
that the AgBr particles are evenly dispersed on the surface
of Ag3 PO4 particles. The calculation from the Scherrer
equation shows that the diameter of Ag3 PO4 in the composite
photocatalyst is not obviously changed compared with that of
pure Ag3 PO4 . The average crystallite size of Ag3 PO4 is about
30 nm according to the main peak (210) of Ag3 PO4 , and the
calculated crystallite size of AgBr is about 53.5 nm according
to the main peak (200) of AgBr. No other new crystal phases
are found in the patterns. In addition, XRD analysis was also
carried out for the used AgBr/Ag3 PO4 photocatalyst. The
result is shown in Figure 2. It is clear that a new diffraction
peak at 38.07∘ (JCPDS no. 04-0783) assigned to Ag was
found in the used BP0.1 after one and five recycling runs
compared with the fresh BP0.1. However, the diffraction peak
at 38.07∘ is not obviously changed between the sample used
one time and five times. It is suggested that the photocatalyst
is stable in the experimental conditions. The color of the
fresh photocatalyst is faint yellow, and the color of the used
photocatalyst becomes a little darker. This demonstrates that
the fresh AgBr/Ag3 PO4 photocatalyst has been changed into
Ag/AgBr/Ag3 PO4 photocatalyst after photocatalytic reaction.

(a)

(c)
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(b)
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Figure 2: XRD patterns of (a) fresh BP0.1, (b) used one time BP0.1
and (c) used five times BP-0.1.

sample. A typical high-resolution XPS spectrum of Ag 3d is
shown in Figure 3(b). The Ag 3d spectrum of AgBr/Ag3 PO4 is
made up of two individual peaks at 374 and 368 eV, which can
be attributed to the binding energies of Ag 3d3/2 and Ag 3d5/2 ,
respectively. The Ag 3d3/2 peak is further divided into two
different peaks at 374.15 and 375.2 eV, and the Ag 3d5/2 peak
is divided into two different peaks at 368.15 and 369.15 eV,
respectively. The peaks at 375.2 and 369.15 eV are attributed to
metal Ag0 , and the peaks at 374.15 and 368.15 eV are attributed
to Ag+ of AgBr and Ag3 PO4 [36]. From the result, it is clear
that the metal Ag should have been formed on the surface of
the AgBr/Ag3 PO4 photocatalyst in the reaction.
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Figure 3: XPS survey spectrum (a) and Ag 3d XPS spectrum (b) of the used AgBr/Ag3 PO4 .
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Figure 4: SEM images of (a) Ag3 PO4 and (b) AgBr/Ag3 PO4 (BP-0.3).

3.1.3. SEM Analysis. SEM was used to investigate the morphology of the photocatalysts. Figure 4 shows the SEM
photographs of the Ag3 PO4 and AgBr/Ag3 PO4 (BP-0.3),
respectively. It can be seen that the appearance of the
Ag3 PO4 photocatalyst in Figure 4(a) is irregular spheroidal
structure with mean size of about 1 𝜇m. The appearance of
AgBr/Ag3 PO4 is shown in Figure 4(b). It is clear that AgBr
is highly dispersed on the surface of the photocatalyst, and it
is composed of many small nanoparticles, and their average
particle sizes are about 200 nm.
3.1.4. DRS Analysis. UV-Vis diffuse reflectance spectroscopy
was carried out to investigate the optical properties of the
samples. Figure 5 shows UV-Vis diffuse reflectance spectra

of different photocatalysts. From Figure 5(a), it can be seen
that, compared with pure AgBr, the absorption wavelength
range of the BP-0.3 photocatalyst is extended greatly towards
visible light. In theory, because the absorption wavelength
range is extended greatly towards visible light, the formation
rate of electron-hole pairs on the photocatalyst surface also
increases greatly, resulting in the photocatalyst exhibiting
higher photocatalytic activity. The absorption wavelength
range of the BP-0.3 photocatalyst is extended greatly towards
visible light, which may be attributed to the formation of the
heterojunction between AgBr and Ag3 PO4 . A similar result
was also reported [37].
From Figure 5(a), it is clear that the absorption edge of
the prepared Ag3 PO4 and AgBr samples is at about 506 nm
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Figure 5: (a) DRS of AgBr, Ag3 PO4 , and BP-0.3 samples. (b) DRS of the fresh BP-0.3, the used one time BP-0.3, and the used five times BP-0.3.

and 496 nm in the spectrum, respectively. It is known that the
bandgap energy of the photocatalysts can be calculated by the
following equation [38, 39]:
𝛼ℎV = 𝐴(ℎV − 𝐸𝑔 )𝑛/2 .

(2)

In this equation, 𝛼, ℎ, V, 𝐴, and 𝐸𝑔 are absorption
coefficient, Planck constant, light frequency, proportionality,
and bandgap energy, respectively; 𝑛 is determined from the
type of optical transition of a semiconductor (𝑛 = 1 for direct
transition and 𝑛 = 4 for indirect transition). The values of 𝑛
for AgBr and Ag3 PO4 are 4 [40] and 1 [41], respectively. By
applying this equation, the bandgap of AgBr and Ag3 PO4 is
2.50 eV and 2.45 eV, respectively, which agrees well with the
previous reports [16, 31, 32, 34].
The band edge positions of CB and VB of semiconductor
can be determined with a simple approach. The valance
band edge (𝐸VB ) and conduction band edge (𝐸CB ) of a
semiconductor at the point of zero charge (pHZPC ) can be
predicted by the following equation [42]:
𝐸VB = 𝑋 − 𝐸𝑒 + 0.5𝐸𝑔
𝐸CB = 𝐸VB − 𝐸𝑔 ,

(3)

where 𝑋 is the absolute electronegativity of the semiconductor, expressed as the geometric mean of the absolute
electronegativity of the constituent atoms, which is defined
as the arithmetic mean of the atomic electron affinity and the
first ionization energy. 𝐸𝑒 is the energy of free electrons on the
hydrogen scale (likely 4.5 eV), and 𝐸𝑔 is the bandgap energy
of the semiconductor. The 𝑋 values for AgBr and Ag3 PO4
are 5.81 and 6.17 eV, and the 𝐸VB of AgBr and Ag3 PO4 are

calculated to be 2.56 and 2.9 eV, respectively. Thus, the 𝐸CB
of AgBr and Ag3 PO4 are estimated to be 0.06 and 0.45 eV,
respectively. The UV-Vis diffuse reflectance spectra of the
used photocatalyst (BP-0.3) are shown in Figure 5(b). It is
clear that, compared with the fresh BP0.3 photocatalyst, there
is much stronger absorption in the visible region, and with
the increase in the recycling runs, the absorption wavelength
range and the absorption intensity increase gradually. It may
be resulted from the strong surface plasmon resonance (SPR)
[43, 44] effect of Ag nanometer particles (NPs) scattering
on the surface of AgBr and Ag3 PO4 particles. The gradually
enhanced absorption in the visible region from 1 to 5 recycling
runs shows that the amount of Ag NPs increases slowly in the
photocatalytic reaction. The increased content of metal Ag
will affect the size of Ag, which further affects the separation
of photoinduced carriers, the SPR effect of Ag NPs, and the
corresponding photocatalytic activities [15].
3.2. Photocatalytic Activity of AgBr/Ag3 PO4
3.2.1. Degradation of Dyes. The photocatalytic activities of asprepared samples were evaluated by the degradation of MO
and RhB under visible-light irradiation. The blank test shows
that photoinduced self-sensitized photodegradation has little
influence on the results of the experiment. At the same time,
the dark absorption test in the absence of irradiation but with
the catalysts shows that no significant change in the substrate
concentration is found.
Figure 6(a) displays the degradation of MO by the different photocatalysts. It is clear that the BP-0.3 photocatalyst
exhibits the highest catalytic activity. The degradation efficiency of MO is 56.3%, 60.2%, 89.8%, 82.3%, and 78.2% for
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Figure 6: (a) The degradation process of MO with different photocatalysts. (b) The degradation process of RhB with different photocatalysts.
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Figure 7: (a) The first-order kinetics of MO degradation with different photocatalysts. (b) The first-order kinetics of RhB degradation with
different photocatalysts.

Ag3 PO4 , BP-0.1, BP-0.3, BP-0.5, and BP-0.7 after irradiation
for 50 min, respectively. For the degradation of RhB, a similar
change tendency of degradation efficiency is also displayed
in Figure 6(b) as that of MO degradation. When illuminated
for 10 min, the degradation efficiency of RhB is 60.2%, 67.9%,

82.4%, 75.3%, and 72.6% for Ag3 PO4 , BP-0.1, BP-0.3, BP-0.5,
and BP-0.7, respectively.
Figures 7(a) and 7(b) show the kinetics of MO and RhB
photocatalytic degradation with different photocatalysts,
respectively. It is clear that the photocatalytic degradation
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process of MO and RhB follows first-order kinetics equation.
According to the kinetics model, the rate constant k of the
different Ag3 PO4 /AgBr samples and pure Ag3 PO4 is calculated and illustrated in Figure 8. The results demonstrate that
the optimum sample is BP-0.3 with the maximal degradation
rate constant of 0.1737 min−1 for RhB and 0.0456 min−1 for
MO, which is about 2 and 3 times that of pure Ag3 PO4 ,
respectively.
The BET surface areas of Ag3 PO4 , BP-0.1, BP-0.3, BP-0.5,
and BP-0.7 are 2.3, 2.6, 3.1, 3.7, and 3.7 m2 /g, respectively.
It is clear that the BET surface areas of the samples are
increased gradually with the increase in the amount of AgBr.
It is obvious that the increased photocatalytic activity is not
in obvious correspondence with the BET surface area of the
samples. Therefore, the enhanced photocatalytic activity of
the samples can only be ascribed to the presence of AgBr.
3.2.2. Stability of the Photocatalyst. The catalyst’s lifetime
is an important parameter of the photocatalytic reaction
process, so it is essential to evaluate the stability of the
catalyst for practical application. As shown in Figure 9(a),
the repetition tests reveal that the photocatalytic degradation
efficiency of MO for BP-0.3 sample decreases by 12.3% after
5-time cycle experiments, and after 2-time cycle experiments, the photocatalytic degradation efficiency of MO is
obviously decreased, which indicates that AgBr/Ag3 PO4 has
high stability under visible-light irradiation. The stability of
AgBr/Ag3 PO4 was also studied through the degradation of
RhB (Figure 9(b)). The result shows that the photocatalytic
activity of AgBr/Ag3 PO4 is not obviously changed and only
little decrease after 5-time cycles. It further confirms the good
stability of the AgBr/Ag3 PO4 photocatalyst. From Figure 9,

it is clear that, though AgBr/Ag3 PO4 is not very stable at
the initial reaction process under visible-light irradiation,
the formed Ag/AgBr/Ag3 PO4 system can effectively retain its
activity due to the efficient transfer of photoexcited electrons
by Ag nanoparticles [45].
The high photocatalytic activity and good stability are
closely related to the efficient separation of photoexcited
electron-hole pairs derived from the matching band potentials between AgBr and Ag3 PO4 , as well as the surface plasmon resonance of Ag nanoparticles formed on the surface of
the photocatalyst during the photocatalytic reaction process.
The presence of metal Ag can restrain the further decomposition of AgBr under visible-light irradiation conditions
[46, 47]. Besides, Br0 atoms produced by AgBr under visiblelight irradiation are the reactive radical species to degrade
MO and RhB and then turn to Br− , because the holes in the
VB of AgBr can oxidize Br− ions to Br0 atoms. If the number
of Br0 atoms from AgBr reaches a certain amount, Br− ions
to Br0 atoms will balance on the surface of the photocatalyst.
Consider
Br− + h+ → Br0 ,
Br0 + Dyes → Br− .

(4)

Therefore, the obtained AgBr-Ag-Ag3 PO4 nanojunction photocatalyst is a stable and effective photocatalyst under the
experimental conditions.
3.3. Proposed Photocatalytic Mechanism
3.3.1. Roles of Reactive Species. The photocatalytic mechanism was investigated for the excellent photocatalytic property of the prepared AgBr/Ag3 PO4 . It is generally accepted
that the dyes and organic pollutants can be photodegraded
via photocatalytic oxidation process. A large number of main
−
reactive species including h+ , ∙ OH, and ∙ O2 are involved
in the photocatalytic oxidation process. Therefore, the effects
of some scavengers on the degradation of RhB and MO were
examined in an attempt to elucidate the reaction mechanism.
−
As an ∙ O2 scavenger, benzoquinone (BQ) was added to
the reaction system. Isopropanol (IPA) was introduced as
the scavenger of ∙ OH, and ammonium oxalate (AO) was
adopted to quench h+ [40]. As a consequence of quenching,
photocatalytic oxidation reaction is partly suppressed, and
𝜂 is lowered. The more 𝜂 is reduced by scavengers, the
more important the role the corresponding oxidizing species
play in the photocatalytic oxidation reaction. The effects
of a series of scavengers on the degradation efficiency of
MO and RhB are shown in Figure 10. It can be seen from
Figure 6 that the degradation efficiencies of the AgBr/Ag3 PO4
(BP0.3) photocatalyst for RhB and MO are 82.4% and 89.8%,
respectively, before the quenchers are added. However, the
photodegradation efficiencies of RhB and MO are reduced
to 32.1% and 36.5%, respectively, after adding ammonium
oxalate (AO). Adding benzoquinone (BQ), the photodegradation efficiencies for RhB and MO are decreased to 45.3%
and 48.2%, respectively. However, there is almost no obvious
change for the photodegradation of RhB and MO after mixing
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Figure 9: (a) Cyclic experiments of the BP-0.3 photocatalyst for MO degradation. (b) Cyclic experiments of the BP-0.3 photocatalyst for RhB
degradation.

light illumination, a photoluminescence (PL) technique with
terephthalic acid as a probe molecule was carried out. The
detailed experimental procedures have been reported in our
earlier reports [48, 49]. The PL emission spectra excited at
315 nm from TA solution suspension with AgBr/Ag3 PO4 were
measured every 10 min. The results are shown in Figure 11.
It can be seen that no obvious PL signal at about 425 nm
is observed, demonstrating that no ∙ OH is formed in the
photocatalytic oxidation process, which agrees well with the
results of IPA quenching. In summary, the main reactive
species involved in the degradation of MO (or RhB) are h+
−
and ∙ O2 .
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Figure 10: The effects of a series of scavengers on the degradation
efficiency of MO and RhB (the dosage of scavengers = 0.1 mmol/L,
illumination times are 50 min and 10 min for MO and RhB, resp.).

the isopropanol (IPA). According to the above experimental
−
results, it can be clearly seen that ∙ O2 and h+ are the main
reactive species in the photocatalytic oxidation process of
RhB and MO, whereas the effect of ∙ OH can be negligible in
this process.
To further research whether ∙ OH was formed on the
surface of AgBr/Ag3 PO4 (BP-0.3) photocatalyst under visible

3.3.2. Proposed Mechanism. Based on bandgap structure of
the prepared AgBr/Ag3 PO4 and the effects of scavengers,
a possible mechanism of AgBr/Ag3 PO4 photocatalyst for
degradation dyes was proposed. The AgBr/Ag3 PO4 photocatalyst was transformed into a plasmonic Z-scheme mechanism of Ag3 PO4 /Ag/AgBr system during the photocatalytic
oxidation process. In other words, the AgBr/Ag3 PO4 photocatalyst was firstly transformed into the Ag3 PO4 /Ag/AgBr
photocatalyst under visible-light irradiation. And then, AgBr,
Ag, and Ag3 PO4 can be simultaneously excited and produce
photogenerated electrons and holes. The plasmon-induced
electrons of Ag nanoparticles are injected into the CB of
AgBr, while the holes remain on the Ag nanoparticles. As
for Ag3 PO4 , the photogenerated electrons move to the Ag
nanoparticles to recombine with the plasmon-induced holes
produced by plasmonic absorption of Ag nanoparticles, while
the holes in the VB of Ag3 PO4 may oxidize MO and RhB
directly. Besides, it was reported that electrons in the CB
of AgBr could probably be excited up to a higher potential
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MO and RhB. In summary, MO and RhB were decomposed
by Ag/AgBr/Ag3 PO4 systems under visible-light irradiation
−
through ∙ O2 , Br0 , and direct h+ oxidation pathway. Based
on the analyses, the proposed schematic diagram of photoexcited electron-hole separation process is shown in Figure 12.
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Figure 11: The PL spectra of AgBr/Ag3 PO4 in TA solution under
visible-light irradiation.

Light

Light

Light

AgBr/Ag3 PO4 photocatalyst was synthesized using a facile
coprecipitation method. The prepared AgBr/Ag3 PO4 exhibited excellent performance for the degradation of MO and
RhB and displayed a much higher photocatalytic activity
than the single one under visible-light irradiation. The
optimum mole ratio of Br/P in AgBr/Ag3 PO4 samples is
0.3. The AgBr/Ag3 PO4 photocatalyst was transformed to
Ag/AgBr/Ag3 PO4 photocatalyst quickly, and the formed
Ag/AgBr/Ag3 PO4 photocatalyst remained with high photocatalytic property and good stability in the photocatalytic
process. The reason is attributed to the efficient separation
of photoexcited electron-hole pairs of the photocatalyst.
The degradation of MO and RhB for the AgBr/Ag3 PO4
−
photocatalyst is mainly via ∙ O2 , Br0 , and direct h+ oxidation
process. The AgBr/Ag3 PO4 photocatalyst may be a promising, efficient, and stable photocatalyst for new applications in
environmental purification under visible-light irradiation.
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This paper presents the 3-dimensional (3D) computational fluid dynamics (CFD) simulation study of metal organic chemical vapor
deposition (MOCVD) producing photocatalytic titanium dioxide (TiO2 ) nanoparticles. It aims to provide better understanding of
the MOCVD synthesis system especially of deposition process of TiO2 nanoparticles as well as fluid dynamics inside the reactor. The
simulated model predicts temperature, velocity, gas streamline, mass fraction of reactants and products, kinetic rate of reaction, and
surface deposition rate profiles. It was found that temperature distribution, flow pattern, and thermophoretic force considerably
affected the deposition behavior of TiO2 nanoparticles. Good mixing of nitrogen (N2 ) carrier gas and oxygen (O2 ) feed gas is
important to ensure uniform deposition and the quality of the nanoparticles produced. Simulation results are verified by experiment
where possible due to limited available experimental data. Good agreement between experimental and simulation results supports
the reliability of simulation work.

1. Introduction
To date, titanium dioxide (TiO2 ) nanoparticles have been
attracting extensive attention due to their high photocatalytic
activity [1], special optical properties [2], and enhanced
mechanical properties [3]. TiO2 nanoparticles have been used
widely for industrial applications such as photocatalysts [4],
anti-UV agent [5], ceramics [6], sensors [7], and solar energy
conversion [8]. They offer extra benefits of high stability, low
cost, nontoxicity, hydrophilicity, and a high refractive index.
Many methods have been employed to synthesize TiO2
nanoparticles and among them metal organic chemical
vapor deposition (MOCVD) is a promising technique for
nanoparticles production due to its relative low cost and
simplicity of the process. MOCVD allows control of particle
size, size distribution, and crystal structure of the synthesized

nanoparticles by controlling operation parameters such as
deposition temperature and carrier gas flow rate [9]. The use
of metal organic compound precursor that has relatively low
decomposition temperature and high volatility enables the
experiment to be carried out at low temperature and pressure
[10]. Furthermore, MOCVD has the potential to be scaled up
to industrial scale production levels.
However, regardless of the promising advantages of using
MOCVD for the synthesis of TiO2 nanoparticles, actual
process is still not completely understood. The understanding
of fluid dynamics inside MOCVD reactor during synthesis
process is important to provide groundwork for future
development of MOCVD processes and reactors. This can be
achieved by utilizing computational fluid dynamics (CFD)
simulation. CFD simulation offers valuable insight into the
flow behavior of reactant and product gases inside MOCVD
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Figure 1: Geometry of the MOCVD reactor and its schematic
representation. All the measurements are in metre (m).

reactor, which is important to understand nanoparticle formation, amount of yield, and deposition location.
A glance through the literature reveals that reported CFD
studies of TiO2 deposition using MOCVD have been limited
to deposition of TiO2 thin films in vertical configuration
cold wall CVD reactors [11–14]. Almost all the models were
simplified to a 2-dimensional (2D) model due to either
the axisymmetric shape of reactor or for simplicity reasons.
The literature clearly lacks study regarding 3-dimensional
(3D) CFD on deposition of TiO2 nanoparticles using a
horizontal configuration hot wall MOCVD reactor. 3D CFD
study is especially important to simulate any nonaxisymmetric geometry of the MOCVD reactor such as the case of
reactor employed in the current study. Modelling different
configurations and types of MOCVD reactor could provide
valuable insight for future improvement towards optimizing
the MOCVD processes and reactors. This is crucial for
production of TiO2 nanoparticles in order to become one
of the industrially important materials. Furthermore, present
study takes the opportunity to analyze TiO2 nanoparticles
deposited using titanium (IV) butoxide (TBOT) precursor
since many of the previous studies used titanium isopropoxide (TTIP) as the precursor although TBOT has been proved
to produce purer TiO2 crystalline structure [15], with smaller
and more uniform grain size than TTIP [15, 16].
The aim of this study was to investigate and understand
the fluid dynamics inside MOCVD synthesis system particularly on deposition process of TiO2 nanoparticles in a horizontal configuration hot wall reactor using TBOT precursor.
The 3D model was simulated to predict temperature, velocity,
gas streamline, mass fraction of reactants and products,
kinetic rate of reaction, and surface deposition rate profiles
inside the reactor.

2. Experimental
2.1. Reactor Configuration. The simulation was run for a
3D model horizontal hot wall MOCVD reactor which has
been used to synthesize photocatalytic TiO2 and iron (Fe)

doped TiO2 nanoparticles reported elsewhere [17–20]. The
MOCVD reactor setup has been simplified to consist of
stainless steel gas flow lines (0.004 m inside diameter (i.d.)
and 0.006 m outside diameter (o.d.)) with 2 inlets and 1 outlet
and a horizontal quartz tube (0.800 m long, 0.050 m i.d., and
0.052 m o.d.) fitted into a split tube furnace where the heating
zone was 0.300 m long. Note that the inlet which carried a
mixture of TBOT precursor and nitrogen (N2 ) carrier gas
is protruded, extending into the heating zone to ensure that
precursor is thermally decomposed at temperature as close as
possible to the heating zone temperature. Schematic diagram
of the reactor setup can be seen in Figure 1.
2.2. Reactions. The volumetric (homogeneous) and surface
(heterogeneous) reactions considered in the present study
were proposed to consist of thermal decomposition, hydrolysis, and surface depositions of TBOT and TiO2 in gas phase
(TiO2 (g)) as listed in Table 1. The reactions were proposed
based on the literature for the study of TiO2 thin films
deposited using TTIP [21, 22].
Above thermal decomposition temperature of TBOT,
homogeneous gas phase reaction occurs inside the reactor. TBOT undergoes thermal decomposition resulting in
TiO2 nanoparticle formation (TiO2 (g)) as well as volatile
by-products (water (H2 O) and butene (C4 H8 )) in the gas
phase (Reaction 1). Subsequently, TBOT undergoes chemical
reaction with H2 O form in Reaction 1 to produce TiO2 (g)
and other volatile by-product (butanol (C4 H9 OH)) also in
the gas phase (Reaction 2). Below the thermal decomposition
temperature of TBOT reactant, diffusion and convection
of TBOT species close to reactor wall occur. TBOT will
be adsorbed onto heated reactor wall and heterogeneous
reaction occurs at the gas-solid interface producing TiO2
nanoparticles deposit (TiO2 (s)) and by-products (H2 O and
C4 H8 ) (Reaction 3). TiO2 (g) formed in Reactions 1 and 2 will
undergo chemisorptions on the reactor wall to form TiO2 (s)
(Reaction 4).
Due to lack of data, the activation energy and preexponential factor values for reactions in this study were taken
as the values for TiO2 thin films deposited using TTIP
(Table 1) [21, 22]. Note that preliminary runs have been
carried out to investigate the effect of activation energy on
the temperature, carrier gas flowrate, and deposition process
whereby the activation energy values were increased up to 5
times that of TTIP. This is due to the fact that experimental
work of Conde-Gallardo et al. [15] revealed that the surface
activation energy for TBOT (112.1 kJ/mol) is about five times
that of TTIP (21.4 kJ/mol). The results from preliminary
runs disclosed that increasing the activation energy barely
affected other parameters but reduced the surface deposition
rate and amount of yield of TiO2 solid (TiO2 (s)). This
suggests that using activation energy values of TiO2 thin
films deposited using TTIP will not affect much of the
fluid dynamics results in present study except for increasing
the surface deposition rate and amount of yield. Thus, the
mechanism and the qualitative trends will remain essentially
valid.
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Table 1: Proposed reaction, classification, activation energy, and preexponential factor considered in the model.
Activation energy
(kJ/mol)

Preexponential factor
(1/s)

(1) Ti(OC4 H9 )4 → TiO2 (g) + 4C4 H8 + 2H2 O
(2) Ti(OC4 H9 )4 + 2H2 O → TiO2 (g) + 4C4 H9 OH
(3) Ti(OC4 H9 )4 → TiO2 (s) + 4C4 H8 + 2H2 O
(4) TiO2 (g) → TiO2 (s)

Volumetric decomposition
Volumetric hydrolysis
Surface deposition by TBOT
Surface deposition by TiO2

70.5
8.43
126.01
126.01

3.96 × 105
3.0 × 1015
1.0 × 109
1.0 × 109

Unheated outlet region

0.8

0.6

Heated region
(furnace) Unheated inlet region
800
700
600
500
400
300
200
100
0
0.4
0.2
0

Temperature (∘ C)

Classification

Proposed reaction

Position (m)
Manual—without reaction (M − R)
Simulation—with reactions (S + R)
Simulation—without reaction (S − R)

Figure 2: Temperature profiles along the MOCVD reactor for M −
R, S − R, and S + R.

2.3. Simulation Procedure. Geometry and mesh of the modelled MOCVD reactor were generated in Gambit 2.4.6 and
exported to computer modelling tool based on CFD called
Fluent 12.0. The mesh was a 3D Cartesian grid lying on the 𝑥𝑦-𝑧 plane. The size of grid was refined in the region close to
inlet, outlet, and walls where a larger gradient in temperature,
velocity, and species concentrations is expected.
Fluent 12.0 was utilized as the simulator. The code was
specifically chosen because of its powerful capability of simulating chemical reactions with exact accuracy compared to
other available software such as Phoenics and Flow3D. Fluent
employs finite volume method in solving the governing
equations which include conservation of mass, momentum,
energy, and chemical species. The solver was initialized
from the N2 carrier gas and TBOT inlet, which means the
conservation equations were solved by using values set at this
inlet as the initial values. The flow was considered laminar due
to low Reynolds number (Re < 100) calculated according to
Reynolds equation.
The temperature at furnace heating zone was assumed to
be constant. For quartz tube inner walls, the coupled thermal
condition, which is default setting in Fluent, is used. For outer
walls (excluding the heating zone), the convection thermal
condition is set with a heat transfer coefficient (HTC) of
2 W/m2 K. For the gas flow, temperature, mass flow rate,
chemical species mass fractions, and flow direction were
defined at reactor inlet.

The simulation study was first established with a simple
model without any chemical reaction (−R). The model was
gradually increased in complexity by adding reactions (+R)
and by varying parameters. The heating region was assumed
to provide a constant temperature of 700∘ C. The reactor was
operated at atmospheric pressure of 1 atm. N2 carrier gas
entered the reactor at 175∘ C and the flowrate was fixed at
400 mL/min. Oxygen (O2 ) gas entered the reactor at 27∘ C and
the flowrate was fixed at 100 mL/min. Note that the O2 gas was
introduced inside the reactor to reduce carbon impurities that
might originate from the precursor, and thus it is not taken
into account in the chemical reactions for deposition of TiO2
nanoparticles.
Firstly, the temperature profiles along centre line of
reactor without reaction were obtained from CFD simulation
(S). It was then compared to the temperature profile obtained
by measuring the temperature using thermocouple manually
(M). In doing so, the reliability of the CFD simulation results
could be established. After that, reactions were included and
temperature profiles as well as velocity profiles were compared to those without reaction. This was done to examine
the effect of reactions on temperature and velocity inside
the reactor. The MOCVD synthesis system was discussed in
terms of temperature, velocity, gas streamline, mass fraction
of reactants and products, kinetic rate of reaction, and rate of
surface deposition profiles.

3. Results and Discussion
3.1. Temperature Profiles. Figure 2 compares the temperature
profiles of S − R and S + R at the position along the thermocouple measurement. Also included is the temperature profile
of M − R. It can be seen that the temperature profile of M −
R is slightly higher than S − R especially in the heated region.
This is due to the fact that the temperature in heated region
inside the reactor has been calibrated to match the desired
temperature. Also, there is slight variation in temperature for
M − R and S − R most likely due to the fact that the simulation
gave temperature reading every 1 cm along the thermocouple
line while the temperature was measured manually at every
5 cm using thermocouple. Besides, for CFD simulation, the
heat thermal convection at the unheated region was assumed
to be 2 W/m2 K. Note that although there is slight variation
in those two, the trends of the temperature profiles are
still comparable. Thus, it can be concluded that the results
acquired from the CFD simulation are reliable for further
study though there might be slight variation compared to the
experimental results.
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Figure 3: (a) Temperature contours from isometric, top, bottom, right, left, and middle plane viewpoints and (b) radial temperature contours
at 𝑧 = 0.089, 0.178, 0.478, and 0.640 m.

When the four reactions tabulated in Table 1 were
included in the simulation, the results show that obtained
temperature profile of S + R follows almost the same trend
of S − R. However, temperature values in the inlet and outlet
regions or specifically unheated region for S + R are lower
as compared to S − R. This finding implies that heat in these
regions has been used for TBOT thermal decomposition
and hydrolysis reactions (endothermic reactions) and consequently, the temperature at these regions decreases.
Figure 3 shows the temperature contours of the S + R from
isometric, top, bottom, right, left, and middle plane viewpoints as well as the radial temperature contours at 𝑧 = 0.089,
0.178, 0.280, 0.478, and 0.640 m. The 𝑧 points were chosen
to represent the critical regions inside the reactor (0.089 m—
middle inlet region (unheated), 0.178 m—boundary entering
heated region, 0.280 m—middle heated region, 0.478 m—
boundary exiting heated region, and 0.640 m - middle outlet
region (unheated)).

The temperature increases rapidly near the furnace
entrance and becomes nearly constant in the heated region
where furnace temperature is 700∘ C (Figure 3(a)). The temperature contour from the middle plane viewpoint shows that
the temperature decreases slightly when approaching middle
of the reactor most probably due to heat convection. In fact,
this trend can also be observed from radial temperature contour at 𝑧 = 0.280 m (Figure 3(b)). Overall, the temperature
contours were not axisymmetric (Figure 3). The temperature
contours near furnace inlet and outlet (Figure 3(a)) appear to
have a parabolic pattern which can be related to the gas flow
pattern inside reactor that will be discussed later.
Temperature distribution is one of the imperative parameters that will determine the uniformity of deposition [11]. By
employing 3D model in CFD simulation study, the temperature distribution inside the reactor can be observed more
clearly and more accurately compared to 2D model. Based
on the temperature distribution obtained alone, it is expected
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Figure 4: Velocity profiles along the reactor for S − R and S + R. Each hump in the velocity profiles of S − R is matched with a recirculation
loop in the velocity vector profiles of S − R (middle plane viewpoint and radials at 𝑧 = 0.060, 0.190, 0.280, 0.460, and 0.720 m).

for the TiO2 nanoparticles to be deposited uniformly inside
the reactor especially in the heated region. Regardless, note
that the uniformity of deposition will also be influenced by
gas flow velocity and streamlines, mass fraction distribution
of reactants and products, and thermophoretic force.

3.2. Velocity Profiles. Figure 4 compares the velocity profiles
of S − R and S + R along the centre line of the reactor. It
is obvious that the velocity profiles along centre line of the
reactor have anomalous behavior. This is most likely due to
the flow recirculation that might arise from inlet protrusion
besides the large temperature gradient between heated and
unheated regions. The recirculations can be evidenced clearly
whereby each hump in the velocity profiles of S−R is matched
with a recirculation loop in the velocity vector profiles of S−R
(middle plane viewpoint and radials) inside the MOCVD
reactor.

It can also be seen that the velocity profile of S − R does
not follow the same trend of that of S + R. This finding
is consistent with the fact that more chemical species were
introduced to S + R and hence more random velocity values.
The nominal velocity values along the centre line of the
reactor for the S + R are lower as compared to S − R
which can be attributed to the lower temperature (Figure 2).
The chemical species at low temperature have lower kinetic
energy and hence move slower, resulting in lower velocity
values. Note that the maximum velocities for S + R and S
− R along centre line of the reactor are 0.154 and 0.221 m/s,
respectively.
The simulated velocity contour and velocity vector profiles of S + R inside the MOCVD reactor are shown in
Figure 5. It can be observed that there is a recirculation of
flow in the unheated inlet region up to furnace entrance
(Figure 5(a)) which is due to large temperature difference
between the unheated inlet and heated regions of the reactor
[23]. This can also be seen from radial velocity vector at 𝑧 =
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Figure 5: Velocity contour and velocity vector profiles from middle plane viewpoint: (a) inlet region, (b) heated region, and (c) outlet region
as well as (d) radial velocity vector profiles at 𝑧 = 0.089, 0.178, 0.280, 0.478, and 0.640 m.

0.089 m (Figure 5(d)). Gas that flows near the heated region
becomes hotter owing to heat convection, becomes less dense,
and consequently rises. This type of flow is called buoyancydriven flow and has been observed by many researchers
who handle horizontal type of CVD reactors [23–27]. The
recirculation zone could significantly influence temperature
distribution, growth rate, and uniformity of deposition [11, 23,
28]. Recirculation also results in a lower velocity region at the
centre of roll which can be clearly observed from the velocity
contour. Higher velocity region can be observed around the
roll especially at the top of the roll because the gas that flows
through this zone is much less dense and thus has a higher
velocity.

There are also some recirculations of flow at the entrance
of heated region (Figure 5(b)). Besides the large temperature
difference between unheated inlet and heated regions, this
could also be due to the N2 inlet that protrudes into heated
region (Figure 1). Also, this is the point where N2 and O2
gases inside the reactor start to meet, mix, and react as
TBOT is introduced simultaneously with the N2 carrier gas.
In fact, the recirculation can be further evidenced from radial
velocity vector at 𝑧 = 0.280 m (Figure 5(d)). The recirculation
of flow in heated region (Figure 5(b)) starts to disappear
gradually as the flow is heated up to furnace temperature
and starts to fully develop. This results in almost uniform
flow pattern in the heated region though flow field is not
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Figure 6: (a) Mass fraction contours of N2 and O2 gases from middle plane viewpoint and (b) streamlines of N2 and O2 gases from isometric,
top, bottom, right, and left viewpoints.

axisymmetric because of the reactor geometry. Note that
since the reactor geometry is nonaxisymmetric, unlike the
work of, for example, Baguer et al. [12], one cannot directly
observe the parabolic flow pattern in middle of the reactor
due to drag forces at the walls which characterizes laminar
flow inside the reactor. Nonetheless, the laminar flow inside
this model is believed to be true based on the uniformity of
flow pattern that can be seen in the heated region.

There is another apparent recirculation of flow from the
furnace exit up to the unheated outlet region (Figure 5(c))
which is again due to the large temperature difference
between unheated outlet and heated regions of the reactor.
Radial velocity vector at 𝑧 = 0.640 m (Figure 5(d)) also
supports this phenomenon. Apart from that, small outlet at
the end of reactor also contributes to the recirculation that
occurs near outlet region.
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3.3. Mass Fraction and Gas Streamline Profiles. Figure 6
shows mass fraction contours and streamlines of N2 and O2
gases inside the reactor. It can be seen that the mass fraction
of N2 gas inside the reactor is much higher than that of O2 gas
(Figure 6(a)). This can be ascribed to the higher flow rate of
N2 gas introduced into the reactor (400 mL/min) compared
to that of O2 gas (100 mL/min). The initial mass fractions of
N2 and O2 gases, based on initial flow rate, were found to be
around 0.77 and 0.23, respectively.
Mass fraction of N2 gas is high from the heated region up
to the unheated outlet region (Figure 6(a)). This is consistent
with the fact that N2 gas is introduced into the reactor in
the heated region due to inlet protrusion. Meanwhile, the
mass fraction of O2 gas is higher in the unheated inlet region
compared to the heated and unheated outlet regions probably
due to O2 inlet that is not protruded. Generally, N2 gas is
known to be slightly lighter than O2 gas. The temperature of
N2 gas (175∘ C) introduced into the reactor is much higher
than O2 gas (27∘ C) which makes N2 gas much lighter than
that of O2 gas. Thus, it is easier for N2 gas to travel up to the
end of the reactor, resulting in higher mass fraction of N2 gas
up to the unheated outlet region than that of O2 gas.
These findings are reflected by the streamlines of both
N2 and O2 (Figure 6(b)). The streamline of N2 gas seems to
concentrate in the heated and unheated outlet regions while
O2 streamline seems to concentrate in the unheated inlet
region. Furthermore, the N2 streamline seems to concentrate
at left side of the reactor because protruding inlet is located
at left side of the reactor. Similarly, O2 streamline seems to
concentrate at right side of the reactor because O2 inlet is
located at right side of the reactor. These findings could not
be attained if the model is simplified to a 2D model. It is
therefore important to model the nonaxisymmetric geometry

of MOCVD reactor with 3D model in order to obtain accurate
picture of process inside the reactor.
Note that the uniformity of gas distribution could affect
the TiO2 produced. It was found from the experimental
work that the TiO2 nanoparticles collected at the unheated
inlet region were slightly whiter and brighter compared to
the nanoparticles collected at the unheated outlet region.
This indicated that high O2 concentration available in the
unheated inlet region could help to oxidize and reduce carbon
impurities that might arise from the precursor. In addition,
the amount of TiO2 nanoparticles collected at unheated outlet
region was higher than that collected at unheated inlet region
because N2 carrier gas that carries TBOT concentrated in
the unheated outlet region (∼0.08 g at inlet region and ∼
0.10 g at outlet region). These experimental findings further
validate the simulation results. Thus, it can be deduced that
good mixing of N2 and O2 gases is vital in order to produce
impurities-free TiO2 nanoparticles with high photocatalytic
efficiency as well as to ensure uniform deposition in terms of
amount of yield.
Figure 7 shows the mass fraction contours of TBOT,
TiO2 (g), C4 H8 , and C4 H9 OH from middle plane viewpoint.
From the mass fraction contour of TBOT, it can be seen
that TBOT seems to be distributed in the unheated inlet
and outlet regions. There is almost no trace of TBOT in
high temperature region because the temperature is high
enough for TBOT to fully decompose. This finding suggests
that Reactions 1–3 will mostly occur at the high temperature
region consistent with the finding of Neyts et al. [13]. They
found that the TTIP mole fraction decreased at the region
of high temperature because gas phase decomposition and
the surface reaction were expected to occur in this region.
Parabolic pattern contours of TBOT found in the current
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Figure 8: (a) Kinetic rates of Reactions 1 and 2 and (b) surface deposition rate contours of TiO2 (s).

study may be attributed to temperature and gas flow distribution discussed earlier. It can also be seen that the TBOT mass
fraction is higher near the bottom of unheated inlet and outlet
regions probably because TBOT is dense and heavy and thus
tends to settle down at the bottom of reactor.
The mass fraction contour of TiO2 (g) illustrated that
TiO2 (g) is distributed in almost the entire region of reactor.
Unlike TBOT, there is also some TiO2 (g) in the middle of
reactor because TiO2 (g) is the product of Reactions 1 and
2. However, TiO2 (g) is more concentrated in unheated inlet
and outlet regions especially at the top part of these regions
because TiO2 (g) is lighter and less dense than TBOT thus
making it possible for TiO2 (g) to travel from the heated
region to the unheated inlet and outlet regions. This could
also be due to heat convection. TiO2 (g) contour suggests that
Reactions 1, 2, and 4 could occur within the entire reactor
region and hence TiO2 nanoparticles might be deposited

within the whole region. However, the deposition behavior
of TiO2 nanoparticles could not be concluded from mass
fraction contours alone because it will also be affected by
temperature distribution, flow pattern, and thermophoretic
force. Again, the parabolic pattern contours may be ascribed
to gas flow and temperature distribution.
Note that C4 H8 is the product of Reactions 1 and 3
while C4 H9 OH is the product of Reaction 2. Mass fraction
contours of C4 H8 and C4 H9 OH show that most of them
are distributed at the region where TBOT and TiO2 (g) are
at their lowest concentration. This is because both of these
gases are lighter and less dense compared to TBOT and
TiO2 (g) and therefore they rise up and concentrate in these
regions. Moreover, mass fraction of C4 H8 is lower than that
of C4 H9 OH probably because activation energy of Reaction
2 is lower than that of Reactions 1 and 3. This implies that
Reaction 2 dominated Reactions 1 and 3 and thus lowered

10
mass fraction of C4 H8 product. Meanwhile, the H2 O mass
fraction contour is not shown because concentration of H2 O
species inside the reactor is almost negligible and could not
be observed from middle plane viewpoint. This must be due
to very high temperature inside the reactor (>100∘ C).
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regions and deposit at low temperature region [28, 29]. There
is also some TiO2 (s) deposit at the heated region because
temperature at this region is high enough for TBOT to fully
decompose and form TiO2 (s).

4. Conclusion
3.4. Kinetic Rate of Reaction and Surface Deposition Profiles.
The kinetic rates of Reactions 1 and 2 along centre line of the
reactor and surface deposition contours of TiO2 (s) are shown
in Figure 8. The inset shows the kinetic rate of Reaction 1 in
smaller scale (Figure 8(a)). It can be seen that the kinetic rates
of Reactions 1 and 2 seem to be at maximum values, close
to the regions entering (0.16 m) and exiting (0.48 m) heated
region of the reactor (Figure 8(a)) suggesting that most of
TiO2 (s) will be deposited at these regions. The maximum
kinetic rates of Reactions 1 and 2 inside the reactor are,
respectively, found to be 1.72 × 10−4 and 1.33 × 10−1 kgmol/m3 s
which indicates that Reaction 2 dominates Reaction 1. This is
consistent with the fact that activation energy of Reaction 2 is
much lower than that of Reaction 1 thus lowering the amount
of energy required for Reaction 2 to occur. This result is
supported by the finding of Baguer et al. [12]. They found that
hydrolysis reaction of TTIP became predominant over the gas
thermal decomposition under all conditions investigated.
Meanwhile, the maximum kinetic rates of Reactions 3 and
4 were found to be 1.35 × 10−6 and 4.61 × 10−6 kgmol/m2 s,
respectively, implying that Reaction 4 dominates Reaction
3. This indicates that most of the TBOT has been used for
Reactions 1 and 2 due to lower activation energy values if
compared to Reaction 3. As a result, the amount of TiO2 (g)
increases because TiO2 (g) is product of Reactions 1 and 2.
Thus, more TiO2 (g) is available for Reaction 4 to occur. Note
that it is not possible to show the plots of kinetic rates of
Reactions 3 and 4 along centre line of the reactor because
TiO2 (s) formation (surface reaction) occurs at the reactor
wall. The best way to present the TiO2 (s) formation using
CFD simulation is by surface deposition rate contour.
The surface deposition rate contour could not be obtained
if the model was simplified to a 2D model. The surface
deposition rate contour obtained from 3D reactor model
provides advantage of better picturing deposition uniformity,
deposition location, and amount of yield. The higher the surface deposition rate, the more the amount of yield obtained.
In addition, the surface deposition rate of TiO2 (s) is the
highest near the regions entering and exiting the heated
region of reactor (Figure 8(b)) implying that most of the
TiO2 (s) is deposited in these regions. This finding is in agreement with the experimental finding whereby most of the TiO2
nanoparticles were deposited at these regions. The parabolic
pattern of surface deposition may be ascribed to the fact that
distribution of product follows the pattern of temperature.
Comparing the temperature and surface deposition patterns
(Figure 3 and Figure 8(b)), it could be observed that the rate
of surface deposition of TiO2 (s) is maximum at region where
high temperature in the heated region starts to decrease.
This is due to thermophoretic deposition, where temperature
gradient imposes thermophoretic force on the particles. As
a result, the particles move from high to low temperature

The MOCVD synthesis system of TiO2 nanoparticles
deposited using TBOT precursor was successfully simulated
by means of CFD. The 3D model was simulated to predict
temperature, velocity, gas streamlines, mass fractions of
reactants and products, kinetic rates of reaction, and surface
deposition rate profiles inside the horizontal configuration
MOCVD reactor.
The temperature appeared to have parabolic pattern
which can be related to heat convection and gas flow pattern. Recirculations occurred during the synthesis process
due to large temperature gradient between the heated and
unheated regions as well as inlet protrusion. Reaction with
low activation energy (Reaction 2) dominated reaction with
high activation energy (Reaction 1) due to less energy needed
for the reaction to occur. Thus, Reaction 2 has higher kinetic
rate and produced higher amount of products than that of
Reaction 1.
The influence of fluid dynamics on deposition process
was also explored. The maximum surface deposition rate of
TiO2 nanoparticles was found to be 3.78 × 10−4 kgmol/m2 s.
The deposition behavior of TiO2 nanoparticles was significantly affected by temperature distribution, flow pattern, and
thermophoretic force. It was found that good mixing of N2
and O2 gases is important to produce impurities-free TiO2
nanoparticles with high photocatalytic efficiency as well as to
ensure uniform deposition.
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The pH effect of the precursor solutions on the phase, morphologies, and photocatalytic activity of Bi2 MoO6 synthesized by a
hydrothermal reaction at 180∘ C for 20 h was investigated. X-ray powder diffraction (XRD), Raman spectroscopy, Fourier transform
infrared (FTIR) spectrometry, scanning electron microscopy (SEM), and transmission electron microscopy (TEM) revealed the
presence of pure orthorhombic well-crystallized 𝛾-Bi2 MoO6 nanoplates, including the symmetric (A1g ) and asymmetric (A2u )
stretching vibrations of the MoO6 octahedrons involving the motion of apical oxygen atoms. The photocatalytic activity of
Bi2 MoO6 nanoplates at the pH 6 determined via the decomposition of rhodamine-B (RhB) organic dye was the highest at 98.66%
decolorization under Xe light irradiation.

1. Introduction
Photodecomposition of organic compounds and water splitting by semiconducting photocatalysts have attracted the
research interest because of the economic situation and environmental ecology for solving energy and pollution problems
[1–4]. In the past, the thoroughly conventional studies of
TiO2 displayed its excellent activities and stabilities but the
technological application seemed to be limited by some
parameters. The most restrictive one is the use of ultraviolet
as photonic excitation for the 3.2 eV wide energy gap titania
(anatase) [5, 6]. In addition, the solar radiance onto the Earth’s
surface of less than 5% can be captured by titania, compared
to 43% of the visible light [1–3, 7]. Thus the development of
a photocatalyst for visible light has become a very interesting
topic in the current research on photocatalysis.

Bi-based photocatalysts such as bismuth oxide [8], bismuth vanadate [9, 10], bismuth subcarbonate [11, 12], bismuth
tungstate [13], and bismuth molybdate [3, 4] are very important photocatalysts for visible light. Among them, bismuth
molybdate as an Aurivillius phase catalyst represented by
(Bi2 O2 )2+ (A𝑛−1 B𝑛 O3𝑛+1 )2− (A = Ba, Bi, Pb, etc.; B = Ti, Nb,
W, Mo, etc.) is composed of unique layered structures with
perovskite slabs of (A𝑛−1 B𝑛 O3𝑛+1 )2− sandwiched between
(Bi2 O2 )2+ layers [3, 14, 15]. Three are three types of pure
bismuth molybdates with the phases of 𝛼-Bi2 Mo3 O12 , 𝛽Bi2 Mo2 O9 , and 𝛾-Bi2 MoO6 [16–18], which have been widely
studied as potential catalysts to accelerate the decomposition
of organic contaminants such as phenol [2], rhodamine B
(RhB) [3, 4, 15, 17], n-butene [18], and methylene blue [19, 20]
via photogenerated electron-hole pairs [16] by transforming
them into CO2 and H2 O.
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2. Experimental Procedures
In this research, 0.03 mole of sodium molybdate (Na2 MoO4 )
and 0.06 mole of bismuth nitrate (Bi(NO3 )3 ) were dissolved
in 600 mL deionized water. The 600 mL solution was divided
into six solutions with 100 mL each. Then HCl (conc.) or 3 M
NaOH was added to them until each was achieved at the pH
of 2, 4, 6, 8, 10, and 12 with continuous stirring at room temperature. Subsequently, the solutions were hydrothermally
processed at 180∘ C for 20 h to form precipitates. In the end,
the as-synthesized precipitates were separated by filtration,
rinsed with distilled water and ethanol, and dried at 80∘ C for
24 h for further characterization.
X-ray powder diffraction (XRD) patterns of the products were recorded on a Japan Rigaku D/MAX-𝛾A X-ray
diffractometer with graphite monochromator and Cu K𝛼
radiation (𝜆 = 0.154178 nm) at a scanning rate of 0.02 deg./s
ranging from 10 to 60 deg. Raman spectra were recorded
on a HORIBA JOBIN YVON T64000 Raman spectrometer
at 50 mW and 514.5 nm wavelength Ar green laser and
FTIR spectra were recorded on a BRUKER TENSOR 27
Fourier transform infrared (FTIR) spectrometer with KBr as
a diluting agent and operated in the range of 400–4,000 cm−1 .
SEM images were taken on a Hitachi, X650/EDAX, PV9100
scanning electron microscope operating at 35 kV, and TEM
images were taken on a JEM 200CX, JEOL transmission
electron microscope at an accelerating voltage of 200 kV.
UV-visible absorption was carried out on a Lambda 25
PerkinElmer spectrometer, using a quartz cell.
Photocatalytic activities of the as-synthesized samples
were tested by measuring the degradation of rhodamine-B
(RhB) in an aqueous solution under a visible radiation of Xe
lamp. The 150 mg photocatalyst was suspended in a 150 mL of
10−5 M RhB aqueous solution, which was magnetically stirred
for 30 min in the dark to establish an adsorption-desorption
equilibrium of RhB on the surface of the photocatalyst. Then
the light was turned on to initiate photocatalysis. The solution
was analyzed by a Lambda 25 spectrometer, using 450 W of
Xe lamp with wavelength of 553 nm. Decolorization efficiency
(%) was calculated using
decolorization efficiency (%) =

𝐶𝑜 − 𝐶
× 100,
C𝑜

(1)

where 𝐶𝑜 is the initial concentration of RhB and 𝐶 is the
concentration of RhB after light irradiation.

3. Results and Discussion
It is well known that the initial pH values of the precursor solutions play an important role in the formation of
Aurivillius oxide Bi2 MoO6 structure. Therefore, solutions
with different pH values were used for the present synthesis.
The samples synthesized at the pH range from 2 to 12

Intensity (a.u.)

In this work, 𝛾-Bi2 MoO6 nanocrystals were successfully
synthesized by a simple hydrothermal method. The assynthesized 𝛾-Bi2 MoO6 nanocrystals showed high photocatalytic activity to decompose RhB under visible light radiation.
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Figure 1: XRD patterns of Bi2 MoO6 synthesized in the solutions
with the pH 2, 4, 6, 8, 10, and 12 by a hydrothermal method.

were classified into three main compositions: Bi2 MoO6 ,
Bi2 MoO6 /Bi4 MoO9 composites, and Bi4 MoO9 . The XRD patterns of the as-synthesized products illustrate that low value
of pH contributes to the formation of orthorhombic Bi2 MoO6
structure, medium of pH to mixed phase of orthorhombic
Bi2 MoO6 and cubic Bi4 MoO9 structures, and high value of
pH to the formation of cubic Bi4 MoO9 structure as shown
in Figure 1. XRD pattern of the as-synthesized product at the
pH 2 was indexed as mixed phases of Bi2 O3 , MoO3 , Bi2 MoO6 ,
and so forth. Those at the pH 4 and 6 show an orthorhombic
Bi2 MoO6 with the lattice parameters being determined as 𝑎 =
5.1896 Å, 𝑏 = 11.7107 Å, and 𝑐 = 5.1016 Å corresponding to
the database of JCPDS card number 21-0102 [21]. It should
be noted that the XRD patterns also indicate the large
difference in the relative intensities based on the (020), (131),
(200), (002), and (060) peaks for the samples, indicating the
possibility of different preferential orientation growth under
different pH values. Intensities of the (020) and (060) peaks
were much lower than those of the standard, indicating the
inhibition of crystalline growth along the [010] direction with
the formation of 2D plate-like materials shown by the SEM
images. When the pH values were at 8 and 10, the XRD patterns showed mixed phases of Bi2 MoO6 of the JCPDS number
21-0102 and cubic Bi4 MoO9 of the JCPDS number 12-0149
[21]. Upon further increase in the pH to 12, the XRD pattern
exhibits a pure cubic Bi4 MoO9 without Bi2 MoO6 phase detection. On the basis of these results, it can be concluded that the
acidic condition favors the formation of Bi2 MoO6 and that
the alkaline medium favors the formation of Bi4 MoO9 .
Bi2 MoO6 crystal is an orthorhombic structure with P21 ab
space group symmetry at room temperature and ambient
pressure and is composed of perovskite-like (MoO4 )2− and
fluorite-like (Bi2 O2 )2+ layers. For the ideal structure, there
are only six Raman active (2A1g + B1g + 3Eg ) and nine IR
active (4A2u + 5Eu ) modes. These modes are grouped into
symmetric and asymmetric stretching vibrations of the MoO6
octahedrons (A1g +A2u +Eu ), bending vibrations of the MoO6
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Figure 2: (a) Raman and (b) FTIR spectra of Bi2 MoO6 synthesized in the solutions with the pH 4 and 6 by a hydrothermal method.

octahedrons (Eg + 2Eu + A2u + B2u ), stretching and bending
vibrations of the (Bi2 O2 )2+ layers (B1g + Eg + A2u + Eu ),
translation motions of Bi atoms (A1g + Eg ), and vibrations
involving translation motions of Bi and Mo atoms (A2u + Eu ).
Due to orthorhombic distortion, all of the nondegenerate
and degenerate modes are split, including the generation
of new modes at lower wavenumber. Thus overall modes
become 26A1 + 27A2 + 26B1 + 26B2 . Selection rules state
that the A1 , B1 , and B2 modes are both Raman and IR active,
but the A2 modes are only Raman active [22, 23]. Raman
spectra of Bi2 MoO6 samples synthesized at the pH 4 and
6 by the hydrothermal method are shown in Figure 2(a).
They were classified into three regions: <180 cm−1 , 180–
500 cm−1 , and 700–850 cm−1 . The modes below 180 cm−1
could be the translation of molybdenum and bismuth atoms.
Vibration peak at 144 cm−1 , specified as the lattice mode of
Bi3+ atoms, was mainly in the direction normal to the layers.
It is well known that the peaks in the 180–500 cm−1 range
originated from bending modes of the MoO6 octahedrons
coupled with stretching and bending modes of the bismuthoxygen polyhedrons. The intense Raman modes near 290
and 280 cm−1 seemed to be from the Eg bending vibrations.
Those at 323, 345, and 398 cm−1 corresponded to the Eu
symmetric bending. The mode at 712 cm−1 , exhibiting no
evident shift or broadness, was specified as the asymmetric
stretching vibration (Eu mode) of the MoO6 octahedrons
involving the motion of equatorial oxygen atoms joining the
MoO6 octahedrons within the layers. The Raman vibrations
at 793 cm−1 (A1g mode) and 840 cm−1 (A2u mode) were,
respectively, assigned to the symmetric and asymmetric
stretching vibrations of the MoO6 octahedrons involving the
motion of apical oxygen atoms, normally directed to the
(Bi2 O2 )2+ layers [3, 15, 22, 24].
Figure 2(b) shows the FTIR spectra of Bi2 MoO6 samples
obtained by hydrothermal reactions at the pH 4 and 6.

The main absorption bands at 400–950 cm−1 are mainly
related to Bi–O and Mo–O stretching and Mo–O–Mo bridging stretching modes. The bands at 843 and 797 cm−1 were,
respectively, assigned as the asymmetric and symmetric
stretching modes of MoO6 involving vibrations of apical
oxygen atoms. The 734 cm−1 mode was attributed to the
asymmetric stretching mode of MoO6 involving vibrations of
the equatorial oxygen atoms. Those at 603 and 570 cm−1 corresponded to the bending vibrations of MoO6 . Furthermore,
a small band at 454 cm−1 was attributed to the stretching and
bending vibrations of BiO6 octahedrons [3, 24].
Figure 3 shows SEM images of the Bi2 MoO6 samples
synthesized in the solutions with the pH of 4 and 6 by
the hydrothermal method at 180∘ C for 24 h. The lowmagnification SEM images of both samples showed that the
as-synthesized Bi2 MoO6 samples were composed of uniform
plate-like structures ranging from 100 nm to 200 nm. The corresponding high-magnification SEM images demonstrated
close-up views of the individual disks which clearly revealed
the presence of orderly packed square nanoplates with their
thickness of about several nanometers and the average length
of 200–400 nm. The higher pH value seemed to produce
smaller crystallites, which led to higher surface areas.
To reveal morphology of the as-synthesized Bi2 MoO6 , the
samples were characterized by TEM as shown in Figure 4.
The 𝛾-Bi2 MoO6 sample at the pH 4 was composed of square
nanoplates with thin edge. But for the pH of 6, they exhibited
an explicit one. The selected area electron diffraction (SAED)
patterns of individual Bi2 MoO6 nanoplates present regular
square diffraction spot array, revealing the single-crystalline
nanoplates. In the present analysis, both SAED patterns can
be indexed as (060), (062), and (002) planes with the [100]
direction as zone axis of orthorhombic Bi2 MoO6 structure. It
should be noted that both diffraction patterns were composed
of a number of diffraction spots arranged in systematic
arrays. Weak diffraction spots, due to the high-order Laue
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Figure 3: SEM images at low and high magnifications of Bi2 MoO6 synthesized in the solutions with the pH ((a), (b)) 4 and ((c), (d)) 6 by a
hydrothermal method.
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Figure 4: TEM images and SAED patterns of Bi2 MoO6 synthesized in the solutions with the pH ((a)–(c)) 4 and ((d)–(f)) 6 by a hydrothermal
method.
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zone caused by the combined effects of the lengthened
diffraction spots in the direction normal to the nanolayers
and the narrow Laue zone along the [002] direction, were
also detected in the forbidden sites [4]. When the center of
the circular arc of Ewald sphere does not coincide with bright
spots of the transmitted beam, asymmetrical patterns will be
detected. A symmetrical pattern is obtainable for a precise
zone axis orientation, at which the center of the arc coincides
with the spots of the transmitted beam [25].
It has been reported that orthorhombic Bi2 MoO6 is
constructed by corner-shared MoO6 octahedral layers with
their edges directing along the [100] and [001] directions
and (Bi2 O2 )2+ layers sandwiched between MoO6 octahedral
layers. Therefore, the direction of the nanolayers stacking is
along the [010] direction normal to the [100] and [001] directions of the planes. Based on the experimental results, it can
be concluded that under low pH value, there existed higher
surface energy on the (100) and (001) planes compared with
others. The growth of nanocrystals along the [010] direction
was inhibited. The cleavages on surfaces of Bi2 MoO6 crystal
also provide information for explaining the adsorption of
H+ cations. The (100), (010), and (001) crystal planes are
terminated by the Mo, O, and Bi atoms, respectively. The
zigzag orientations of Mo octahedral anions on the (100) faces
induce these faces to become unfavorable for the adsorption
of H+ cations. The amount of O atoms on the (010) planes was
much higher than others. H+ cations preferred to adsorb on
the (010) planes due to the high density of oxygen atoms on
these faces. Thus the crystal growth along the [010] direction
slowed down, including nanoplates formed [24, 26].
Figure 5 displays UV-visible absorption spectra of
Bi2 MoO6 nanoplates, which have strong photoabsorption
properties ranging from ultraviolet to visible light with the
wavelength being shorter than 500 nm. The steep shape of
the absorption edge corresponded to the intrinsic energy gap
transition of Bi2 MoO6 ranging from the valence band of the O
2p orbitals to the conduction band derived from the primary
Mo 4d orbitals in MoO6 octahedrons and the secondary Bi
6p orbitals [27, 28]. Their absorption edge wavelengths were
determined to be 435–445 nm which were appropriate for
the photocatalysis to accelerate the degradation of organic
contaminants under UV-visible range.
To study the photocatalytic activities of the hydrothermally synthesized samples, tetraethylated rhodamine (RhB)
with a major absorption band at 553 nm was chosen as a
model organic contaminant. A change in the UV-visible
spectra of the aqueous RhB solutions during photocatalytic
decolorization using the Bi2 MoO6 nanoplates at the pH 4
and pH 6 is presented in Figure 6. During 180 min testing,
the absorption intensity of RhB at 553 nm was gradually
decreased and shifted towards the blue region from 553 nm
to 498 nm with the formation of deethylated RhB molecules
[15, 29, 30]. The fully N,N,N ,N -tetraethylated rhodamine
molecules (553 nm) show deethylation step by step to
N,N,N -triethylated rhodamine (539 nm), N,N -diethylated
rhodamine (522 nm), N-ethylated rhodamine (510 nm), and
rhodamine (498 nm) [3, 13, 15]; the remains were degraded
through the decomposition of conjugated structure. At the
completion of visible irradiation for 180 min, the absorption

5

60

40

20
250 300 350 400 450 500 550 600 650 700 750 800
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Figure 5: UV-visible absorption of Bi2 MoO6 nanoplates synthesized
in the solutions with the pH 4 and 6 by a hydrothermal method.

intensity of RhB aqueous solution became very weak. The
RhB solution could turn into a colorless one by further
increase in the length of time to longer than 180 min. It should
be noted that the content of RhB was exponentially reduced
with the increase in the length of irradiation time [2]. Thus the
RhB content will reach zero concentration at the irradiation
time of infinity, and the decolorization of RhB was complete.
Figure 7 displays the degradation process of RhB in the
solutions containing Bi2 MoO6 synthesized at the pH of 4
and 6 as a photocatalyst, compared to that without Bi2 MoO6 .
For the controlled solution, RhB did not degrade both in
the dark and in the illuminated condition. In the present
research, visible light was essential to the RhB photodegradation. Bi2 MoO6 at the pH 6 showed significantly better
photocatalytic degradation properties than Bi2 MoO6 at the
pH 4. The pH of the precursors for the formation of Bi2 MoO6
nanoplates was found to strongly affect the photocatalytic
efficiency. The photodegradation using Bi2 MoO6 at the pH
6 reached 98.66% within 180 min under visible-light irradiation, resulting from the smaller crystallites and larger specific
surface areas [31]. Compared with P25 TiO2 , the degradation
of RhB under the visible light irradiation was 18% within
120 min [32]. Thus Bi2 MoO6 was claimed to be a potential
photocatalyst under visible light.
Based on the photocatalytic degradation of organic compounds in the solutions containing Bi2 MoO6 , a possible
mechanism was proposed [9, 33–35]. At the beginning, the
𝛾-Bi2 MoO6 photocatalyst absorbed visible light to generate electron-hole pairs. The electrons (BMO(ecb − )) at the
Bi2 MoO6 surfaces were scavenged by the adsorbed molecular
oxygen and the O2 ∙− superoxide radical anions formed.
RhB molecules could also absorb visible light in the 460–
600 nm range. Thus RhB molecules were excited by being
transformed into activated molecules (RhB∗ ). The electrons
diffused from the activated chemisorbed RhBad ∗ molecules
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Figure 6: UV-visible absorption of RhB in the solutions containing Bi2 MoO6 nanoplates synthesized at the pH (a) 4 and (b) 6.

the decomposition of conjugated structure proceeding on the
surfaces of the Bi2 MoO6 samples:

100
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Figure 7: Decolorization efficiencies of RhB in the solutions
containing Bi2 MoO6 nanoplates synthesized at the pH 4 and 6
compared to the catalyst-free solution under Xe light.

to the Bi2 MoO6 surfaces, which were immediately released
into the conduction band of Bi2 MoO6 to generate BMO(ecb − )
and further reacted with the surface adsorbed oxygen to
generate O2 ∙− superoxide radicals. Concurrently, BMO(hvb + )
combined with water molecules and/or hydroxyl ions to
form OH∙ radicals. Then all deethylated intermediates were
further degraded by both of the radicals. It should be noted
that there was a competition between the deethylation and

4. Conclusions
The present research was to study the effect of pH on phase,
morphologies, and photocatalytic properties of orthorhombic Bi2 MoO6 nanoplates synthesized by the hydrothermal
method at 180∘ C for 20 h. Based on the various characterization techniques, the appropriate condition for the synthesis
of orthorhombic Bi2 MoO6 nanoplates was at the pH 4 and 6.
The photocatalytic activity of Bi2 MoO6 nanoplates at the pH
6 was determined to be the highest at 98.66% degradation of
RhB under Xe radiation for 180 min.

Acknowledgment
The authors are extremely grateful to the Prince of Songkla
University, Hat Yai, Songkhla, Thailand, for providing financial support through the Contact no. SCI560002S.

Journal of Nanomaterials

References
[1] P. Wang, Y. Ao, C. Wang, J. Hou, and J. Qian, “A onepot method for the preparation of graphene-Bi2 MoO6 hybrid
photocatalysts that are responsive to visible-light and have
excellent photocatalytic activity in the degradation of organic
pollutants,” Carbon, vol. 50, pp. 5256–5264, 2012.
[2] W. Yin, W. Wang, and S. Sun, “Photocatalytic degradation of
phenol over cage-like Bi2 MoO6 hollow spheres under visiblelight irradiation,” Catalysis Communications, vol. 11, no. 7, pp.
647–650, 2010.
[3] H. Li, C. Liu, K. Li, and H. Wang, “Preparation, characterization
and photocatalytic properties of nanoplate Bi2 MoO6 catalysts,”
Journal of Materials Science, vol. 43, no. 22, pp. 7026–7034, 2008.
[4] H. Yu, Z. Zhu, J. Zhou, J. Wang, J. Li, and Y. Zhang,
“Self-assembly and enhanced visible-light-driven photocatalytic activities of Bi2 MoO6 by tungsten substitution,” Applied
Surface Science, vol. 265, pp. 424–430, 2013.
[5] R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki, and Y. Taga,
“Visible-light photocatalysis in nitrogen-doped titanium
oxides,” Science, vol. 293, no. 5528, pp. 269–271, 2001.
[6] J. Yu, G. Dai, Q. Xiang, and M. Jaroniec, “Fabrication and
enhanced visible-light photocatalytic activity of carbon selfdoped TiO2 sheets with exposed 001 facets,” Journal of Materials
Chemistry, vol. 21, no. 4, pp. 1049–1057, 2011.
[7] T. Zhou, J. Hu, and J. Li, “Er3+ doped bismuth molybdate
nanosheets with exposed 010 facets and enhanced photocatalytic performance,” Applied Catalysis B, vol. 110, pp. 221–230,
2011.
[8] X. Xiao, R. Hu, C. Liu et al., “Facile large-scale synthesis of 𝛽Bi2 O3 nanospheres as a highly efficient photocatalyst for the
degradation of acetaminophen under visible light irradiation,”
Applied Catalysis B, vol. 140-141, pp. 433–443, 2013.
[9] B. Cheng, W. Wang, L. Shi, J. Zhang, J. Ran, and H. Yu,
“One-pot template-free hydrothermal synthesis of monoclinic
BiVO4 hollow microspheres and their enhanced visible-light
photocatalytic activity,” International Journal of Photoenergy,
vol. 2012, Article ID 797968, 10 pages, 2012.
[10] P. Madhusudan, J. Ran, J. Zhang, J. Yu, and G. Liu, “Novel
urea assisted hydrothermal synthesis of hierarchical
BiVO4 /Bi2 O2 CO3 nanocomposites with enhanced visiblelight photocatalytic activity,” Applied Catalysis B, vol. 110, pp.
286–295, 2011.
[11] H. Y. Liang, Y. X. Yang, J. C. Tang, and M. Ge, “Photocatalytic properties of Bi2 O2 CO3 nanosheets synthesized via a
surfactant-assisted hydrothermal method,” Materials Science in
Semiconductor Processing, vol. 16, pp. 1650–1654, 2013.
[12] P. Madhusudan, J. Yu, W. Wang, B. Cheng, and G. Liu, “Facile
synthesis of novel hierarchical graphene-Bi2 O2 CO3 composites
with enhanced photocatalytic performance under visible light,”
Dalton Transactions, vol. 41, pp. 14345–14353, 2012.
[13] P. Dumrongrojthanath, T. Thongtem, A. Phuruangrat, and S.
Thongtem, “Hydrothermal synthesis of Bi2 WO6 hierarchical
flowers with their photonic and photocatalytic properties,”
Superlattices and Microstructures, vol. 54, pp. 71–77, 2013.
[14] J. Ren, W. Wang, M. Shang, S. Sun, and E. Gao, “Heterostructured bismuth molybdate composite: preparation and improved
photocatalytic activity under visible-light irradiation,” ACS
Applied Materials and Interfaces, vol. 3, no. 7, pp. 2529–2533,
2011.

7
[15] H. Li, K. Li, and H. Wang, “Hydrothermal synthesis and photocatalytic properties of bismuth molybdate materials,” Materials
Chemistry and Physics, vol. 116, no. 1, pp. 134–142, 2009.
[16] X. Zhao, H. Liu, Y. Shen, and J. Qu, “Photocatalytic reduction
of bromate at C60 modified Bi2 MoO6 under visible light irradiation,” Applied Catalysis B, vol. 106, no. 1-2, pp. 63–68, 2011.
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A general microwave synthesis method was developed to synthesize cerium orthovanadate (CeVO4 ) nanostructures without
the use of any catalysts or templates. This method is able to control the shape and size of the products by adjusting the pH
of precursor solutions to be 1–10. Phase, purity, and different morphologies of the products were characterized by XRD, FTIR,
SEM, and TEM. They showed that the as-synthesized products exhibited pure single crystalline CeVO4 with tetragonal structure.
Their morphologies developed in sequence as nanoparticles (pH = 4–10), nanorods (pH = 2, 3), and microflowers (pH = 1). UVvisible spectra were used to estimate the direct energy gaps of CeVO4 nanorods and microflowers: 3.77 and 3.65 eV, respectively.
Photoluminescence (PL) of CeVO4 microflowers showed strong emission intensities at 578 nm. These results were in the range of
possible application for photocatalysis, investigated by studying the degradation of methylene blue.

1. Introduction
In recent years, nanostructured rare earth orthovanadates
(RVO4 ), an important compound family of inorganic materials, have been widely studied due to their important properties [1, 2]. Generally, the RVO4 structure has two polymorphs:
a monoclinic monazite type and a tetragonal zircon type [2].
Phase of the individual RVO4 was influenced by the ionic
radii of rare earth elements. Due to the higher coordination
number, the larger rare earth elements prefer to crystallize in
the monazite type, as compared to the zircon one [2]. For
CeVO4 , it is in between the boundary of the first and second
types, controlled by the synthesis conditions [2]. Cerium
orthovanadate (CeVO4 ) is an interesting phase of the Ce-VO ternary system and has a tetragonal zircon-type structure
belonging to the space group I41/amd [3–6]. This tetragonal
zircon-type structure stabilizes Ce3+ cations even in an oxidizing condition [3]. The compound exhibits unique electronic [6–8], optical [6–10], magnetic [6–10], catalytic [9, 10],

and luminescent [9, 10] properties. It has wide potential application in various fields, such as oxidative catalyst [7, 10, 11, 13],
gas sensors [7, 11, 12], luminescence [7, 10], electrochromic
material [9, 13], and components of solid oxide fuel cells
(SOFCs) [11–13].
Photocatalysis by solar energy is of great importance in
solving global energy and environmental crises [14, 15]. They
have been applied in many fields like waste water treatment,
air purification, water splitting to produce hydrogen gas, and
other environmental problems [9, 15, 16]. It was also reported
that lanthanide orthovanadates can be used as photocatalysts
for the degradation of dyes and organic compounds [17]. Thus
the particular 4f-5d and 4f-4f electronic transitions are different from other elements [7]. The photocatalytic activities of
rare earth orthovanadates for the degradation of methylene
blue were also reported by Mahapatra et al. [4] and Selvan
et al. [2].
Most previous approaches for the synthesis of cerium
orthovanadate were reported: hydrothermal method [1, 7, 13],
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Figure 1: XRD patterns of CeVO4 synthesized in the solutions with
the pH of 1, 2, 4, 6, and 8 by microwave radiation at 180 W for
120 min.

sol-gel [5], sonochemical method [2, 10], and microwaveassisted synthesis [9, 11]. Microwave-assisted synthesis is an
interesting process and is a rapidly developing area of the
research. Microwave has been in use to accelerate organic
reaction rate since it is generally fast, simple, and consume
less energy. The energy transfer from microwave to the material is believed to be by resonance and relaxation, resulting in
rapid heating [9, 11]. Moreover, microwave-assisted synthesis
is unique in their potential for large-scale synthesis without
suffering thermal gradient effect [18]. In this work, a simple
microwave irradiation route was used to synthesize CeVO4
nanorods and microflowers. The dependence of optical properties and photocatalytic application of CeVO4 with different
morphologies is reported.

2. Experimental Procedures
In a typical procedure, 0.005 mol Ce(NO3 )3 ⋅6H2 O (cerium
(III) nitrate hexahydrate, assay 99.50%, Acros) and 0.005 mol
NH4 VO3 (ammonium metavanadate, assay 100.3%, Baker
analyzed A.C.S. Reagent) were dissolved in 80 mL DI water
in a volumetric flask. The pH of the precursor solutions was
adjusted to be 1–4 using HCl (assay 35.4%, BDH) and 5–
10 using 3 M NaOH (assay 90.0%, Solvay) under vigorous
stirring. The mixed solutions were stirred for 15 min and they
turned into transparency solutions at the pH 1-2, red-brown
precipitate at the pH 3-4, and yellow precipitate at the pH 5–
10. The ready-adjusted mixture was then placed in a home
type microwave oven (Electrolux, EMS 2820, 2.45 GHz) at
180 W and processed for 120 min to form precipitates. The
as-synthesized precipitates were filtered, rinsed with DI water
and 95% ethanol several times, and dried at 70∘ C for 24 h.
Crystalline degree and phase identification were analyzed
by X-ray diffractometer (XRD, Philips X’Pert MPD) using
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Figure 2: FTIR spectra of CeVO4 synthesized in the solutions with
the pH of 1 and 2 by microwave radiation at 180 W for 120 min.

a Cu-K𝛼 radiation at 45 kV and 35 mA in the range of 10–
60 deg. Size and morphology of the as-synthesized CeVO4
were characterized by field emission scanning electron
microscope (FE-SEM, JEOL JSM-6335F) operating at 35 kV.
A transmission electron microscopic image and selected area
electron diffraction (SAED) patterns of the as-synthesized
CeVO4 products were taken using a transmission electron
microscope (TEM, JEOL JEM-2100F) operating at 200 kV.
Fourier transform infrared (FTIR) spectrometer was carried
out by a Perkin Elmer RX Spectrometer in the range of 400–
4000 cm−1 at room temperature, with CeVO4 tablets diluted
40-fold with KBr. The photoluminescence (PL) emission was
studied by a LS 50B PerkinElmer fluorescence spectrophotometer using 420 nm excitation wavelength at room temperature. Absorbance spectra of a UV-visible spectrometer
(Lambda 25 PerkinElmer) were used to analyze energy gap of
the products and to determine the degradation of methylene
blue at room temperature.
Photocatalysis was proceeding in a photoreactor fitted
with three 15 W of UV germicidal irradiation lamps. The
lamp irradiated predominantly at 365 nm (3.4 eV) and a
photon flux of 5.8 × 10−6 mol/s [4, 9]. The photocatalytic
activities were evaluated by measuring the photocatalytic
degradation of methylene blue (MB) in the aqueous solutions.
In a typical degradation experiment, 100 mL of 10−5 M MB
solution and 100 mg as-synthesized cerium orthovanadate
were put in a 250 mL Pyrex Erlenmeyer flask and the mixture
was continuously stirred in the dark for 30 min to attain
adsorption-desorption equilibrium of MB on surface of the
photocatalyst. The equilibrium concentration of MB was used
as the initial value for the photodegradation process. The
light was turned on to initiate the photocatalytic reaction.
At certain time intervals, every 5 mL solution was sampled
and centrifuged to remove particles inside. The degradation
of organic dye was monitored by measuring the absorbance of
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Figure 3: SEM images of CeVO4 synthesized in the solutions with the pH of ((a)–(f)) 1, 2, 3, 4, 5, and 6 by microwave radiation at 180 W for
120 min.

the solutions with DI water as a reference and the degradation
efficiency was determined from the absorbance intensity at
665 nm wavelength.

3. Results and Discussion
Phase, purity, and crystallinity of the as-synthesized cerium
orthovanadate were characterized by powder X-ray diffraction. Figure 1 shows the XRD patterns of CeVO4 synthesized
in the solutions with the pH of 1, 2, 4, 6, and 8 by a microwave
irradiation method at 180 W for 120 min. The patterns fitted
well with the tetragonal (zircon) type CeVO4 with I41/amd
space group, lattice constants 𝑎 = 𝑏 = 7.340 Å and
𝑐 = 6.470 Å of the JCPDS no. 72-0282 [19]. The diffraction
peaks were carefully indexed and assigned to the lattice
planes of (101), (200), (112), (220), (301), (312), and (400),
corresponding to the 2𝜃 values of 18.3, 24.2, 32.6, 34.5, 39.3,
48.2, and 49.6 deg., respectively. No other impurities were
detected in these spectra. Upon increasing the acidity content
of the precursor solutions, all the peaks became sharpened.
Thus, they were concluded that the pH of the solutions plays
an important role in the crystalline degree of pure CeVO4
[3, 10, 11, 13, 17].
Figure 2 presents the FTIR spectra of CeVO4 synthesized
in the solutions with the pH of 1 and 2 by microwave radiation
at 180 W for 120 min. The FTIR spectra were recorded over
the range of 400–4,000 cm−1 . In this research, both spectra
show sharp and broad bands around 460 cm−1 and 786 cm−1
due to the stretching vibration of VO4 and V–O, respectively
[2, 4, 5, 20, 21]. Other shallow bands of the O–H bending
[2] and stretching [4, 20, 22] of water adsorbed on the
surface of CeVO4 were also detected at 1,620 and 3,420 cm−1 ,
respectively.

General morphologies and sizes of CeVO4 were examined
by FE-SEM technique. The FE-SEM images of the products
(Figure 3) synthesized in the solutions with the pH of 1, 2,
3, 4, 5, and 6 showed different morphologies. The products
exhibited microflowers at the pH 1 with diameters of about
10 𝜇m, nanorods at the pH 2 and 3. For the pH 2, the
product was nanorods about 600 nm long and about 50 nm
in diameter. For the pH 3, the product was also nanorods but
smaller and longer than those for the pH 2. They were about
30 nm in diameter and up to several micrometers. Most of the
nanorods were straight and uniform along their axial axes.
For the pH range of 4–10, the products were nanoparticles.
TEM image and SAED patterns of the products were
characterized. Figure 4(a) shows a petal of CeVO4 microflowers synthesized at the pH 1 by the microwave radiation. The
SAED pattern (Figure 4(b)) shows a number of bright spots
of fully concentric rings, which indicated the as-synthesized
nanocrystals with different orientations. The rings correspond to the (101), (200), (202), and (321) planes and were
specified as tetragonal structured CeVO4 . The SAED pattern
(Figure 4(c)) confirmed that the petal was single nanocrystals
of tetragonal structured CeVO4 with the [–103] direction as
zone axis. An electron diffraction pattern with the [–103] zone
axis (Figure 4(d)), simulated using CaRIne Crystallography
3.1 [23], corresponds very well with that of Figure 4(c).
In addition, the CaRIne Crystallography 3.1 [23] was used
to simulate the crystal structure of tetragonal CeVO4 as
shown in Figure 5. The sites and fractional coordinates [24]
are shown in Table 1. The tetragonal CeVO4 is composed
of VO4 tetrahedral sharing corners and edges with CeO8
dodecahedral chains. The chains, interrupted by distorted
VO4 units, extended along the c-crystalline axis and were

4

Journal of Nanomaterials

̄
(321)

(301)

3, −4, 1

(101)

0, −4, 0

̄
(020)

(200)

3, −2, 1

3, 0, 1

0, −2, 0

a∗
c∗

(020)

3, 2, 1

b∗

0, 2, 0

(202)
−3, −4, −1 −3, −2, −1 −3, 0, −1 −3, 2, −1

(321)

̄
̄
(3̄
2̄
1)̄ (30
1)̄ (32
1)̄

20 nm

(a)

(b)

(c)

(d)

Figure 4: (a) TEM image, ((b), (c)) SAED, and (d) simulated patterns of CeVO4 synthesized in the solution with the pH of 1 by microwave
radiation at 180 W for 120 min.

Table 1: Lattice sites and fractional coordinates of CeVO4 [24].
Atoms
Ce
V
O

𝑥
0
0
0

𝑦
0.7500
0.2500
0.4289

𝑧
0.1250
0.3750
0.2053

solutions. At high pH values, the formation of VO4 3− was
favor, and CeVO4 was synthesized under appropriate heating
microwave condition. These led to favor the formation of
CeVO4 nanoparticles. In acidic solutions, vanadate species
exist as anionic oligomers and Ce3+ reactive species as
cations. Ce3+ existing as mobile cations incorporated with
vanadate anions to synthesize CeVO4 [11, 17]:

Z
X

Sites
4a
4b
16h

Y

Ce

Ce3+ + 3OH− → Ce(OH)3

(1)

O

VO3 − + OH− → VO4 3− + H+

(2)

V

Ce(OH)3 + VO4 3− → CeVO4 + 3OH−

(3)

Figure 5: Crystal structure of tetragonal CeVO4 .

Ce(OH)3 + 3H+ → Ce3+ + 3H2 O

(4)

favorable to stabilizing Ce3+ cations even in an oxidizing condition [3, 6, 10].
Due to the above, the as-synthesized CeVO4 was influenced by pH of precursor solutions, with the optimal pH
of ≤10. This phenomenon was able to be used for explanation of the complex interaction and balance between the
chemical potential and the rate of ionic motion [13]. The
morphologies evolution of the products was developed in
sequence, nanoparticles → nanorods → microflowers, by
decreasing in the pH values of the solutions. Thus possible reactions could be discussed as follows. When cerium
source was dissolved in water, Ce(OH)3 formed in alkaline

The effect of pH on the morphologies of CeVO4 is
presented in Figure 6. It shows the probable growth mechanism of the nanostructures with different morphologies,
explaining the structural evolution of CeVO4 under the
influence of pH of the precursor solutions. The chemical
growth of materials related to the precipitation process of
solids from solutions. Basically, they consisted of nucleation
and growth stages [25], which balance between the kinetic
and thermodynamic growth regimes and strongly control
the final nanostructured morphologies [25]. The shapes
of the crystals were determined by specific surface energies associated with the crystalline facets [26]. The further
development of crystallites was controlled by the hindrance
of H+ on the facets [26]. In this experiment, Ce3+ and
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VO4 3− incorporated into crystal lattice of the as-synthesized
crystallites which grew according to the anisotropic structure
of CeVO4 nanoparticles. Upon decreasing the pH values, the
concentrations of H+ ions were increased. At the pH 3, each
facet of the crystallites has the probability to generate active
sites by the adsorption of H+ ions. Then CeVO4 could be
grown as 1D nanorods. Until at the pH 1, Ce3+ and VO4 3−
ions were able to incorporate into the active sites through the
more hindrance of adsorbed H+ ions, leading to the possible
formation of microflowers [26].
The UV-visible absorption spectra of the as-synthesized
CeVO4 microflowers (pH = 1) and nanorods (pH = 2)
are shown in Figure 7. By dispersing of the as-synthesized
products in ethanol and sonication of the mixtures for
30 min, the clear solutions formed. The results show strong
absorption peaks at 253 and 248 nm for CeVO4 microflowers
and nanorods, respectively. A shoulder at 270 nm was also
detected for the microflowers. These prominent peaks were
attributed to the UV absorption of the VO4 3− of rare earth
vanadates [1, 2, 10, 22]. They attributed to the charge transfer
from the oxygen ligands to the central vanadium atoms inside
the VO4 3− groups of cerium orthovanadate [1, 22]. Obviously,
with the decreasing in sizes, the positions of absorption peaks
of the as-synthesized CeVO4 products significantly shifted to
lower wavelength. It is a typical phenomenon of the quantumsize effect of nanostructured system. CeVO4 has the potential
to apply as counter electrodes in electrochromic devices. The
blue shift of the absorption peaks affected the electrochromic
property of CeVO4 -based devices [11]. From UV-visible
spectroscopic results, the energy gaps were estimated to be
3.65 and 3.77 eV caused by the optical measurements of
CeVO4 microflowers and nanorods, respectively. In addition, optical property of the products was also analyzed by
photoluminescence (PL) spectroscopy technique. Figure 8
shows two broad emission bands of CeVO4 microflowers
and nanorods centered at 578 and 582 nm, respectively. They
could be specified as the electronic transitions from the lowest
excited states arising from 5d1 to the 4f1 ground state (2 F5/2
and 2 F7/2 ) of the Ce3+ ions. The asymmetric emission band
was possibly caused by the splitting of the 4f1 ground state due
to spin-orbital interaction [20].
The band gap values of CeVO4 products obtained by the
UV-vis spectroscopy technique are comparable to the band
gap value of the well-known photocatalyst [2]. The orthovanadates were reported to act as photocatalysts under UV

(𝛼h)2 (a.u.)

Figure 6: Schematic diagram for the formation of CeVO4 microflowers, nanorods, and nanoparticles.
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Figure 7: (a) UV-visible absorption spectra and (b) the (𝛼hv)2
versus hv plots of CeVO4 microflowers (pH = 1) and CeVO4
nanorods (pH = 2) synthesized by microwave radiation at 180 W for
120 min.

light [2, 4]. Degradation of MB was used as an indicator to
examine the photocatalytic activities of CeVO4 under UV
light. The degradation of MB specified from the absorbance
spectra of the dye solutions recorded at different time intervals after the recovery of the photocatalyst. The highest intensities of the UV-visible spectra of MB at 665 nm wavelength
for CeVO4 synthesized in the solutions with the pH of 1
(microflowers) and 2 (nanorods) under UV light were monotonically decreased within 35 min. The reaction mechanism
for the degradation of MB by pure CeVO4 was discussed
according to the following. When the solutions were irradiated by UV light, MB molecules were excited. Subsequently,
the photoexcited electrons transferred to conduction band of
CeVO4 and further transferred to the adsorbed O2 on the
surface of CeVO4 to form ∙O2 negative superoxide radicals.
At the same time, protonation of OH− or H2 O yielded ∙OH
radicals, which were responsible for the degradation of MB
molecules [27, 28].
Figure 9 shows the MB degradation efficiency of CeVO4
nanostructure under UV light within different lengths of
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Figure 8: PL spectra of (a) CeVO4 microflowers (pH = 1) and (b)
CeVO4 nanorods (pH = 2) synthesized by microwave radiation at
180 W for 120 min.

time, compared to the control or catalyst-free solution. Concentration of MB rapidly decreased to 63% and 45% for the
as-synthesized CeVO4 microflowers and nanorods, respectively. These show that CeVO4 microflowers have 18% higher
photocatalytic activity than CeVO4 nanorods. The space between internanorods of CeVO4 microflowers could function
effectively in promoting reflection of trapped incident light,
enhance light harvesting, and increase the quantities of photogenerated electrons and holes participating in the photocatalysis [29, 30]. Size and crystalline nature of the photocatalyst played a critical role in determining the photocatalytic
activity of the present study. Shape of the crystals influenced
the absorbance and direct energy gap, which reflected the
photocatalytic performance due to the different activities of
the dominant facets [31–33]. In this research, the energy gap
of CeVO4 microflowers synthesized at the pH of 1 is narrower
than the energy gap of CeVO4 nanorods synthesized at the
pH of 2. The specific surface, controlled by structure and
crystallite size, was an important factor to determine the
reaction activity. The higher photocatalytic activity of CeVO4
microflowers could pertain to defects containing in grain
boundaries, surficial amorphous layers, and intergranular
layers [34]. The present analysis is able to contribute to the
potential application of CeVO4 microflowers for waste water
treatment.

4. Conclusions
In this paper, we have developed a microwave radiation
method for synthesizing nanostructured cerium orthovanadate. This system is simple and efficient in controlling different morphologies of the products. The pH of the precursor
solutions was the key factor to control the morphologies of
CeVO4 : nanoparticles, nanorods, and microflowers. In this
research, the growth mechanism was proposed the role of

MB control
CeVO4 pH 1
CeVO4 pH 2

Figure 9: Photodegradation of methylene blue under UV light by
CeVO4 synthesized in the solutions with the pH of 1 and 2, compared
to the MB control (catalyst-free solution).

pH of the precursor solutions in synthesizing CeVO4 nanostructures. Energy gaps of the as-synthesized CeVO4 were
3.65 eV for microflowers and 3.77 eV for nanorods. The
photocatalytic activity of these materials was identified by the
degradation of MB. The activity of CeVO4 microflowers was
higher than that of CeVO4 nanorods.
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[24] V. Panchal, S. López-Moreno, D. Santamarı́a-Pérez et al., “Zircon to monazite phase transition in CeVO4 : X-ray diffraction
and Raman-scattering measurements,” Physical Review B, vol.
84, Article ID 024111, 2011.
[25] G. Liu, X. Duan, H. Li, and H. Dong, “Hydrothermal synthesis,
characterization and optical properties of novel fishbone-like
LaVO4 :Eu3+ nanocrystals,” Materials Chemistry and Physics, vol.
115, no. 1, pp. 165–171, 2009.
[26] X. Wang, H. Xu, H. Wang, and H. Yan, “Morphology-controlled
BaWO4 powders via a template-free precipitation technique,”
Journal of Crystal Growth, vol. 284, no. 1-2, pp. 254–261, 2005.
[27] J. Yu, G. Dai, Q. Xiang, and M. Jaroniec, “Fabrication and
enhanced visible-light photocatalytic activity of carbon selfdoped TiO2 sheets with exposed 001 facets,” Journal of Materials
Chemistry, vol. 21, no. 4, pp. 1049–1057, 2011.
[28] Q. Xiang, J. Yu, and P. K. Wong, “Quantitative characterization
of hydroxyl radicals produced by various photocatalysts,” Journal of Colloid and Interface Science, vol. 357, no. 1, pp. 163–167,
2011.
[29] Q. Xiang, B. Cheng, and J. Yu, “Hierarchical porous CdS nanosheet-assembled flowers with enhanced visible-light photocatalytic H2-production performance,” Applied Catalysis B, vol.
138-139, pp. 299–303, 2013.
[30] X. Yu, J. Yu, B. Cheng, and M. Jaroniec, “Synthesis of hierarchical flower-like AlOOH and TiO2 /AlOOH superstructures and
their enhanced photocatalytic properties,” Journal of Physical
Chemistry C, vol. 113, no. 40, pp. 17527–17535, 2009.
[31] B. Cheng, W. Wang, L. Shi, J. Zhang, J. Ran, and H. Yu, “Onepot template-free hydrothermal synthesis of monoclinic BiVO4
hollow microspheres and their enhanced visible-light photocatalytic activity,” International Journal of Photoenergy, vol. 2012,
Article ID 797968, 10 pages, 2012.
[32] M. Umadevi and A. J. Christy, “Synthesis, characterization and
photocatalytic activity of CuO nanoflowers,” Spectrochimica
Acta Part A, vol. 109, pp. 133–137, 2013.
[33] Y. Fang, Z. Li, S. Xu, D. Han, and D. Lu, “Optical properties and
photocatalytic activities of spherical ZnO and flower-like ZnO
structures synthesized by facile hydrothermal method,” Journal
of Alloys and Compounds, vol. 575, pp. 359–363, 2013.
[34] L. Qi, H. Li, and L. Dong, “Simple synthesis of flower-like ZnO
by a dextran assisted solution route and their photocatalytic
degradation property,” Materials Letters, vol. 107, pp. 354–356,
2013.

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2013, Article ID 930950, 8 pages
http://dx.doi.org/10.1155/2013/930950

Research Article
Visible Light Photoelectrochemical Properties of N-Doped TiO2
Nanorod Arrays from TiN
Zheng Xie,1,2 Yongbin Zhang,3 Xiangxuan Liu,2 Weipeng Wang,1 Peng Zhan,1
Zhengcao Li,1 and Zhengjun Zhang1
1

The State Key Laboratory for New Ceramics and Fine Processing, School of Materials Science and Engineering, Tsinghua University,
Beijing 100084, China
2
High-Tech Institute of Xi’an, Shaanxi 710025, China
3
Science and Technology on Surface Physics and Chemistry Laboratory, Mianyang 621907, China
Correspondence should be addressed to Zhengjun Zhang; zjzhang@tsinghua.edu.cn
Received 21 June 2013; Accepted 4 August 2013
Academic Editor: Jiaguo Yu
Copyright © 2013 Zheng Xie et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
N-doped TiO2 nanorod arrays (NRAs) were prepared by annealing the TiN nanorod arrays (NRAs) which were deposited by using
oblique angle deposition (OAD) technique. The TiN NRAs were annealed at 330∘ C for different times (5, 15, 30, 60, and 120 min).
The band gaps of annealed TiN NRAs (i.e., N-doped TiO2 NRAs) show a significant variance with annealing time, and can be
controlled readily by varying annealing time. All of the N-doped TiO2 NRAs exhibit an enhancement in photocurrent intensity in
visible light compared with that of pure TiO2 and TiN, and the one annealed for 15 min shows the maximum photocurrent intensity
owning to the optimal N dopant concentration. The results show that the N-doped TiO2 NRAs, of which the band gap can be tuned
easily, are a very promising material for application in photocatalysis.

1. Introduction
Since the first report of photocatalytic splitting of water
using titanium dioxide (TiO2 ) photoanode by Fujishima and
Honda in 1972 [1], TiO2 has been extensively studied and has
been considered as one of the superior candidates for solving
environmental concerns due to its cheapness, photostability,
chemical inertness, nontoxicity, and strong photocatalytic
activity [2]. However, the wide applications of TiO2 are
limited due to its large band gap (ca. 3.2 eV and 3.0 eV for
anatase and rutile, resp.), which makes it active only under
ultraviolet (UV) (i.e., using less than ca. 5% of the solar
energy) [3]. To enhance the solar energy conversion efficiency
of TiO2 , one of the strategies is to enhance its photoresponse
activity in the visible light, which composes a greater portion
(ca. 45%) of the solar spectrum [4]. Visible light activity
of the TiO2 has been achieved by several strategies such as
coupling with dyes [5] and sensitizing with semiconductors
[6] which have proper conduction band levels and doping
with impurities [7]. Doping with nonmetal ion may be

a promising way to avoid the deterioration of the thermal
stability of TiO2 lattice [8]. Many reported doping with
various substances, such as with nitrogen [9], sulfur [10],
fluoride [11], and carbon [12]. Since Asahi et al. [9] reported
that the band gap narrowed by N doping improved the
photocatalytic activity of TiO2 in visible light, N doping has
been considered as one of the most effective approaches to
shift the optical response of TiO2 from the UV to the visible
spectral range. There are mainly two major ways to prepare
the N-doped TiO2 . One of which is based on incorporation
of N into TiO2 lattice by ion-implantation technique [13],
reactive magnetron sputtering [14], hydrothermal method
[15], and so forth. The other method, also used in this work,
relies on oxidation of TiN𝑥 , [16, 17] which is a facile method
to fabricate N-doped TiO2 .
The other way to enhance the solar conversion efficiency
is to obtain good electron-hole separation characteristics by
reducing the recombination centers and increasing the charge
transfer [18]. Fabricating nanostructures such as nanoparticles, nanotubes, nanowires, nanobelts, and nanorods is
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2. Experimental Details
2.1. Fabrication of N-Doped TiO2 NRAs. The TiN NRAs were
deposited on quartz and F-doped SnO2 (FTO) substrates by
using oblique angle deposition technique (OAD) described
elsewhere [26], of which quartz substrates were used for
UV-vis transmittance measurement. The substrates were
ultrasonically cleaned sequentially in acetone and alcohol and
then rinsed in deionized water for 5 minutes each. The system
was pumped down to a vacuum level of 2 × 10−5 Pa, and then
TiN NRAs were deposited at a deposition rate of 0.5 nm s−1 ,
of which the thickness was monitored by a quartz crystal
microbalance. To produce aligned TiN NRAs, the incident
beam of TiN flux was set at ca. 85∘ from the normal of the
substrate, and the substrate temperature was controlled at ca.
−20∘ C using liquid nitrogen for maintaining the temperature.
The N-doped TiO2 NRAs were obtained by oxidizing the asprepared TiN NRAs in a tube furnace under atmosphere at
330∘ C, and the N contents in TiO2 NRAs were controlled
by varying the annealing time (i.e., 5 min, 15 min, 30 min,

330∘ C 120 min

330∘ C 60 min

Intensity (a.u.)

a promising way to enhance solar energy conversion efficiency of TiO2 , since nanostructures exhibit many desirable
characteristics for effective photocatalysis such as efficient
and tunable optical absorption, large surface areas, short
charge carrier diffusion lengths, and low reflectivity [19].
One-dimensional (1D) nanostructures are expected to have
improved charge-transport properties compared to zerodimensional (0D) nanostructures because of the direct conduction pathways in nanorods versus electron hopping in
nanoparticles system. 1D nanostructures can be obtained
by organometallic chemical vapor deposition (OMCVD)
[20], hydrothermal processes [21], glancing angle deposition
(GLAD) [22], and oblique angle deposition (OAD) [23].
Compared with other fabrication methods, OAD technique
provides a simple way to produce large area, uniformed,
aligned nanorod arrays with controlled porosity. OAD technique is a unique physical vapor deposition process, where
the vapor flux is incident onto a substrate at a large angle 𝜃
(𝜃 > 70∘ ) with respect to the substrate normal. Due to the selfshadowing effect, well aligned and separated nanorod arrays,
tilting toward the direction of the vapor flux, can be produced
[24]. The film prepared by OAD technique presents a porous
microstructure, where nanometer size columns with a high
internal porosity are separated by wide pores which extend
from the substrate to the film surface [25]. This microstructure is of significant advantage in increasing the interface of
nanorod and solution. Moreover, films deposited on glass,
FTO, Si, or other substrates by OAD technique are convenient
to be reused compared with the 0D nanostructures.
Herein, we report the visible light photoelectrochemical
properties of N-doped TiO2 nanorod arrays (NRAs) by oxidation of TiN nanorod arrays (NRAs), which are fabricated
using OAD technique. The concentration of N dopant in the
TiO2 is controlled by changing the annealing time at 330∘ C.
The photoelectrochemical properties of the N-doped TiO2
NRAs in visible light are improved obviously compared with
that of bare TiO2 NRAs and TiN NRAs.
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Figure 1: XRD patterns of the as-deposited TiN NRAs and the Ndoped TiO2 NRAs annealed at 330∘ C in atmosphere for different
time.

60 min, and 120 min). For the sake of convenience one marks
the TiN NRAs annealed for 5 min, 15 min, 30 min, 60 min,
and 120 min as 5 N-TiO2 , 15 N-TiO2 , 30 N-TiO2 , 60 N-TiO2 ,
and 120 N-TiO2 , respectively.
2.2. Characterizations. The crystal structure of the TiN NRAs
and N-doped TiO2 (annealed TiN NRAs) was characterized by X-ray diffraction (XRD Rigaku 2500) using Cu K𝛼
radiation. The morphology was characterized by using a
field emission scanning electron microscopy (SEM JEOL7001 F). The microstructures of prepared samples were also
characterized with a transmission electron microscope (TEM
JEOL-2010 F). Transmittance spectra were recorded using a
UV-vis spectrophotometer (PerkinElmer Lambda 35). The
XPS experiments were performed on the samples with PHI
5300 (Perkin Elmer). The binding energy of the XPS spectra
was calibrated with the reference to the C 1s peak at 284.6 eV.
Photoelectrochemical measurements were performed in
a 250 mL quartz cell using a three-electrode configuration,
which are composed of the prepared samples as a working
electrode, a Pt foil as a counter electrode, a saturated Ag/AgCl
as a reference electrode, and 1 M KOH as an electrolyte. The
photocurrent intensity versus potential (I-V curve) measurements was performed by an electrochemistry workstation
(CHI 660, Chenhua Instrument). The working electrode was
illuminated with a 300 W Xe lamp. An ultraviolet cutoff filter
was inserted between the light source and the quartz cell
to exclude UV light with the wavelength below 420 nm.
The photocurrent dynamics of the working electrode were
recorded according to the response to sudden switching on
and off at 0 V bias versus Ag/AgCl.

3. Results and Discussion
Figure 1 displays the XRD patterns of the as-deposited TiN
NRAs and the TiN NRAs annealed in air at 330∘ C for different
times. It can be seen that the as-deposited TiN NRAs exhibit
structure with (200) orientations (JCPDS 38-1420). The TiN
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Figure 2: SEM images of the as-deposited TiN NRAs (a), 5 N-TiO2 NRAs (b), 15 N-TiO2 NRAs (c), 30 N-TiO2 NRAs (d), 60 N-TiO2 NRAs
(e), and 120 N-TiO2 NRAs (f). The insets in (a) and (b) are the corresponding SEM images with a tilt angle of 45∘ .

(200) peak exhibits a shift towards higher diffraction angles
as the annealing time increasing from 5 min to 30 min, which
can be ascribed to the substitution of oxygen for nitrogen
in TiN in the annealing process considering the fact that
the atomic radius of oxygen is smaller than that of nitrogen
[27]. Similar behavior has been reported and attributed to
titanium oxynitride formation [28]. Further increasing the
annealing time to 60 min and 120 min, the TiN (200) peaks
disappear, indicating that the TiN may has been converted to
TiO2 which is observed by TEM as shown later.
Figure 2 displays the SEM images of samples with various
annealing time. Top-view image in Figure 2(a) shows that
the as-prepared TiN NRAs exhibit porous structure that
consisted of nanorods with diameter of ca. 70∼200 nm, and
the gap between the nanorods is ca. 40∼50 nm. The nanorods
are found to be fairly uniform with length of ca. 600 nm,

which are separated by voids as shown clearly in the inset
of Figure 2(a). Moreover, one can see that the nanorods are
tilted with an angle of approximately 30∘ with respect to the
substrate normal due to the high angle of the incident adatom
plume to the substrate (𝛼 = 85∘ ) [24]. The porous structure
was formed during the deposition process due to the selfshadowing effects and the limited mobility of the deposited
atoms [29]. The morphologies of the TiN NRAs annealed at
330∘ C for 5 min, 15 min, 30 min, 60 min, and 120 min do not
change and are identical with those of the as-deposited NRAs
as shown in Figures 2(b)–2(f).
In order to further investigate the microstructures of
the as-prepared TiN NRAs and the ones annealed, TEM is
performed. Figure 3(a) shows the low-resolution TEM image
of the as-prepared TiN NRAs. One can see that the nanorod
is of length of ca. 600 nm and diameter of ca. 80 nm which
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Figure 3: (a) Low-resolution TEM images of the as-prepared TiN NRAs; (b) high-resolution TEM (HRTEM) images of (a); (c) and (d) are
the HR-TEM of the images of the 15 N-TiO2 NRAs and 120 N-TiO2 , respectively.

is in agreement with the SEM results. The nanorod exhibits
a pine needle structure, leading to a significant enhancement
in the overall surface area, which is much higher than that of
nanorod with smooth or uniform surface. This microstructure can facilitate the performance of photoelectrochemistry
due to the 1D structure with high specific surface area.
Figure 3(b) displays the high-resolution TEM (HRTEM)
image of the as-prepared TiN NRAs. The TiN crystalline
grains can be seen clearly with interplanar lattice spacing of
0.212 nm, corresponding well with that of (200) plane. TiN
can be converted into TiO2 by a complete oxidation in air at
medium temperature [30, 31]. The oxidation occurs from the
surface to the inner of nanorods with diffusion of O2 through
the gap between the nanorods [32]. The annealing time is the
critical parameter in the oxidation process if the temperate
is fixed. Large parts of TiO2 are present in amorphous state
in the 15 N-TiO2 NRAs that were annealed for 15 min at
330∘ C, and only trace amount of TiO2 crystalline grains with
interplanar lattice spacing of 0.354 nm is formed as shown in
Figure 3(c). Further increasing the annealing time to 120 min,
there are a great number of TiO2 crystalline grains and no

TiN crystalline is found as shown in Figure 3(d), which is in
agreement with the XRD result.
Figure 4(a) shows the UV-visible light transmittance
spectra of the TiN NRAs annealed for different times at
330∘ C. TiN films were assumed to be opaque with thickness
of several tens of nanometers in previous report [32];
however, the transmittance of the as-prepared TiN NRAs
in this study is ca. 25% in visible light. With increase in
annealing time, the transmittance increases gradually at the
wavelength of 300 nm to 600 nm, which may be due to the
difference in the degree of oxidation of the films from TiN
to TiO2 . The spectra are characterized by a good regularity
of the interference fringes and a systematic increment
in wavelength in which the film practically ceases to be
transparent in the visible range. This behavior has been
previously observed in TiO2 doped with metals [33]. The
optical gap (𝐸𝑔 ) of the semiconductor with large band gap can
be determined from the absorption coefficient 𝛼. If scattering
effect is neglected, the absorption coefficient can be expressed
by (𝛼𝐸𝑔 )𝑛 = 𝐴(𝐸𝑔 − ℎ𝜐), where 𝑛 = 1/2 for an indirect
transmission [34]. It could be presumed that the film mixed
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Figure 4: (a) Transmittance spectra of the N-doped TiO2 NRAs annealed for different times at 330∘ C; (b) Tauc plot of (𝛼𝐸)1/2 versus photon
energy (𝐸 = ℎ]) for the N-doped TiO2 NRAs annealed for different times at 330∘ C.

with TiO2 and TiN is the indirect semiconductor [35], similar
to TiO2 . The Tauc [36] plot of (𝛼𝐸)1/2 versus photon energy
(𝐸 = ℎ]) is shown in Figure 4(b). Usually, the band gap can
be obtained by extrapolating the linear region to (𝛼𝐸)1/2 = 0.
The band gap of the as-deposited TiN NRAs is ca. 1.49 eV,
corresponding well with the previous report [37]. The band
gap of the 120 N-TiO2 NRAs is 3.19 eV, which is very close to
that of reported anatase TiO2 (3.2 eV), showing that the TiN
is converted to TiO2 completely by annealing for 120 min
[38]. The band gap varies from 1.49 eV to 3.19 eV with increase
in annealing time. This result is particularly interesting from
the photo-catalysis viewpoint because it is possible to tune
the onset of the absorption to the desired visible wavelength.
Photocurrent intensity has been regarded as one of
the most efficient methods to evaluate the photocatalytic
activity of photocatalyst, and it has been recognized that
a high photocurrent intensity suggests a high efficiency
for electrons and holes generation and separation, and
thus a high photo-catalytic activity [39]. To test the
photoelectrochemical properties of the TiN NRAs annealed
for different times at 330∘ C (i.e., N-doped TiO2 NRAs)
under visible light irradiation, photocurrent densities were
measured in the light on-off process with a pulse of 30 s by
the potentiostatic technique [40]. Under 130 mW/cm2 of
visible light illumination and 0 V bias versus Ag/AgCl, all
of the N-doped TiO2 NRAs exhibit photocurrents as shown
in Figure 4(a). However, the photocurrent intensity of TiN
NRAs can be neglected compared with that of the N-doped
TiO2 samples. For all N-doped TiO2 NRAs, the photocurrent
value goes down to zero as soon as the light is turned off, and
the photocurrent intensity comes back to the original value
as soon as the light is turned on again. Such a photocurrent
response is highly reproducible for numerous on-off cycles.

For the N-doped NRAs, an initial fast increase in the
photocurrent intensity is recorded, followed by a decrease
in the photocurrent intensity with time under visible light;
it can be assumed that lots of electrons and holes generated
in the N-doped TiO2 leading to a fast photocurrent intensity
increase when the light is switched on, then electrons
transfer through the nanorod and one part of the electrons
vanishes in the recombination center, and the photocurrent
intensity decreases and remains a steady state; this behavior
is common for TiO2 electrode and can be described in terms
of a classical onset of recombination [41]. Among N-doped
TiO2 NRAs, the photocurrent intensity of which annealed
for 15 min (15 N-TiO2 NRAs) reaches a maximum, and the
photocurrent intensity becomes lower while increasing or
decreasing the annealing time, the phenomenon can be
ascribed to the state and concentration of nitrogen in TiO2
NRAs which will be discussed later. Figure 5(b) shows the I-V
characteristics which confirm the superior performance of
producing higher photocurrent intensities for the N-doped
TiO2 NRAs. The open circuit potential, 𝑉oc , corresponds
to the difference between the apparent Fermi level of the
N-doped TiO2 NRAs. The open circuit potential of 5 N-TiO2
NRAs and 15 N-TiO2 NRAs is ca. −0.055 V and −0.177 V,
which is greater than that of bare TiN NRAs (𝑉oc : ca. 0.083 V),
demonstrating a shift in the Fermi level to more negative
potential as a result of N doping in TiO2 . As shown previously,
better charge separation and electron accumulation in the
semiconductor shift the Fermi level to more negative
potential [42]. However, the 𝑉oc of the 120 N-TiO2 NRAs,
which can be considered as pure TiO2 that we discussed
earlier, is 0.112 V, which is much positive than that of TiN
NRAs. That the 𝑉oc varies may be attributed to the difference
in concentration and the state of N in TiO2 . Figure 5(c) shows
a relationship between the band gap, photocurrent intensity,
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Figure 5: (a) Current versus time measurements of the N-doped TiO2 NRAs annealed for different times at 330∘ C under 0 V bias versus
Ag/AgCl; (b) I-V characteristics of the N-doped TiO2 NRAs annealed for different times at 330∘ C; (c) relationship of the band gap,
photocurrent intensity, and annealing time.

and annealing time. With the annealing time decreasing,
the photocurrent intensity increases from ca. 6.04 𝜇A/cm2
(120 N-TiO2 NRAs) to 52.43 𝜇A/cm2 (15 N-TiO2 NRAs),
which can be ascribed to the narrower band gap from 3.19 eV
to 2.89 eV. However, the photocurrent intensity of 5 N-TiO2
NRAs decreases as compared with that of 15 N-TiO2 NRAs.
Therefore, the optimal condition for obtaining photocurrent
intensity is controlling the annealing time in the range from
5 min to 15 min in this system.
Figure 6 shows the N 1s XPS spectra core level of asprepared TiN and which was obtained from the TiN NRAs
annealed for 5 min, 15 min, and 120 min. For the as-prepared
TiN, there is a peak at ∼395.9 eV, which is characteristic
of N3− corresponding to TiN, [13, 43] and the N 1s peak
at ∼398.8 eV can be ascribed to chemisorbed molecular
nitrogen [44]. The N 1s peak at ∼399.6 eV in 5 N-TiO2 and
15 N-TiO2 is ascribed to the incorporated nitrogen dopant in

TiO2 as interstitial N with formation of Ti-N-O or Ti-O-N
oxynitride [43, 45]. It is supported that the peak at 400.3 eV
for 120 N-TiO2 NRAs can be assigned to well-screened 𝛾-N
(essentially adsorbed N) [13] and the high binding energy
peaks (401.6 eV and 402.7 eV) are generally considered to be
characteristic of N–O bonds [46], while the peaks at 398.5 eV
can also be ascribed to chemisorbed molecular nitrogen. In
the oxidation process, TiN is converted to TiO2 gradually as
shown in previous results, and the nitrogen is substituted by
oxygen due to the higher active of oxygen, forming Ti-N-O
bond as shown in the 5 N-TiO2 NRAs and 15 N-TiO2 NRAs.
At the same time, the peak at 395.9 eV ascribed to TiN
vanishes in 120 N-TiO2 NRAs, which is in agreement with
the TEM results (Figure 3(d)). It can be assumed that the
photoelectrochemical performance of the N-doped TiO2
in visible light is attributed to the result of mixing of N 2p
acceptor states located just above the top of the valence band
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Recent years have witnessed a rapid accumulation of investigations on TiO2 -based photocatalysis, which poses as a greatly
promising advanced oxidation technology for water purification. As the ability of this advanced oxidation process is well
demonstrated in lab and pilot scales to decompose numerous recalcitrant organic compounds and microorganism as well in water,
further overpass of the hurdles that stand before the real application has become increasingly important. This review focuses on the
fundamentals that govern the actual water purification process, including the fabrication of engineered TiO2 -based photocatalysts,
process optimization, reactor design, and economic consideration. The state of the art of photocatalyst preparation, strategies for
process optimization, and reactor design determines the enhanced separation of photo-excited electron-hole (e-h) pairs on the TiO2
surface. For the process optimization, the kinetic analysis including the rate-determining steps is in need. For large-scale application
of the TiO2 -based photocatalysis, economics is vital to balance the fundamentals and the applied factors. The fundamentals in this
review are addressed from the perspective of a bridge to the real applications. This review would bring valuably alternative paradigm
to the scientists and engineers for their associated research and development activities with an attempt to push the TiO2 -based
photocatalysis towards industrially feasible applications.

1. Introduction
Heterogeneous photocatalysis based on semiconductors has
witnessed rapid progress in the last decades [1–3]. The semiconductor photocatalyst, of which the electrons in the valence
band can be promoted to the conduction band when being
excited by adequate photoenergy, possesses photogenerated
electron-hole (e-h) pairs. The e-h pairs enable a series of
reductive and oxidative reactions [4–6], and some of them
further result in valuable reactions. This method has been
initially put forward for the extraction of hydrogen energy
from water via the conversion of photoenergy in the 1970s,
when the energy crises has emerged [7]. Later in the 1980s, it
has been tested as an environmental purification alternative
for water [8, 9] and gas [10] as well. This review focuses on the
water purification by addressing the fundamentals that serves
as a connection with the real-time application.
Many reports have evidenced that numerous organic
toxic compounds often present in water can be removed by
the photocatalytic method. Chlorinated compounds, alkenes,

alkanes, aromatics, dyes, and so forth, have been tested as
the model pollutants [2, 3, 11, 12]. The rationale for TiO2
photocatalytic method is predominantly based on the oxidation of pollutants by means of hydroxyl radicals (HO∙ ) that
feature the advanced oxidation technologies (AOTs) [13, 14].
The HO∙ production can be expressed as follows:
ℎ]

H2 O + h → ∙ OH +H+

(1)

The h (hole) is highly oxidative, and the oxidation of water by
h leads to a formation of HO∙ radicals, which are extremely
active and nonselective in attacking the substrates in aqueous
solution. Meanwhile, the electron (e) needs to be scavenged
by an electron acceptor. Accordingly, the photogenerated
e-h pairs are separated, leading to the transformation of
pollutants. Otherwise, the photogenerated e-h pairs will be
self-combined with an undesired release of thermal energy.
As desired, the photogenerated e-h pairs should be separated
as far as possible to improve the process performance of
photocatalysis.
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The TiO2 photocatalysis has attracted great attention as
a promising water treatment technology due to quite a few
intrinsic advantages. (i) Powerful ability to decompose the
pollutants: the organic pollutants can be decomposed and
even mineralized due to the dramatic powerful oxidation
ability of HO∙ . Consequently, this technique can be utilized
widely in the cases once the advanced treatment of water,
particularly containing the recalcitrant organic compounds,
is demanded. (ii) Ambient operating conditions: the process
can be realized under ambient operating conditions, and thus
is acknowledged as quite safe. (iii) Low cost: the sunlight
can be employed as the energy source, and the oxidant is
ambient O2 . Meanwhile, as the TiO2 photocatalyst can be
recycled, the cost can be further cut off to run the process.
(iv) Environmentally friendliness: TiO2 are chemically stable, nearly non-toxic, or relatively safe, even in the harsh
conditions. Thus, the TiO2 photocatalysis is thought as an
environmentally-friendly approach, even if recent concerns
arise on its environmental risks as it is released into the
environment [15].
Many reports available in recent years have evidenced
that numerous organic contaminants can be decomposed or
even mineralized [16] by photocatalysis, and the mechanism
governing the photocatalytic process on the TiO2 surface has
been disclosed in depth [17]. Also, efforts for preparation
of photocatalytic materials [7–9, 18–22], which include the
modification of the commonly used TiO2 photocatalyst
and the design and preparation of new photocatalysts, are
intensively exerted. These efforts inclusively have attempts
to accelerate the degradation process of target substrates by
enhancing the separation efficiency of e-h pairs or to extend
the wavelength of excitation light from ultraviolet (UV)
regime to visible regime.
Along with the lab-scale investigation of simulated wastewater, some pilot-scale tests have been performed [23, 24].
It could be understood that, although the results served to
demonstrate the technical feasibility for water purification,
the TiO2 photocatalysis is still facing a series of technical challenges for a large-scale installment in wastewater treatment
plants (WWTPs). It must be noted that challenges, such as
fabrication of active TiO2 photocatalyst, rapid separation and
recycling of TiO2 after use, and optimization of the overall
process, are determined by the fundamentals. In particular,
the connection between the fundamentals and the actual
scenario should be well understood by both the scientists
and engineers as they are performing their own individual
tasks.
However, the fundamentals, which have been well established in the literature, are far from being fully understood
or sophisticatedly applied in the actual application. Also, the
operating parameters optimized in laboratory often suffer
a mismatching with the actual scenario. In view of the
problem, this review highlights the connection between the
two tasks, which is expected to bring valuable information
for the academia and industry. Along with this highlight, the
economic consideration was covered, which eventually leads
to a balance between the various variables working in the
TiO2 photocatalytic process.
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2. Water Purification of TiO2 Photocatalysis
With the increasing demand of the water sources, novel technologies, which serve to purify the polluted water with powerful ability to decompose the pollutants in energy-saving and
environmentally-benign manners, are becoming essential. As
well known, conventional technologies, such as filtration,
coagulation, adsorption, and precipitation, principally serve
to transfer the pollutants from one phase to another. The
newly emerging membrane separation technology [25] also
belongs to such category. Following them, further steps must
be taken to treat or dispose the transferred pollutants. In this
regard, chemical oxidation, featured by their ability to destroy
the molecular structures of pollutants, is an indispensible
option. During the processes, the toxicity of the involved
organic moieties is likely to extenuate or aggravate, and thus
the degree of pollutant degradation should be in control.
Moreover, the concept of wastewater will become out of date,
since the so-called wastewater is just staying at a stage during
the overall recycling of water as a resource. The TiO2 -based
photocatalytic process, harnessing the sunlight as an energy
source and ambient O2 as an oxidant for water purification,
is capable of exhaustively mineralizing the organic pollutants
and eliminating the toxicity. Thus, the TiO2 -based photocatalysis is accepted as an effective tool to purify the polluted
water.
As listed in Table 1, the water, which is polluted by textile,
pesticides, medicine, and so forth, can be treated by the
TiO2 -based photocatalysis. It should be pointed out that the
TiO2 -based photocatalysis is just employed as an individual method herein. Actually, however, effluents discharged
from industrial processes commonly contain recalcitrant or
nonbiodegradable pollutants, and thus an integrated process
containing biological and physicochemical units will be more
applicable. Basically, in the front of integrated process, the
influent can be subjected to a physical unit such as filtration or
grilling to separate the solids. Following is a physicochemical
unit such as coagulation to remove the colloidal substances.
Subsequently, a biological unit including aerobic or inaerobic oxidation serves to degrade most of the biodegradable
organic molecules, and thus the water quality is usually
improved in terms of the indexes such as chemical oxygen
demand (COD) and NH3 -N. Finally, a chemical means, such
as the TiO2 -based photocatalytical process, is incorporated to
purify the water by finally removing the recalcitrant organic
pollutants.
From the technical point of view, the TiO2 -based photocatalytical process is applicable as one prerequisite is
satisfied, which is the transparency of water. The transparency ensures the transmission of the light. The TiO2 -based
photocatalytical process can be installed as a pretreatment
unit or an advanced unit. If the effluent is in need of further
purification to destroy the nondegradable organic pollutants,
the TiO2 -based photocatalytical process follows the biological unit. Alternatively, the TiO2 -based photocatalytical
process is put in front of the biochemical unit to improve
biodegradability for a better biological oxidization of the
organic substrates.
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Table 1: Engineered TiO2 , the associated treated targets, reactors and principal operation parameters.
Water

Reactor

Principal operation parameters
investigated

References

Pharmaceutical wastewater

Sequencing
batch biological reactor

H2 O2 dosage, TiO2 dosage, pH,
irradiation, time and hydraulic
retention time

[73]

Photocatalysis-enhanced
electrosorption reactor

Electrochemical adsorption,
potential, temperature, initial pH,
and wavelength

[74]

Wastewater treatment plant
effluents

Lab-scale solar
photoreactor

Temperature, pH, and light
wavelength

[75]

Hospital wastewater

Batch annular slurry
photoreactor (ASP)

Fine bubble aeration, light
wavelength, and pH

[76]

Nano TiO2

Paper mill wastewater

Solar reactor

TiO2 dosage, pH

[59]

C-TiO2

Antibiotics wastewater

A computerized Luzchem
CCP-4V photochemical
reactor

pH, wastewater flow rate

[77]

TiO2 P25

Antibiotics wastewater

Capacity cylindrical acrylic
photoreactor

pH, gas rate, light intensity, and
TiO2 dosage

[78]

TiO2 /SiO2 beads

Organic
compounds-containing
wastewater

Batch recirculation type
photocatalytic reactor

pH, wastewater flow rate

[79]

TiO2 P25

Textile wastewater

Pebble bed photocatalytic
reactor

TiO2 pebbles, water treatment after
absorption of reflow exhaust gas

[80]

TiO2 P25

Industrial wastewater

A hermetically sealed
photoreactor

Pressure, adsorption time, and
temperature

[81]

PFT/TiO2

Toxic heavy metals
wastewater

A column glass
photoreactor

Wavelength

[82]

TiO2 P25

Secondary effluent

A cylindrical glass reactor

Amount of TiO2 loaded, maximum
emission peak

[83]

TiO2 /Ti anode

Textile wastewater

A thin-film
photoelectrocatalytic
reactor

pH, lamp position, and light
intensity

[84, 85]

TiO2 P25

Pharmaceutical and
cosmetic wastewater

Common photoreactor

pH, time, catalysts, and H2 O2
concentration

[86]

TiO2 P25

Olive mill wastewater

Common photoreactor

Light wavelength, pH

[87]

TiO2 P25

Textile dyehouse
wastewater

Immersion well batch-type
photoreactor

pH, light wavelength, temperature,
and H2 O2 concentration

[22]

TiO2 /SiO2

DNP and municipal
wastewater

Fixed bed circulation type
reactor

Water flow rate, residence time

[88]

Ag–TiO2

Seawater

poly (methyl methacrylate)
reactors

temperature, dosage of bacterial
suspension, and O3

[89]

MC-LR in surface water

Borosilicate glass dish

pH, light wavelength

[90]

Drinking water

Tank-style reactor

Permeate flux with a membrane,

[91]

TiO2
TiO2 P25
TiO2 /carbon
aerogel
TiO2 P25
TiO2 nanofiber

S–TiO2
nano TiO2

High-concentration dye
wastewater

TiO2 P25

Surface water

Photovoltaic reactor

Temperature,

[92]

TiO2 P25

Benzalkonium chloride

Annular glass reactor

Light wavelength, TiO2 dosage

[93]

NF-TiO2 -P25
films

Drinking water

Glass
vessel reactor

Light intensity, pH

[94]

TiO2
microsphere

Organic
compounds-containing
wastewater

Cylindrical photoreactor

Light wavelength, concentration of
TiO2 suspensions

[66]

TiO2 films

MC-LR in surface water

Sealed round pyrex reactor

Temperature, water flow rate, pH,
TiO2 coating surface area, and
thickness

[95]
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Table 1: Continued.
Water

Reactor

Principal operation parameters
investigated

References

Toxic heavy metal
wastewater

A photocatalytic bath

pH, dosage of catalyst, and
temperature

[96]

TiO2 P25

Drinking water

Cylindrical Pyrex reaction
vessel

Catalyst loading, light wavelength

[97]

TiO2 P25

Organic
compounds-containing
wastewater

A thermostated reactor

Temperature, dissolved oxygen
concentration

[60]

TiO2 -modified
nanofiltration
membranes

Organic
compounds-containing
wastewater

Cell reactor

Light intensity, temperatures

[98]

Textile wastewater

Immersion well reactor

Dosage of TiO2 and H2 O2 , pH

[99]

Pesticides

Reactor with ozone
generator

pH, ozone dosage, treatment time
and temperature

[100]

Swimming pool water

Cylindrical glass reactor

pH, potential

[101]

TiO2
TiO2 (P25)-AGS

TiO2 P25
TiO2 film
supported on a
porous nickel
net

H+

O2

Light

TiO2
nanotubular
arrays

HOO∙
∙

e

O2

−

O2

−

H2 O2

CB

Eg

HO∙

Self-combination
h+

Energy
level

VB
h+

HO∙

H2 O, OH−

Organic
compound

CO2 + H2 O

Figure 1: The scheme of TiO2 photocatalytic process.

3. Fundamentals
To develop a real TiO2 -based photocatalytical process, optimization of the operating parameters is of importance.
However, the fundamentals that have been well established
in laboratory are not utilized sophisticatedly or even overlooked in real application. Also, the parameters that are
optimized in the laboratory test, which has only one substrate,
are not applicable in the full-scale process. The presence
of cosubstrates in wastewater may significantly influence
the degradation of target substrate. C. Lin and K. S. Lin
have observed that the presence of humic acid (HA) retarded the photocatalytic degradation of 4-chlorophenol [26].

Consequently, the fundamentals that closely connect the real
scenario should be focused on. Herein, the e-h pair generation and separation, adsorption of organic substrate, and
rate determining step (RDS) of the photocatalytic reaction
are addressed. These fundaments are analyzed on how to
define a maximized efficiency in real application, whereas any
successful and competitive real process should get a balance
between efficiency and economics.
3.1. Importance of Photogenerated e-h Pair Separation. The
TiO2 photocatalytic process starts with the generation and
separation of e-h pairs, which are illustrated in Figure 1. Based
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on the mechanism of photocatalytic oxidation proposed by
Hoffmann et al., [27] the reactions on the TiO2 can be
correspondingly expressed as follows:

𝑘1

Redinterface ⇐⇒ (TiO2 − Red)surface
𝑘−1

∙

𝑘2

∙

OH + (TiO2 − h) ⇐⇒ (TiO2 − OH)
𝑘−2

80

(2a)
(2b)

OH-index

TiO2 + ℎ] ⇐⇒ (TiO2 − h) + (TiO2 − e)

100

60
40

(2c)
20

∙

𝑘3

⇐⇒ (TiO2 −O𝑥)surface + e

(2d)

0

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

(TiO2 − OH) + (TiO2 − Red)surface
Photocatalysts

𝑘−3

It could be understood that upon the photo-excitation, the
electrons on the valence band (VB) jump to the conduction
band (CB), generating h left on the VB. As the electrons and
holes initially separate and interact with substrates in the
solution and then combine together, an effective conversion
of substances is thus resulted in. As recombination occurs,
there is no any conversion of substances.
Following the generation of holes and electrons, radicals
of HO∙ are generated and considered to work as the principal
oxidative species during the photocatalytic process. Xiang et
al. have proposed a concept of “OH-index” to quantitatively
characterize the production of HO∙ on different photocatalytic systems [28]. Such index, which can be measured easily
by photoluminescence technique, is using coumarin as a
probe molecule. It appears that this index is quite adequate
to explain the activity difference in different systems. For
example, P25 TiO2 , which is a most available commercial
photocatalyst, has the highest “OH-index” as illustrated in
Figure 2.
The photoenergy plays an important role in the e-h
separation. The energy that is sufficient to generate the eh pairs must surpass the energy of TiO2 band gap. The
equation, 𝐸 = h𝜆, designates the relationship between the
energy and the associated light wavelength. TiO2 (𝑛-type)
has a band gap of 3.2 eV. Accordingly, the light wavelength
must be shorter than 380 nm, which falls into the range of
UV light. This requirement determines that a full illumination of the photocatalyst is an indispensible factor when
designing a real photocatalytic matrix. First, an artificial lamp
must be installed. Lamps with 254 nm and 365 nm as the
main wavelength are well commercialized. A more powerful
illumination of the photocatalyst certainly accelerates the
e-h pair generation. High-pressure mercury lamp is also
powerful, whereas its illumination is not stable and thus
not recommended for real application. Many lamps can be
installed together in the photocatalytic reactor to ensure
a full illumination, while the heat release should also be
taken into account as the illumination time lasts a long time.
Second, the target water must be sufficiently transparent
for the transmission of the light. Accordingly, following the
pretreatment that serves to remove the particles or species
that shadow the light, the TiO2 -based photocatalytic process
can be well employed. Third, only the UV lamps that are made

(1) P25

(10) V2 O5

(19) BiOBr

(2) Am

(11) Bi2 WO4

(20) CuO

(3) A

(12) CeO2

(21) MnO2

(4) R

(13) CdS

(22) Fe2 O3

(5) ZnO

(14) CuS

(23) BiVO4

(6) SnO2

(15) BiOCl

(24) ZrO2

(7) SrTiO 3

(16) BiOI

(25) La2 O3

(8) BaTiO3

(17) ZnS

(26) NiO

(9) WO3

(18) Cr2 O3

(27) Bi2 O3

Figure 2: Comparison of OH-index of various photocatalysts.
Arrows represent OH-index = 0. Am, A, and R denote amorphous,
anatase, and rutile of TiO2 , respectively. This figure is taken from the
article of Xiang et al. [28].

from quartz glass can be immersed in water. Fourth, even if
an immobilization of the TiO2 photocatalyst serves to recover
the TiO2 , it may bring about a decrease in the e-h generation
due to the decrease in the illumination intensity caused by the
water shadow. As a result, in real application, the suspended
TiO2 instead of the immobilized TiO2 is more efficient.
Li et al. have reported a type of suspended TiO2 microsphere, which allows both the TiO2 suspension and recovery
[29].
3.2. Measure for e-h Pair Separation. Following the photogeneration of e-h pairs, a fast recombination of charge carries is
thermodynamically favorable and thus yields a low quantum
yield of the reactive species for organic degradation. Obviously, any effort to facilitate the e-h separation and inhibit
its recombination is encouraged. Many measures, including
TiO2 modification, scavenge of electrons, and imposition of
external force, are allowed to enhance the e-h separation.
3.2.1. TiO2 Preparation. The TiO2 is a cornerstone of the
photocatalytic process. In laboratory, it is often prepared by
methods such as sol-gel method and hydrothermal method.
The physical morphology is controllable through hydrothermal preparation, while the TiO2 is chemically composed of
two crystalline types of anatase and rutile. The rutile type
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is more stable, and the thermal treatment of anatase type
leads to a transformation to rutile. The difference in the
distribution of the two types is considered to determine the
associated catalytic activity. Basically, pure rutile is found to
exhibit a poor activity, while a suitable composition may be
more active than the pure anatase type [30]. The preassumed
correlation between the composition of crystal phase and
the e-h pair separation has been clearly evidenced. Recently,
however, Xu and coworkers have found that the anatase
and rutile have the same activity in the degradation of 4chlorophenol, and the difference just lies in their different
adsorption ability towards O2 [31, 32]. Thus, as the TiO2
with different crystal phases is fabricated, the O2 adsorption
ability on the individual crystal phase needs to be taken
into account. The composition of TiO2 photocatalyst can be
adjusted through thermal treatment by means of the increase
in temperature.
3.2.2. TiO2 Doping. To overcome the drawback of low photocatalytic efficiency brought by the e-h self-combination, the
bare TiO2 can be further modified by doping a foreign ion.
Table 2 shows that various metal ions, metal oxides, and a
few nonmetal elements such as nitrogen, sulfur, fluorine, and
silicon can be employed as the dopants.
Gurkan et al. [33] have reported the density function
theory (DFT) calculation of the Se(IV)-doping of TiO2
sample, showing that the doping does not cause a significant
change in the positions of the band edges, whereas produces
additional electronic states originating from the Se 3p orbitals
in the band-gap. Accordingly, the electrons can be excited
from the defect state to the conduction band by a relatively
lower energy, and thus visible light can be utilized. Further,
the benefit of the doped transition metal lies in the improved
trapping of electrons to inhibit e-h recombination during
irradiation.
In real application for water purification, special attention
should be paid to the potential leakage of the doped ions,
which may result in a secondary pollution in the treated
water. In this regard, the N-doped TiO2 appears to be a
promising method due to the cleanness brought by the
nitrogen and has attracted great attention in recent years.
In particular, the photocatalytic activity under visible light
illumination has been well evidenced [34–40]. However,
the unanimity exists for the photocatalytic mechanism. For
example, Irie et al. have stated that the irradiation with UV
light excites the electrons in both the VB and the impurity
energy levels, but illumination with visible light only excites
electrons in the impurity energy level [41]. Ihara et al. have
concluded that the oxygen-deficient sites formed in the grain
boundaries are importantly attributed to the visible light
activity, while the doped nitrogen in part of the oxygendeficient sites is important as a blocker for reoxidation
[42].
Also, for the application of the fabricated TiO2 , the
intrinsic advantages brought by the preparation methods
should be accurately analyzed, so as to appropriately ascribe
the accelerated activities to the e-h separation. For example,
Liu et al. [43] have reported that a heat treatment of TiO2
by hydrogen does not lead to any change in the physical
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Table 2: Doping of TiO2 for the enhanced photocatalytic activity.
Doped TiO2
N-doped TiO2
Si-doped TiO2
Si-doped TiO2 /ZrO2
S-doped
TiO2 nanoparticles
SiO3 2− doped TiO2
films
N/S co-doped TiO2
S-doped TiO2 /Ti
electrode
S-doped TiO2 -ZrO2
nanoparticles
C–N-doped TiO2
nanotube
Se(IV) on Degussa
P25
Al(III)-doped TiO2
V-doped TiO2
Fe-doped TiO2
Polypyrrole/Fe-doped
TiO2
Er3+ : YAlO3 /Fe- and
Co-doped TiO2
Cu2+ -doped
TiO2 /SiO2
ZnFe2 O4 on TiO2
Ag doped TiO2
Ag/F-TiO2
Ag-TiO2 -xNx
Sn-doped TiO2
Lanthanide
ions-doped TiO2
La3+ /Zr4+ co-doped
TiO2
Ce-doped TiO2
Ce-doped TiO2
microspheres
Nd/F doped TiO2
W-doped TiO2
W-TiO2 films
W/N co-doped
TiO2 nanoparticles
Bi-doped TiO2
C-dope TiO2 powders

Doping method
Sol-gel method; microwave
hydrothermal method
Hydrolysis of titanium
isopropoxide
Sol-gel method

References

Hydrothermal method

[38]

Hydrothermal method

[39]

Manual grinding of
thiourea and urea

[104]

Anodization method

[105]

Sol-gel method

[40]

Chemical vapor deposition
(CVD)

[61]

Wet impregnation

[33]

Sol-gel method
Sol-gel method
Hydrothermal method
Sol-gel method, emulsion
polymerization

[106]
[107]
[62]

Sol-gel method

[109]

Sol-gel method

[110]

Sol-gel method
Photoreduction using the
sacrificial acid
Sol-gel method;
photoreduction method
Sol-gel method
Sol-gel method

[111]

[114]
[115]

Sol-gel method

[116]

Sol-microwave method,
oil-bath condition synthesis
Sol-gel method

[117]
[118]

solvothermal method

[67]

Sol-gel method
Solvothermal method
Liquid phase deposition
(LPD)

[119]
[120]

Sol-hydrothermal method

[122]

Sol-gel method
Oxidative annealing of TiC

[123]
[41]

[34–36]
[102, 103]
[37]

[108]

[112]
[113]

[121]

properties including the crystal phase, specific surface area,
and particle size. However, results of electron paramagnetic
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resonance (EPR) detection show that the H2 treatment leads
to formation of oxygen vacancy and Ti3+ species on the
TiO2 . Moreover, the kinetic constants of phenol degradation
increased with the H2 treatment temperatures lower than
800∘ C. Therefore, the production of oxygen vacancy and Ti3+
species, which are relatively stable as exposure to ambient
air, is considered to extend the lifetime of the e-h pairs.
The oxygen vacancy and Ti3+ species act as holes traps, and
oxygen vacancy acts as an electron scavenger. Further, the
trapped holes transfer to the organic substrate leading to a
degradation reaction and charged defects recover to their
original states of oxygen vacancy and Ti3+ .
3.2.3. Scavenging of the Photogenerated Electrons. To effectively separate the e-h pairs, the electrons need to be scavenged along with the trapping of holes by H2 O to form ∙ OH.
Otherwise, the electrons will recombine together with the
holes without any transformation of pollutants. The most
commonly available scavenger is the dissolved oxygen (DO),
and thus the TiO2 -based photocatalytic reactions are most
often performed in an aerated aqueous system. It has been
observed that the reaction rate increases toward a plateau
with the partial pressure of O2 in a gas phase [44]. Actually,
before the electron scavenging, an adsorption process of DO
occurs, and the adsorption model may be described by a
typical Langmuir adsorption.
Besides DO, H2 O2 is often added as an environmental
benign electron scavenger to aid the DO. H2 O2 , being a
stronger electron acceptor than oxygen, reacts with the
electrons in the valence band of the photocatalyst to generate
∙
OH. Chu et al. have observed that the degradation rate
of chlorinated aniline can be improved by adding 0.01 mM
H2 O2 to the reaction solution [45]. However, as the H2 O2
is overdosed at 100 mM, a retardation of approximately 26%
rate is caused. The rate retardation can be accounted for as
follows. The H2 O2 does scavenge the valuable HO∙ , while the
H2 O2 in excess consumes the oxidative holes on the TiO2
catalyst surface (3), where the overall oxidation capabilities
of the system are significantly reduced [46]:
HO2 ∙ + ∙ OH → H2 O + O2

(3)

H2 O2 + 2h → O2 + 2H+

(4)

Additionally, alternative oxidative species such as Cr(VI) ions
can be employed as the electron scavenger in the TiO2 -based
photocatalysis [47]. The Cr(VI) ions are also a type of pollutant, and the photocatalysis is sometimes employed to remove
the Cr(VI) ions as a reductive process using the electrons
[48]. As the Cr(VI) ions coexist with organic pollutant, a
special supply of DO as the electron scavenger appears to be
unnecessary [49]. Compared to the conventional process of
Cr(VI) removal using ferrous reduction, the competition of
TiO2 -based photocatalysis may be impeded as the economics
is taken into account, because the former appears to be a quite
rapid process.
3.2.4. Imposition of Bias to Separate the e-h Pairs. External
forces such as electric bias can be employed to accelerate

the separation of e-h pairs, which is realized in an electrode
system. In this system, the TiO2 is employed as the anode,
where the organic substrate is oxidized by the radicals
generated from the interaction between the holes and H2 O.
The photogenerated electrons flow through the external
circuit and arrive at the cathode where they are scavenged
by oxidative species. In this system, an externally imposed
anodic bias serves to drive the electrons away from the
anode to the cathode, and thus the e-h self-combination of
TiO2 can be efficiently inhibited on the anode. Some reports
have shown that a bias of around 0.5 V is efficient to lead
to a significant increase in the organic degradation on the
anode by means of enhancing the e-h separation [50, 51].
Additional advantage brought by this system leads to the easy
recovery of TiO2 compared to the conventional suspended
system.
The lab-scaled prototype of this system, however, may
find difficulty in the scale-up for actual water purification,
likely because of the utilization of the electrode. As the TiO2
powder is attached to the anode support, a binder with
powerful binding strength is indispensible to anchor the TiO2
particles on the electrode surface. The binder making of
polymer may be degraded after a long-time photocatalytic
process, which decreases the lifetime of electrode. Despite
this challenge, the photoelectrochemical system can be
employed as a powerful platform for the probing of photocatalytic mechanism. In essence, the TiO2 -based photocatalytic
process is such one involving electron transfer, which can
be exactly investigated by electrochemical means. Liu et al.
have employed electrochemical impedance spectroscopy to
ascertain the TiO2 -based photocatalytic process, and thus the
reaction phenomenon can be accounted for [52]. By means of
this powerful tool, the rate-determining steps have been well
ascertained.
3.3. Adsorption of Organics onto TiO2 Surface and Organic
Degradation Reaction. Accompanied with the successful eh separation is the organic degradation reaction. Majority
of the reports on the water purification are to investigate the degradation reaction of an individual substrate.
The substrate is initially adsorbed onto the TiO2 surface,
and the adsorption ability is often observed to determine
the overall degradation efficiency [1]. A large specific surface area of TiO2 photocatalyst benefits the accumulation
of organic substrate on the TiO2 , and thus more active
sites are available for the subsequent degradation reaction
[53]. Generally, the adsorption behavior can be described
by the Langmuir adsorption isotherm, and the kinetic
model of organic degradation rate can be described as
follows:
𝐶
𝑑𝐶
= 𝐾𝑎 𝐾𝑟
𝑑𝑡
1 + 𝐾𝑎 𝐶

(5)

In (5), 𝐾𝑟 designates the contribution of organic degradation
and 𝐾𝑎 is the contribution of organic adsorption [54].
Obviously, large values of 𝐾𝑎 and 𝐾𝑠 are beneficial for the
acceleration of reaction rate. As the 𝐾𝑎 value is small enough
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to be neglected, (5) can be considered as the first-order
reaction rate as follows:
Ln (

𝐶0
) = 𝐾ap 𝑡,
𝐶

(6a)

where 𝐾ap equals 𝐾𝑟 𝐾𝑎 as the apparent reaction rate constant.
In real application, it is noteworthy that the chemisorption, occurring through a formation of chemical bond, contributes to the acceleration of degradation reaction. In some
cases, a great number of the organic substrate is adsorbed,
while the degradation reaction of organic substrate does
not become more rapid just because of the physisorption
instead of chemisorption. It has been disclosed by FT-IR that
the organic substrate is chemically adsorbed in the form of
complex with the TiO2 [55]. This complex likely leads to a
deviation of the first-order rate model of the degradation
reaction, because the large 𝐾𝑎 value cannot be neglected in
(5). In this scenario, the reaction rate can be described as
follows [29, 56, 57]:
Ln (

𝐶0
) + (𝐶0 − 𝐶) = 𝑘ap 𝑡
𝐶

(6b)

Certainly, in real application, the reaction kinetics involving
the adsorption should be kept in mind to solve some
problems. For example, as the water containing textile as a
pollutant is treated, a great number of textile molecules are
adsorbed, while physically onto the TiO2 . Obviously, such
type of adsorption does not contribute to the degradation.
On the other hand, as the chemisorption predominates with
a large 𝐾𝑎 value, the first-order rate reaction model that is
commonly applied to describe the reaction is not applicable,
and (6b) is more adequate to fit the degradation data of target
pollutants.
3.4. Rate-Determining Steps. Besides the steps of adsorption
and degradation reaction, mass transfer and desorption of
the reaction products are also the main steps involved in
the heterogeneous catalytic reaction. Among these steps, the
slowest step determines the overall reaction rate, while which
one is the rate-determining step (RDS)? As the aqueous
system is commonly fully stirred by means of air bubbling
to form a suspension, the step of mass transfer is generally
considered as a fast step, and the adsorption and degradation
reactions are potentially the RDS.
In real application, the ascertainment of RDS is of
importance. Clearly, only manipulation of the RDS leads to
an alteration of the overall reaction rate. For example, as the
adsorption step is RDS, increase in the specific surface area
to improve the adsorption ability enables the acceleration of
the overall reaction rate. Otherwise, the associated efforts are
in vain. Liu et al. have employed electrochemical impedance
spectroscopy (EIS) to ascertain the RDS of TiO2 photocatalytic process [52]. Their results show that the surface
degradation reaction of organic pollutant is commonly an
RDS, while the adsorption step is another RDS once the
surface degradation reaction becomes quite rapid. In essence,
the acceleration of organic degradation reaction can be
considered as the acceleration of the e-h separation. To date,

the TiO2 photocatalysis is suffering from the low quantum
yield, and TiO2 that has a sufficiently rapid e-h separation is
not available. Accordingly, any effort in the acceleration of the
e-h separation is valuable.

4. Balance of the Efficacy and Economics
4.1. Economic Estimation of TiO2 Photocatalysis for Water
Purification. The organic pollutants experience an oxidation
pathway during the photocatalytical process, and thus a typical TiO2 -based photocatalytical matrix is composed of four
indispensible elements: light source, photocatalyst, oxidant as
an electron acceptor, and reactor. The light source supplies
energy that excites the electrons on the valence band of TiO2
to jump to the conduction band, and then holes are left on
the conduction band. The TiO2 -based photocatalyst works as
a catalyst, which adsorbs organic substrate onto the surface,
and then the degradation reaction occurs. As the oxidative
holes are consumed to generate ∙ OH via the interaction with
H2 O, the electrons are left and must be scavenged by an
oxidant, mostly, by ambient O2 . The ambient O2 has an
additional function to buoyant the TiO2 particles to form a
suspension, and thus the mass transfer limit can be precluded.
The reactor is the place where the photocatalytic process is
realized.
To develop an effective TiO2 -based photocatalytic process
for water purification, the operating parameters should be
well optimized for the full utilization of the light illumination,
ability of catalyst, and ambient O2 in the reactor. When doing
this work, the fundamentals that have been established in the
laboratory should be used sophisticatedly. In addition, since
the solution chemistry varies significantly, the experience
in one place, even if quite successful, is not applicable in
another place. Particular, the optimized parameters cannot be
implemented in some real applications due to the limitation
of operating cost.
Basically, the operation cost of photocatalytic reaction
matrix includes the cost of photocatalytic materials, electricity, and aging of equipment, while the cost of TiO2
photocatalyst shares the major part and is discussed herein.
The cost of TiO2 photocatalyst depends on its dosage. For
example, 0.1–2 wt% TiO2 , as usually dosed in water treatment,
costs too much if it is used one time. It is estimated that the
cost of the TiO2 photocatalyst in treating 1 m3 of water at this
dosage level varies from 3 to 60 USD, under the condition
that the price of TiO2 powders is as low as approximately
3000 USD per ton. This cost is undoubtedly unaffordable
for most consumers, particularly in the developing countries
[58].
4.2. Recovering of the TiO2 Photocatalyst. This economic
estimation implies that the progress obtained in the reaction
efficiency must be balanced by the economic consideration.
Thus, the stability of TiO2 photocatalyst may outweigh its
temporary activity, even if quite high. Also, the recycling of
the TiO2 powders, which are commonly employed, is also
vital. In particular, the TiO2 particles are often prepared in
a scale of nanosize, and it has been well recognized that the
nanosized TiO2 particles exhibit unique photocatalytic ability
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Figure 3: SEM image of the TiO2 microspheres samples ((a) has 600 multiple and (b) has 50,000 multiple magnifications). Taken from [57].

[3, 13, 59–63]. Obviously, these nanosized TiO2 powders
can be well suspended to form a fine contact between the
catalyst particles and the substrate, and thus the illumination
of the particles is ensured. Accordingly, the organic substrates
can be rapidly destroyed in the photocatalytic matrix with
nanosized TiO2 powders.
However, this nanosized TiO2 is often synthesized
through hydrothermal method that demands high temperature and pressure and thus is quite costly once the preparation
is practiced in a large scale. In view of the economic consideration as previously mentioned, these TiO2 particles will
encounter a difficulty in separation from the aqueous phase
and recycling after use. An addition of a chemical such as
coagulant enables the TiO2 sedimentation and separation,
whereas the reuse of TiO2 becomes impossible due to the
TiO2 fouling. Mostly, the TiO2 powders are immobilized
onto a support [16] to preclude the postseparation, and the
TiO2 can be reused. Moreover, as the TiO2 powders are
immobilized onto a support such as porous nickel [64] or Ti
mesh [65] to form an electrode, a bias can be conveniently
applied to the anode TiO2 to enhance the e-h separation.
It is noted that in both cases, however, a significant loss in
the contact area between the immobilized photocatalyst and
the light source exists, which lowers the global efficiency of
photocatalytic degradation of organic substrate. Therefore,
the efficacy sometimes must be sacrificed for the sake of cost
cutting, and a balance between the efficacy of TiO2 and the
running cost is of significance.
This balance requires a novel concept of design of the
photocatalyst matrix, in which the advantage of the suspension system should be kept, while the easy recycling of the
photocatalyst should be simultaneously realized. Therefore,
a microsphere photocalyst appears to be an ideal option. If
the size of microspheres can be designed at a suitable scale
in size, they can be well suspended by the air bubbling. The
ambient oxygen works as an electron scavenger and thus is
inevitably supplied. This way, the suspended TiO2 can be
finely illuminated. Upon the task of photodegradation, the air
bubbling stops. Consequently, the microspheres settle at the
reactor bottom quickly by the aid of gravity and thus can be
readily reused.
Such microsphere photocatalysts have been successfully
fabricated [29, 56, 57, 66–70]. For example, as illustrated

in Figure 3, a TiO2 microsphere photocatalyst with a size
regime of 30–160 𝜇m and an average size of around 80 m has
been prepared by reconstructing the mixture of TiO2 sol and
TiO2 nanosized powders with a spray drier [29, 57]. After
that, the as-prepared microspheres are thermally treated to
obtain the anatase-dominant sample TiO2 microspheres. The
experimental results showed that the photoreaction rate using
the TiO2 microspheres was comparable to that using the
TiO2 powder counterparts. Moreover, the TiO2 microsphere
samples could be reused in the photocatalytic oxidation
reaction for more than 50 times, without obvious destruction
of the physical structure and significant loss in its activity.
4.3. Coupling of Diverse Technologies. Effluents discharged
from industrial processes usually contain various pollutants.
Accordingly, diverse technologies, including physical, biological, and chemical ones, are needed to be chosen to
treat them in light of such properties. Pollutants in the
form of colloids or biodegradable solutes are treated by
conventional approaches such as coagulation or biological
process. The TiO2 photocatalyst is specially designed to
destroy the recalcitrant pollutants that are nonbiodegradable.
The ∙ OH involved in the TiO2 photocatalytic process is
extremely powerful to destroy the molecular structures and
lead to partial or complete mineralization. Generally, the
TiO2 photocatalysis is particularly fitful for the advance
treatment of water, with an attempt of final discharge of the
effluent or reuse of the purified water. Clearly, it appears
infeasible to purify the seriously contaminated water solely
by the TiO2 photocatalytic process. Without surprise, the
TiO2 photocatalysis has its intrinsic drawbacks in treating
actual water. For example, the water should be transparent
for the light transmission, and the extremely polluted water
often shadows the light. Second, the biological processes are
cost effective in the decomposition of a great number of
biodegradable pollutants at low concentrations. Therefore,
the balance between the efficacy of TiO2 photocalytic process
and economics requites a smart coupling of it with other
conventional process.
In real application, a successful process for water purification is commonly an integrated one including quite a few
technologies for the sake of both technical efficacy and cost
effectiveness. Basically, a physical unit such as filtration or
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grilling unit goes first to separate the solids. Then, a physicochemical process such as coagulation follows to remove the
colloidal substances. Further, a biological process is installed
to degrade most of the biodegradable organic molecules.
Finally, if the effluent requires further purification to destroy
the nondegradable organic pollutants, the TiO2 photocalytic
process is desirable. In addition, TiO2 photocatalytic process
is expected to improve the biodegradability of polluted
water as a pretreatment unit by decomposing the recalcitrant
pollutants. Anyway, any pilot-scale test is usually extremely
necessary to verify the technique and economic feasibility
[71], and more fundamental research is also in need to
understand the enhancing mechanism of the photocatalytic
activity [72], while associated reports are very limited.

5. Concluding Remarks
With the rapid accumulation of reports on the TiO2 -based
photocatalysis for water purification, its application becomes
a task with great importance. In view of the fact that the
fundaments of the TiO2 -based photocatalysis have been
well established, a link with the actual application in water
purification should be followed. Analysis in this review shows
that it is of significance to keep in mind that the fundaments,
clarified in laboratory, sometimes find it difficult to solve
the problems that are encountered in practice. Consequently,
some TiO2 -based catalysts, which possess high activity in
the degradation of model pollutants in the laboratory, are in
great need of further investigation to improve their applicable
ability such as separation and recycling. During the further
investigation, apart from the fundamentals, economics is
believed to play a vital role in actual application, indicating that a balance between the reaction efficiency and
the operating cost should also be considered. Moreover, a
flexible coupling of TiO2 -based photocatalysis with other
technologies is equally important to push it towards real
application of water purification.
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G. L. Puma, and S. Malato, “Treatment of emerging contaminants in wastewater treatment plants (WWTP) effluents by
solar photocatalysis using low TiO2 concentrations,” Journal of
Hazardous Materials, vol. 211-212, pp. 131–137, 2012.
M. N. Chong and B. Jin, “Photocatalytic treatment of high
concentration carbamazepine in synthetic hospital wastewater,”
Journal of Hazardous Materials, vol. 199-200, pp. 135–142, 2012.
M. Chen and W. Chu, “Degradation of antibiotic norfloxacin in
aqueous solution by visible-light-mediated C-TiO2 photocatalysis,” Journal of Hazardous Materials, vol. 219-220, pp. 183–189,
2012.
D. Nasuhoglu, A. Rodayan, D. Berk, and V. Yargeau, “Removal
of the antibiotic levofloxacin (LEVO) in water by ozonation and
TiO2 photocatalysis,” Chemical Engineering Journal, vol. 189190, pp. 41–48, 2012.
R. Nakano, R. Chand, E. Obuchi, K. Katoh, and K. Nakano,
“Performance of TiO2 photocatalyst supported on silica beads
for purification of wastewater after absorption of reflow exhaust
gas,” Chemical Engineering Journal, vol. 176-177, pp. 260–264,
2011.
N. N. Rao, V. Chaturvedi, and G. Li Puma, “Novel pebble bed
photocatalytic reactor for solar treatment of textile wastewater,”
Chemical Engineering Journal, vol. 184, pp. 90–97, 2012.
I. Catanzaro, G. Avellone, G. Marcı̀ et al., “Biological effects
and photodegradation by TiO2 of terpenes present in industrial
wastewater,” Journal of Hazardous Materials, vol. 185, no. 2-3,
pp. 591–597, 2011.
R. Qiu, D. Zhang, Z. Diao et al., “Visible light induced photocatalytic reduction of Cr(VI) over polymer-sensitized TiO2 and its
synergism with phenol oxidation,” Water Research, vol. 46, no.
7, pp. 2299–2306, 2012.
W. Zhang, Y. Li, Y. Su, K. Mao, and Q. Wang, “Effect of water
composition on TiO2 photocatalytic removal of endocrine

Journal of Nanomaterials

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

disrupting compounds (EDCs) and estrogenic activity from
secondary effluent,” Journal of Hazardous Materials, vol. 215216, pp. 252–258, 2012.
Y. Xu, J. Jia, D. Zhong, and Y. Wang, “Degradation of dye
wastewater in a thin-film photoelectrocatalytic (PEC) reactor
with slant-placed TiO2 /Ti anode,” Chemical Engineering Journal, vol. 150, no. 2-3, pp. 302–307, 2009.
Y. Yao, K. Li, S. Chen, J. Jia, Y. Wang, and H. Wang, “Decolorization of Rhodamine B in a thin-film photoelectrocatalytic (PEC)
reactor with slant-placed TiO2 nanotubes electrode,” Chemical
Engineering Journal, vol. 187, pp. 29–35, 2012.
M. Boroski, A. C. Rodrigues, J. C. Garcia, L. C. Sampaio, J.
Nozaki, and N. Hioka, “Combined electrocoagulation and TiO2
photoassisted treatment applied to wastewater effluents from
pharmaceutical and cosmetic industries,” Journal of Hazardous
Materials, vol. 162, no. 1, pp. 448–454, 2009.
H. El Hajjouji, F. Barje, E. Pinelli et al., “Photochemical
UV/TiO2 treatment of olive mill wastewater (OMW),” Bioresource Technology, vol. 99, no. 15, pp. 7264–7269, 2008.
K. Nakano, E. Obuchi, S. Takagi et al., “Photocatalytic treatment of water containing dinitrophenol and city water over
TiO2 /SiO2 ,” Separation and Purification Technology, vol. 34, no.
1–3, pp. 67–72, 2004.
D. Wu, H. You, R. Zhang, C. Chen, and D. J. Lee, “Ballast waters
treatment using UV/Ag-TiO2 +O3 advanced oxidation process
with Escherichia coli and Vibrio alginolyticus as indicator
microorganisms,” Chemical Engineering Journal, vol. 174, no. 23, pp. 714–718, 2011.
C. Han, M. Pelaez, V. Likodimos et al., “Innovative visible lightactivated sulfur doped TiO2 films for water treatment,” Applied
Catalysis B, vol. 107, no. 1-2, pp. 77–87, 2011.
R. Bergamasco, F. V. da Silva, F. S. Arakawa et al., “Drinking
water treatment in a gravimetric flow system with TiO2 coated
membranes,” Chemical Engineering Journal, vol. 174, no. 1, pp.
102–109, 2011.
T. Ochiai, K. Nakata, T. Murakami et al., “Development of solardriven electrochemical and photocatalytic water treatment
system using a boron-doped diamond electrode and TiO2
photocatalyst,” Water Research, vol. 44, no. 3, pp. 904–910, 2010.
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Engineered nanoparticles (ENPs) possess unique properties and are employed in many sectors, and thus their release into
environment remains. The potential risks of ENPs have been confirmed by an increasing number of studies that necessitate a better
knowledge to the fate and transport of ENPs. One important application of ENP is photocatalysis for production of H2 as energy and
pollutant decomposition. Engineered photocatalytic nanoparticles (PCNPs) can also easily enter the environment with the rapid
increase in its manufacture and use. This review focuses on the transport of PCNPs in water by addressing the important factors
that determine the transport of PCNPs, such as particle size, pH value, ionic strength (IS), ionic valence, and organic matter. The
transport of PCNPs in natural water systems and wastewater systems is also presented with an attempt to provide more abundant
information. In addition, the state of the art of the detection technologies of PCNPs has been covered.

1. Introduction
Engineered nanoparticles (ENPs) with sizes at least in one
dimension smaller than 100 nm have various unique properties, such as special optic, electric, thermotic, and magnetic
properties [1]. They can be used for biomedical, pharmaceutical, catalytic, cosmetic, electronic, energy, environmental, and material applications and certainly have attracted
intensive attention as one of the most promising technologies
in the 21st century [2, 3]. Due to the existing and many
potential applications of this technology, there has been a
global increase in investment in nanotechnology research
and development [4]. The market value for nanotechnologyrelated products in 2011–2015 is estimated to be more than
USD 1 trillion per year [5]. It is particularly noted that owing
to their excellent optical properties, a considerable portion of
ENPs can be used as photocatalytic materials that can also
be named as photocatalytic nanoparticles (PCNPs), which
pose to play an important role in air purification, wastewater
treatment, photocatalytic disinfection, photocatalytic degradation, dye-sensitized solar cells, and hydrogen generation
[6–13].

The forecasted huge increase in the manufacture and use
of ENPs results in their inevitable release into the environment. However, their unpredictable effects should not be
ignored [14–19], and their adverse impacts on human health
and ecology have been confirmed [5, 20–30]. Therefore, the
fate and potential harmful effects of ENPs play an important
role in evaluating the safety of ENPs in the environment
[31]. To obtain detailed information on the above, a better
understanding of the transport of ENPs is initially required.
This review focuses on the transport behavior of PCNPs.
1.1. Transport Processes of the PCNPs. Each stage of the life
cycle (production, transport and storage, use, and disposal) of
PCNPs may lead to a potential exposure of human being [2,
3], once released into environment including air, water, and
soil. The transport processes of PCNPs in the environment
are depicted in Figure 1. Likewise, this transport behavior also
occurs in aerosol, and the PCNPs are suspended in the air for
a long period of time and then transport over a long distance
by the aid of wind. They will then precipitate on the surface of
water and be deposited on land by gravity. When the PCNPs
enter the water, they may not only be stabilized or transported
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Table 1: Ingredients of the of photocatalyst matrix at the nanoscale.
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Figure 1: Transport processes of the PCNPs in the environment.

Table 2: Analysis and characterization methods of PCNPs.
Type

Examples

Microscopy

through the water flow but also can be aggregated and settled
to sediments. The behavior in water highly depends on the
physical and chemical properties of the PCNPs, as well as the
conditions of water chemistry such as pH, ionic strength (IS),
and content and property of dissolved organic matter (DOM).
PCNPs may be blocked by soil particles and remain in the soil
for a long period of time, or break through the soil matrix and
reach groundwater. Among the environmental media, water
is the connection between air and soil. Hence, the transport
of PCNPs in water becomes the most crucial process. It is
critically of importance in enhancing the knowledge on the
environmental behaviors of PCNPs.
1.2. Types of the PCNPs. The matrix of photocatalyst embraces the catalyst buck, the support, and dopant as well. Each of
the three ingredients shares its intrinsic role in the catalytic
reactions, and in some cases a synergetic effect emerges.
Interestingly, the three ingredients can be well fabricated at
the scale of nanosize for an improved activity on the whole.
Table 1 shows some common types of PCNPs, with each kind
being different in morphology. They can be spherical, tubular,
or irregularly shaped and may exist in fused, aggregated, or
agglomerated forms. Obviously, the diversity in the physical
structure may lead to differences as PCNPs transport in water.
1.3. Detection Technology of the PCNPs. Nowadays, the
detection technology used for monitoring ENPs is being
rapidly developed [69], and many analytical and characterization methods have been adopted to disclose the transport
behavior of PCNPs in water (Table 2). The most popular
approaches are microscopic methods such as transmission
electron microscope (TEM) and scanning electron microscope (SEM), for the observation of the morphology. Light
scattering technology such as dynamic light scattering (DLS)
is employed to quantify the particle size. These measures can
also be used to disclose the transport behavior of PCNPs
in water. Using these methods, we can obtain intuitional

TEM, SEM, AFM
UV-Vis, FTIR, AAS, Raman spectroscopy
Spectroscopy
ICP-OES, fluorescence spectroscopy
Light scattering
DLS
Light diffraction
XRD
Computer technology Molecular simulations

information about the morphology and size of PCNPs. Xray diffraction (XRD) is another useful tool for studying
PCNPs as it can show more abundant information on the
solid surface. At the same time, atomic force microscope
(AFM) and molecular simulation technology are used to
study PCNPs in order to detect and predict the forces between
nanoparticles in water and determine how they affect the
transport of ENPs in such medium [70–74]. Spectroscopy
instruments (e.g., ultraviolet-visible spectrophotometer [UVVis], atomic absorption spectrometer [AAS], and inductively coupled plasma optical emission spectrometer [ICPOES]) are also commonly used to detect the change in
the concentration of PCNPs in water [75–80]. Some other
spectroscopy technologies (e.g., Raman spectroscopy, Fourier
transform infrared spectroscopy [FTIR], and fluorescence
spectroscopy) are very helpful in providing more details
about PCNPs [81–84]. Although remarkable progress has
been made, the development of analysis and characterization
techniques for ENPs is still challenging [85]. For instance, the
precise size of PCNPs in water is hard to be identified; only
the average hydrodynamic radium or electron microscope
picture can be used to evaluate the aggregation and stabilization of PCNPs in water. The detection techniques discussed
above are offline which can only reveal the state of PCNPs in
water after several minutes or hours, but some processes of
PCNPs in water may be quickly, so they can hardly monitor
the instantaneous state (about several milliseconds or less)
of PCNPs in water. Generally, more sensitive and efficient
techniques are in great need to shed a light onto the transport
behavior of PCNPs in water. It is necessary to develop more
online detection methods which can monitor the state of
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Figure 2: Different transport behaviors of PCNPs in different sizes.

PCNPs in water at any time, and more combination methods
which can analyze the physical properties of PCNPs and
chemical conditions of water simultaneously are strongly
recommended.

2. Factors Influencing the Transport
Behavior of PCNPs in Water
2.1. Particle Size. The size of PCNPs not only affects the photocatalytic activity significantly but also plays an important
role in defining their transport and fate in aquatic environments. Figure 2 shows the different transport behaviors of
PCNPs in different sizes. PCNPs with relatively large size tend
to settle quickly by the aid of gravity, and their transport
will be greatly restricted. Meanwhile, PCNPs with smaller
size pose to remain in the water for a long period of time
through the diffusion effect and may transport over a long
distance by water flow. Several studies have confirmed that as
PCNPs are released into water, they may aggregate. Table 3
shows the reported size distribution of the selected PCNPs
in water. It can be seen that the hydrodynamic particle size
is much larger than the individual particle size in the dry
phase. The aggregation reduces the overall specific surface
area of the PCNPs and the interfacial free energy, and thus
limiting the reactivity. In addition, some of the PCNPs are
ultrasonicated before their hydrodynamic size is determined,
indicating that aggregation is a common process for PCNPs
in water and that ultrasonication can do little to completely
break the aggregates in water.
The sunlight and UV irradiation can prevent PCNPs especially fullerene from aggregation due to surface oxygenation
and hydroxylation through photochemical transformation in
the presence of dissolved O2 [86–88], so the size of PCNPs
can remain stable [89–92].
In order to improve the photocatalytic activity and
increase the light availability, the composite PCNPs that
combine two or more PCNPs are synthesized extensively

Table 3: Reported size distribution of the selected ENPs as ingredients of photocatalyst matrix in water.
ENPs

Individual
particle size
(nm)

Ag
20–30
Al
41
Cu
26.7 ± 7.1
NiO
10–20
CeO2
(67 ± 8) × (8 ± 1)
(rods)
PbS
14.4 ± 1
TiO2
15–27
ZnO
13
SiO2
14
Fe2 O3
9.2

Hydrodynamic
particle size
(nm)

References

∼100
215 ± 99
94.5–447.1
750 ± 30

Gao et al. [93]
Darlington et al. [94]
Griffitt et al. [95]
Zhang et al. [96]

231 ± 16

Keller et al. [76]

240
90–290
36–413
205
46.2

Liu et al. [97]
Jiang et al. [98]
Xie et al. [78]
Adams et al. [99]
Baalousha et al. [100]
Illés and Tombácz
[101]
Wang et al. [102]
Slaveykova et al. [103]

Fe3 O4

<10

120

Al2 O3
ZnS

60
2.1

763
∼12.5

[32, 33, 36, 37, 49, 52]. The sizes of these composite PCNPs
are different from the size of those original PCNPs, and it can
conclude that they can exhibit dissimilar transport behaviors
to the original PCNPs.
2.2. pH. pH is a major factor determining the zeta potential
of colloids. Zeta potential is the potential difference between
the dispersion medium and the stationary layer of fluid
attached to the dispersed particle. The value of zeta potential
can be related to the stability of colloidal dispersions. The
zeta potential indicates the degree of repulsion between
adjacent, similarly charged particles in colloidal dispersions.
For particles that are small enough, a high zeta potential
will confer stability. This means that colloidal dispersions
can resist aggregation. When the potential is low, attraction
exceeds repulsion, and the dispersion will break, and flocculation takes place. Therefore, colloids with high zeta potential
(negative or positive) are electrically stabilized, while colloids
with low zeta potential tend to coagulate or flocculate.
The pH can significantly affect the zeta potential of colloids. A number of studies have proved that as the pH is at the
point of zero charge (pHpzc ) or isoelectric point, the colloidal
system of PCNPs exhibits the least stability, and the sedimentation or aggregation rate increases [76, 101, 104–106].
Figure 3 depicts the relationship of aggregation and repulsion
of PCNPs in different pH. At the pHpzc , the zeta potential is
zero; the PCNPs can aggregate to become bigger particles due
to the weak repulsion effect. As the pH continues to decrease
until it becomes lower than the pHpzc , the surface of PCNPs
colloids is positively charged, and the PCNPs prefer to remain
small because of the strong electrostatic repulsion. Similar
situation happens when the pH continues to increase until
it becomes above the pHpzc , the surface of PCNPs colloids is
negatively charged, and the size of PCNPs is also stable.
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Table 4: Reported pHpzc of selected PCNPs.

PCNPs
TiO2
TiO2
TiO2
Hematite
Hematite
Al2 O3

Particle size
(nm)

pHpzc

References

3.6, 8.1
1.8, 6.2
35
4.5
50 ± 5
5.9
12, 32, 65
7.8, 8.2, 8.8
12.5, 29.4, 51.4, 7.5, 7.7, 7.9,
66.5
8.5
60
7.9

MnO2

50

2.4

CeO2
HgS

157.4
Unavailable

>7.0
4.0

High zeta potential
(negative)
−
pH increase More OH

−

Zeng et al. [110]
Ghosh et al. [111]
Feitosa-Felizzola et al.
[112]
Necula et al. [113]
Ravichandran et al. [114]

−

−

− ×
−

Guzmán et al. [105]
Fang et al. [107]
Yang and Xing [108]
He et al. [109]

−

−

−

−

−

−

−

Repulsion is main effect

Remain small

Zeta potential = 0
(pHpzc )

pH decrease More H+
High zeta potential
(positive)

Aggregation is main effect Become bigger
+
+

+

+
+ ×

+

+

+ +
+ +
Repulsion is main effect

+

Remain small

PCNPs
−
+

Negative charge
Positive charge

Figure 3: The relationship of aggregation and repulsion of PCNPs
in different pH.

Different sizes of the same kind of PCNPs or similar size
of different kinds of PCNPs may display a distinct difference
in pHpzc (Table 4). Hence, at the same pH, different PCNPs
have different surface charges. Keller et al. have reported that
in the same simple solution with low IS and free of natural
organic matter (NOM), TiO2 nanoparticles are negatively
charged, while ZnO nanoparticles are positively charged, and
CeO2 nanoparticles approach pHpzc [76].
IS can affect the aggregation of PCNPs at their pHpzc .
French et al. have observed that at very low IS, the aggregation
of TiO2 is not remarkable as the pH comes close to pHpzc
[115].
When organic matters are present, they will coat the
PCNPs and remarkably vary their surface properties, and
thus served to reduce the charge of PCNPs and increase
their size. As a result, the PCNPs become electrostatically or
sterically stabilized, and the pH has little effect on the zeta
potential of PCNPs [75, 116, 117]. PCNPs may be modified
by organic matters in a specific pH value. The functional
groups of PCNPs may be dissolved into solutions when

the pH is changed. Therefore, this can affect the stabilization
and aggregation of PCNPs [118–120].
The pH value can also influenced the hydroxyl radicals
production rate of PCNPs significantly, which may affect
both the photocatalytic behavior and transport behavior of
PCNPs in water. Xiang et al. have characterized the hydroxyl
radicals produced by various semiconductor photocatalysts
and indicate that the acidic pH environment of the solutions
is beneficial to enhancing the formation rate of hydroxyl
radicals [121].
2.3. IS. IS is another important factor influencing the stabilization and aggregation of PCNPs. Many studies have revealed
that an increase in IS compresses the electric double layer on
the surface of PCNPs [75, 104, 116, 117, 119], thereby decreasing
the electrostatic repulsion between two particles with the
same charge. The energy barrier will then decrease, and the
attachment probability becomes closer to unity [5, 122, 123].
The critical coagulation concentration (CCC), known as a
threshold electrolyte concentration, represents the minimum
amount of electrolyte needed to completely destabilize the
suspension [124]. It provides a useful parameter of colloidal
stability for PCNPs and hence can be used to predict the
transport behavior in water [79].
The classical Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory [125] describes the forces between charged
surfaces interacting through a liquid medium. It combines
the effects of the Van der Waals attraction with the electrostatic repulsion due to the so-called double layer of
counterions. It is widely used as a model to predict the stabilization and aggregation of ENPs in water with electrolytes,
and many extended models have been established based on
the DLVO theory [126].
For spherical particles (e.g., TiO2 , ZnO, fullerene), an
increase in IS induces aggregation, and the particles size
grows much bigger [76, 115, 127] (Figure 4(a)). Some similar
phenomena have been found in tubular particles (e.g., CNT),
which become unstable and precipitate when IS increases
[106]. When PCNPs are coated by charged macromolecules
(e.g., citrate acid), they may become electrostatically stabilized. At low IS, PCNPs can still be stable due to charge
neutralization, which must be broken only at high IS (Figure 4(b)). When PCNPs are coated by noncharged polymers (e.g., PVP), they will be highly sterically stabilized
(Figure 4(c)). The lack of effect of IS on the aggregation of
sterically stabilized PCNPs was also observed [116].
2.4. Ionic Valence. The Schulze-Hardy rule [128] states that
the CCC, varying as the inverse sixth power of the counterion
charge, plays a significant role in destabilizing the stability
of colloidal [129]. According to this rule, multivalent and
divalent ions may be more efficient in neutralizing the
charge on the surface of PCNPs than monovalent ions. With
respect to charge screening, compared with monovalent ions,
multivalent and divalent ions have a higher charge density
and can induce aggregation at lower IS through more efficient
double-layer compression. Alkali metal cations (e.g., Na+ ,
K+ ) and alkaline earth metal cations (e.g., Mg2+ , Ca2+ ) are
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Low IS

High IS

(a)

(b)

Aggregation increase

(a)

(b)

+/−+/−+/−

+/−+/−+/−

+/−+/−+/−

+/−+/−+/−

×
+/−
+/− +/−

+/−+/−+/−

+/−+/−+/−
+/−+/−+/−
Electrostatically stabilized

(c)

+/−

+/−

IS increase
(c)

×

Sterically stabilized
PCNPs coated by charged macromolecules
PCNPs coated by noncharged polymers

×

Sterically stabilized

PCNPs
+/−

Positive/negative charges

Figure 4: The different aggregation behaviors of PCNPs (a), PCNPs coated by charged macromolecules (b), and PCNPs coated by noncharged
polymers (c) in low IS and high IS.

most commonly used as model monovalent and divalent
cations because of their ubiquity in aquatic environment.
Many experimental results have evidenced that divalent
cations are much more efficient in enhancing the aggregation
of bare PCNPs in water [79, 115, 130]. When a negativecharged organic matter is coated on the surface of PCNPs,
cations with different valence will affect the aggregation
process of PCNPs through different ways. For monovalent
cations, they will be attracted by the negative charge of
the coated organic matter of PCNPs (Figure 5(a)). The
aggregation process is controlled by electrostatic and Van der
Waals interactions between the particles, which do not lead
to enhanced aggregation. It is similar to the conventional
particle-particle collision aggregation process. When the
divalent cations are attracted by the negative charge of the
coated organic matter of PCNPs, they (especially Ca2+ ) can
form complexly with the coated organic matter and bridge the
PCNPs (Figure 5(b)). The aggregation process is controlled
by sterical interaction, which can lead to notable aggregation.
When coated by the noncharged organic matter, PCNPs will
remain stable. Both monovalent and divalent cations cannot
enhance the aggregation of PCNPs.
2.5. Organic Matter
2.5.1. NOM. As ubiquitous components of aquatic systems,
NOM is known to greatly influence the aggregation and

stabilization of PCNPs by adsorbing to the particulate surface.
It is considered to be a crucial factor affecting the transport of
PCNPs in water and has been well investigated [79, 104, 131–
133]. Suwannee River humic and fulvic acids (SRHA and
SRFA, resp.), which can be obtained from the International
Humic Substances Society (IHSS), are usually used as the
standard models of NOM.
The chemical nature and structure of NOM serve to
determine whether colloids will be stabilized or destabilized.
Deonarine et al. have measured many parameters of NOM
(e.g., aromatic carbon content, aliphatic carbon content,
molecular weight, carbonyl and carboxyl content, etc.) that
determine the relationship between the growth rate of ZnSNOM particles and the specific NOM parameters [134]. They
have found that an increase in the molecular weight of
NOM leads to slower growth rate of ZnS-NOM particles.
They have also revealed that aromatic carbon content shows
the strongest linear relationship with the growth rate of
ZnS-NOM particles, and a similar phenomenon is observed
in multiwalled carbon nanotubes [119]. The factors which
affect the aggregation behavior of PCNPs as NOM exists
are presented in Table 5. Both high molecular weight and
aromatic carbon content can reduce the aggregation of
PCNPs. The former is attributed to the sterical repulsion,
while the latter is due to the 𝜋-𝜋 interaction. With the
addition of NOM, the negative surface charges of PCNPs
increase significantly, and thus their propensity to aggregate
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−
M+

−

−

M

−

−
M+ −

−
−

+

−

M+

M+

− M+
−
+
− M

Table 5: The factors affect the aggregation behavior of PCNPs as
NOM exists.
Factors
Reduce
aggregation

(a)

−
−

−

−
M2+

−
−

−

−

−

−

−

−
−

−

Induce
aggregation

Cause
Sterical repulsion
𝜋-𝜋 interaction
Charge neutralization
NOM degradation

M2+

−

−
−

−

High NOM molecular
weight
High NOM aromatic
carbon content
High cation
concentration
Light irradiation

−

−

Coated organic matter

−
−

−

M+ Monovalent cation
−

PCNPs

−

Negative charge

M2+ Divalent cation

Most polymers are commonly stable; hence, they may be
used as a capping agent to improve the stability of PCNPs.
Othman et al. use polyacrylic acid (PAA) and ammonium
polymethacrylate (Darvan C) to disperse TiO2 nanoparticles,
and more dispersed and stabilized aqueous TiO2 suspension
is prepared successfully [144]. When they are coated on the
surface of PCNPs, the latter can remain stable in water and
may be stopped for further aggregation. This indicates that
they can stay in water for a long period and is hard to be
removed.

(b)

Figure 5: Schematic diagrams for the mechanism of monovalent
cations (a) and divalent cations (b) affecting the aggregation process
of PCNPs coated by negative-charged organic matter.

2.5.3. Biomacromolecules. Due to the potential harm of ENPs
to human, animals, and plants, it is necessary to study the
effect of biomacromolecules (e.g., polysaccharide, protein) on
the transport of PCNPs in water. Saleh et al. have indicated
that the presence of biomacromolecules significantly retards
the aggregation rate of single-walled carbon nanotubes, and
this is attributed to the sterical repulsion originating from the
adsorbed macromolecular layer [145]. However, there is still
lack of studies that focus on the effect of biomacromolecules,
specifically on the transport of PCNPs.

is reduced. On the other hand, the negative charges that NOM
imparts to nanoparticles could be neutralized by cations
(especially divalent cations). It has been proven that Ca2+
induces the aggregation of NOM-coated ENPs [135]. NOM
may be degraded by PCNPs when light irradiates and leads to
aggregation of PCNPs as well, and this will eminently affect
the transport of PCNPs in water.

3. Transport of PCNPs in Natural
Water Systems

2.5.2. Surfactants and Polymers. Many approaches have been
used to obtain the surfactant-stabilized suspensions of dispersed CNTs [136–139]. For nonionic surfactants, higher
molecular weight may lead to better dispersion of ENPs [140–
142]. Consequently, PCNPs can be well dispersed by surfactants, as they are generally insoluble in water. Hydrophobic
interaction may play an important role in the stabilization
of PCNPs suspensions for nonionic surfactants. The ability
of nonionic surfactants to disperse PCNPs appears to be
mostly dependent on the size of the hydrophilic group.
Higher molecular weight suspends more PCNPs because of
enhanced sterical stabilization with longer polymeric groups.
For ionic surfactants, the addition of inorganic electrolyte can
reduce the stabilization of suspensions of PCNPs. Bouchard
et al. have indicated that CNTs dispersed by ionic surfactants
are unstable in Ca2+ dominated systems at low surfactant
concentrations and would likely aggregate and settle out of
suspension [143].

After PCNPs are released into the aquatic environment (e.g.,
rivers, lakes, seas, groundwater, stormwater, etc.), most of
them have been shown to aggregate once they are hydrated,
which results in the efficient removal of the small particles
[146]. The formation of aggregates of PCNPs in natural
water systems can be considered as physical processes, that
is, Brownian diffusion, fluid motion, and settlement under
gravity.
The aggregation and stabilization of PCNPs in natural
water systems also depend on the above-discussed factors
that influence the transport of PCNPs in water. The interactions between PCNPs or PCNPs and NOM play a crucial
role in the transport of PCNPs in natural water systems.
Mosley et al. have studied the forces between colloid particles
in natural water system [70]. Under the conditions of low
IS, the interparticle forces are dominated by electrostatic
repulsion. However, at high IS, they are dominated by sterical
repulsion forces, and electrostatic forces are largely absent. In
addition, adhesive bridging between the surfaces of PCNPs
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by adsorbed NOM creates a strong energy barrier to the
spontaneous disaggregation of colloid aggregates.
Most studies use laboratory-made water or artificial
natural water instead of real natural water to study the
aggregation and stabilization of PCNPs. Nevertheless, the
results of such studies may probably assist in predicting the
transport of PCNPs in real natural water systems. Keller et al.
and Ottofuelling et al. have presented the aggregation and
stabilization of metal oxide (MeO) nanoparticles in different
natural water systems [76, 147]. They revealed that PCNPs in
water systems with low IS and high NOM content (mesocosm
freshwater) will remain stable, and the sedimentation rate of
MeO nanoparticles is very slow. On the contrary, PCNPs in
water systems with high IS and low NOM content (seawater)
lead to a rapid sedimentation rate of MeO nanoparticles.
This is consistent with the results of many studies that used
laboratory-made water systems or artificial natural water
systems. Obviously, natural water systems are complicated
due to their diversity and randomicity, and it will be more
complicated if photocatalytic reactions occur on the PCNPs
in water. Therefore, the transport of PCNPs in natural water
systems is influenced by the combined interactions of many
factors. It is therefore a challenge to depict the detailed
process of transport of PCNPs in natural water systems.

4. Transport of PCNPs in Wastewater
Treatment Systems
There is a lack of knowledge regarding the transport of
PCNPs in engineered systems, including wastewater treatment systems. The rapid increase in the production of
PCNPs has created a demand for particle removal from
industrial and communal wastewater streams. A common
process wastewater treatment plants (WWTP) with advanced
treatment includes the quite a few units. PCNPs involved
within the wastewater will first be primarily treated. However,
most PCNPs, except those surface-coated or functionalized,
may still remain in the effluents because of their small
size. Jarvie et al. have indicated that silica nanoparticles,
which are surface-coated or functionalized, undergo rapid
flocculation in wastewater and can be efficiently removed
through primary treatment of WWTPs [148].
When PCNPs enter into an aeration tank, they will
probably be absorbed on the activated sludge (AS). Recently,
some PCNPs especially metal and metallic oxides nanoparticles are found in the AS [149–153]. Zou et al. establish
an effective method to produce high-purity nano-SiO2 by
recovering silicon from sewage sludge [154]. Gómez-Rivera
et al. have revealed that CeO2 nanoparticles can be removed
by the AS and suggest that it will be expected to provide
extensive removal of CeO2 nanoparticles [155]. Whereas, it
is doubtful that AS treatment is the best way to remove
the nanoparticles in WWTPs. Recently, only a few pieces of
evidence have shown that some types of PCNPs decrease the
activity of AS [156–158]. However, it can be deduced that
PCNPs may be harmful to the microorganisms in the AS
due to their potential toxicity. Some PCNPs can dissolve and
release metal ion which can cause metal toxicity. Liu et al. and
Mu et al. have found out that when the ZnO nanoparticles
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are absorbed on the AS, they will release Zn2+ which can
exhibit great toxicity [159, 160]. Ag nanoparticles are excellent
antimicrobial materials as we known; therefore when Ag+ is
released, it will probably enter the cells of microorganisms
directly and inactivate cellular enzymes and DNA [149].
Because of the harmful impact of metal ions, some efforts
are made to prevent the metal ion from dissolving by
reassembling the nanoparticles into microspheres [161–165].
Due to their perfect photocatalytic property, PCNPs may also
generate reactive oxygen species (ROS) which can kill the
microorganisms by strong oxidation effect.
After secondary treatment, most of the PCNPs will be
flocculated and removed from effluents. They may settle
in finished biosolids after the solids handling process of
WWTPs and can reenter the environment when the finished
biosolids are used as fertilizers, incinerated, placed in landfills, or dumped in oceans [166]. After tertiary treatment,
there is still a small proportion of PCNPs that remain in
the treated effluent and enter the surface water environment,
potentially disrupting numerous biological ecosystems.

5. Concluding Remarks
Increasing presence of PCNPs in the environment remains a
challenge due to the rapid development of nanotechnology.
It is essential to assess the potential risks of PCNPs that
has been widely tested and employed as photocatalyst for
environmental clean-up. Disclosure of the transport behavior
of PCNPs in water is of particular importance for the
prediction of associated environmental risk.
PCNPs could be intentionally or unintentionally discharged in each stage of the life cycle. They will then transport
within the environment media. The transport of PCNPs
in water poses as the most important process, and more
studies should be conducted to explore such area. As PCNPs
transport in water, they can aggregate and settle down or may
be stabilized in water for a long period of time. The dramatic
difference in the transport behaviors of PCNPs depends on
several key factors that govern their stability and mobility as
colloidal suspensions or their aggregation into larger particles
and deposition in aquatic systems, such as particle size and
water composition (e.g., pH, IS, ionic valence, and organic
matters). However, only a few studies tackle the issue: which
factor is predominant? Also, there is a lack of models that
serve to predict the transport of PCNPs in water combining
all the factors.
Most PCNPs will transport in natural water system once
they are released into aquatic environment. The aggregation
and stabilization of PCNPs in natural water systems highly
depend on the water chemistry. Numerous studies have
centered on the transport of PCNPs in laboratory-made or
artificial water systems, which provide information on how to
assess the transport behavior of PCNPs in real natural water
system. However, there is still a lack of studies involving real
natural water systems to determine the process of transport
of PCNPs.
Wastewater treatment serves as an efficient process of
preventing the release of PCNPs in water. Some studies have
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indicated that most of the PCNPs can be removed through
primary and secondary treatments and that only a little may
still be left in water effluents after the tertiary treatment. The
removed PCNPs may eventually become biosolids and return
to the environment if the sludge is improperly disposed. Due
to the potential toxicity of PCNPs to the microorganism of
AS using conventional technology, more novel technologies
should be put forward to solve such problem. During the
actual process of transport, photocatalytic reaction of organic
degradation under the illumination of sun light may occur,
which serves to add complexity of the transport behavior,
while this reaction may bring advantage by degrading more
organic pollutants. Lack of relevant information in this issue
requires the investigators to pay attention to this field.
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High functional ZrFe2 O5 nanoparticles were synthesized using coprecipitation technique. The chemical composition of nanomaterials was studied by energy-dispersive X-ray (EDX). To observe the morphology, field emission scanning electron microscopy
(FE-SEM) was used. X-ray diffraction (XRD) technique was utilized to appraise the structure of the synthesized material. The
photocatalytic behavior of ZrFe2 O5 nano-particles was investigated by measuring the degradation rate of toluidine blue O (TBO)
dye in aqueous solution in the presence of ZrFe2 O5 nano-particles under visible light irradiation. A steady decrease in absorption
peak under visible light irradiation was observed by increasing exposure time. The degradation efficiency was observed as 92% after
140 min of exposure to visible light. Besides, ZrFe2 O5 nanophotocatalyst could be recovered and recycled easily. The rate of TBO
and total organic carbon (TOC) removal under visible light irradiation decreased by only 5% and 10%, respectively, after seven
cycles of use, demonstrating the high photostability of the synthesized nano-photocatalyst material.

1. Introduction
Over the past few decades, environmental and water decontamination issues have become the foremost area of the
scientific research [1–3]. To cope with such issues, there has
been great interest among scientists in developing semiconductor photocatalysts with great prospective for environment
protection applications such as air purification and water
disinfection [1–7].
Among various photo-catalysts, transition metal oxides,
such as TiO2 [6] and NaNbO3 [7], constitute a fascinating and

promising class of semiconducting photocatalyst materials
that have been widely studied for their photocatalytic activities under UV/Visible light. However, their industrial use in
waste water treatment is limited due to their poor visible light
absorption capability, reclaiming, and low quantum yield due
to fast recombination of charge carriers generated by visible
light irradiation [8]. In general, to utilize the visible part of
the electromagnetic spectrum (𝜆 > 400 nm), the bandgap of
a photo-catalyst material must be narrow (up to 3.0 eV), and
the preferred range of ionic character is between 20 and 30%
[9–12].

2
Searching for new types of potential photo-catalytic materials that can be exploited by solar irradiation particularly
under visible light (𝜆 > 400 nm) along with providing better
stability by separating the electron-hole pairs more effectively
has become an imperative issue in current photocatalysis and
environmental research areas [1–10]. In this regard, better
photo-catalytic activity has been observed on a few semiconductor composites combining ZrFe2 O5 with secondary
semiconductor, such as TiO2 under visible light irradiation
[13].
Therefore, we were motivated to prepare ZrFe2 O5 with
the expectation of improved catalytic performance. Furthermore, to the best knowledge of authors, ZrFe2 O5 has neither
been synthesized, nor its photocatalytic behavior has been
reported in the literature. Hence, bridging the research
gap in photocatalysis using novel ZrFe2 O5 nanomaterial is
imperative. Hence, in the present work, we report synthesis of
ZrFe2 O5 nanoparticles by coprecipitation technique and the
investigation of their photo-catalytic properties under visible
light irradiation for the degradation of toluidine blue O dye.

2. Experimental
2.1. Materials. All the chemicals (ZrOCl2 ⋅8H2 O, FeCl3 ⋅6H2 O,
NH4 OH, and toluidine blue O 85% dye contents) used in
the synthesis were purchased from Sigma Chemical Co. (St.
Louis, MO, USA) and were used without further purification.
2.2. Synthesis of ZrFe2 O5 Nanoparticles. The ZrFe2 O5 nanoparticles were synthesized by chemical co-precipitation technique [14], in which 50 mL solution A of ZrOCl2 ⋅8H2 O
was prepared by dissolving “a” grams in deionized water
FeCl3 ⋅6H2 O and solution B was prepared by dissolving “b”
grams in 50 mL as shown in Table 1. Solutions A and B were
mixed slowly and stirred for 30 min at 65∘ C. To precipitate
chloride precursors, the pH of the solution was raised to 10
by adding 3.5 M NH4 OH dropwise with continuous stirring;
this process took about 120 min. The resulting mixture was
left stirred for another 60 min. The precipitate of ZrFe2 O5
was filtered and washed with de-ionized water till chloride
became free. The precipitate obtained was dried at 100∘ C for
90 min in an oven and calcined at 400∘ C for 4 hours in a
muffle furnace.
2.3. Characterization. The structural analysis of ZrFe2 O5
nano-photocatalyst was performed using field emission
scanning electron microscope (JEOL JSM 7401 F), energydispersive X-ray analysis, and X-ray diffractometer (D8
FOCUS 2220 Bruker AXS) with Cu K𝛼 radiation (𝜆 =
1.5418 A∘ ). Photocatalytic degradation studies were performed by using UV/Vis spectrophotometer (Shimadzu3600, Japan).
2.4. BET Specific Surface Area Determination. BET specific
surface area was determined by N2 adsorption at (77 K) with
a Micromeritics ASAP 2000 system following the overnight
treatment to degas the sample in vacuum at 130∘ C.
2.5. Photocatalytic Activity Test. The reaction mixture was
prepared by adding the ZrFe2 O5 nanopowder catalyst
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Table 1: Amounts of ZrOCl2 ⋅ 8H2 O and FeCl3 ⋅ 6H2 O in solutions
A and B.
Sample no.
S1
S2
S3
S4

ZrOCl2 ⋅ 8H2 O
“a” g/50 mL
in solution A

FeCl3 ⋅ 6H2 O
“b” g/50 mL
in solution B

ZrO2 : Fe2 O3
(molar)

1.62
1.62
1.62
1.62

2.72
2.04
1.36
0.68

1:1
4:3
2:1
4:1

(6 mg/L) to TBO dye solution having an initial concentration
(𝐶o ) of 0.05 mM. The mixture was then shifted into a glass
reactor, where it was stirred for 30 min in dark to attain the
adsorption equilibrium [10]. After the adsorption-desorption
process, the reaction mixture was irradiated with visible
light under constant stirring in oxygen atmosphere. In the
photoreaction, the mixture was exposed to visible light (𝜆 ≥
510 nm) using a visible lamp (150 W) and a UV cut-off
filter. After starting the irradiation process, 3 mL suspension
was taken out (with 20 min time intervals) from irradiated
mixture and immediately centrifuged at 4000 rpm for 5 min
to separate the catalyst nano-particles from the suspension.
Absorption of clear solution was taken using UV-Vis spectrophotometer (Shimadzu 3600, Japan) at 30∘ C and ambient
pressure.
The percentage of degradation 𝐷% was calculated using
equation [10]:
∘

𝐷% =

𝐴−𝐴
∘

𝐴

× 100,

(1)

∘

where 𝐴 and 𝐴 are the absorbance of the mixture before and
after degradation, respectively.
2.6. Stability and Reusability Test. Photo-catalyst activity
of same ZrFe2 O5 nanomaterial was tested repeatedly for
seven (7) times. After each use, photo-catalyst was separated,
washed, dried and 3 mg of fresh photo-catalyst was added at
the end of each cycle to compensate for the loss of catalyst
during use.
2.7. Total Organic Carbon (TOC) Removal Test. TOC removal
was estimated to check mineralization of TBO with ZrFe2 O5
(Figure 6). The values of TOC were determined from illuminated mixture of 0.05 mM dye concentration and catalyst
load of 6 mgL−1 using TOC analyzer (Thornton 770 Max with
5000TOC sensor).
The degree of TBO mineralization was estimated by
determining the decrease in TOC in the reaction solution
[10].

3. Results and Discussion
3.1. Characterization of ZrFe2 O5 . FE-SEM images of the
as-synthesized ZrFe2 O5 nano-particles (ZrO2 : Fe2 O3 =
1 : 1) are shown in Figure 1. FE-SEM analysis showed that
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Figure 1: FE-SEM images of ZrFe2 O5 sample S1 after annealing at
400∘ C for 4 hours.

ZrFe2 O5 nano-particles comprise a mean diameter of 30 nm.
The chemical composition of the ZrFe2 O5 nano-particles
was appraised by energy dispersive X-ray analysis (EDX)
as shown in Figure 2. It is clear from Figure 2(b) that for the
1 : 1 molar ratio, the average composition of Zr/Fe is 68 : 32.
The phase and crystallinity of ZrFe2 O5 nano-particles
before and after the calcinations were examined by X-ray
diffraction technique on an MX Labo powder diffractometer
using Cu Ka radiation (40 kV, 20 mA), at the rate of 2∘ /min
over the range of 20–80∘ . The XRD patterns showed that
ZrFe2 O5 nano-particles were amorphous prior to calcinations (Figure 3(a)). However, after calcinations at 400∘ C for 4
hours, the nano-particles had transformed into a crystalline
ZrFe2 O5 phase (Figure 3(b)).
3.2. Bandgap Energy. Prior to investigating the photocatalytic action, it is imperative to appraise the optical
absorption of the ZrFe2 O5 nano-particles for the motive
that the UV Vis absorption edge is associated with energy
band of the semiconductor catalyst [15]. The optical bandgap
(Eg) of ZrFe2 O5 nano-particles estimated from the Tauc plot
is 2.4 eV, signifying that the synthesized nanomaterial can
absorb visible light.
3.3. UV/Vis Absorption Spectra of TBO Degradation. UV/Vis
absorption spectra of TBO degradation with ZrFe2 O5 over
a period of 120 min by absorbing visible light are shown in
Figure 4.
3.4. Mechanism of Photocatalytic Reactions. The photocatalysis using visible light/ZrFe2 O5 is based on adsorption
of photons with energy higher than 2.4 eV (𝜆 ≥ 510 nm),
resulting in initiating excitation related to charge separation
event. High-energy excited states of electron and hole pairs
arise when semiconductors possessing wide band gap are
subjected to irradiation higher than their band gap energy.
The outcome is the promotion of an electron in the conductive band (eCB − ) and a positive hole formation in the
valence band (hVB + ) as shown in (2). The hVB + and eCB −
are powerful oxidizing and reducing agents, respectively.

Element

Weight (%)

Atomic (%)

OK

27.84

61.67

SiK

7.34

9.26

FeK

19.92

12.46

ZrL

39.97

15.53

PtM

4.92

0.89

Totals

100.00
(b)

Figure 2: (a) EDX elemental analysis of ZrFe2 O5 nanoparticles and
(b) chemical composition of ZrFe2 O5 nano-particles determined by
EDX.

The hVB + reacts with TBO dye resulting in its oxidation.
Consequently, CO2 and H2 O are produced as end products
(7). The hVB + can also oxidize organic compounds by reacting
with water to generate ∙ OH (8). Due to electron preferring
nature of hydroxyl radical (∙ OH), it can oxidize almost all
electron rich organic dyes, ultimately converting them to CO2
and water (9). The conductive band eCB − can react with O2
forming an anion radical superoxide as shown in (3). Further
reactions can lead to the formation of hydrogen peroxide
which leads to the formation of ∙ OH. Consider the following:
ZrFe2 O5 + h𝜐 (𝜆 ≥ 510 nm) → ZrFe2 O5 (eCB − + hVB + )
(2)
(O2 )ads + eCB − → ∙ O2

−

(3)

O2 − + H+ → HO2

(4)

2HO2 → H2 O2 + O2

(5)

H2 O2 + h𝜐 → 2 ∙ OH

(6)

hVB + + TBO → intermediates → CO2 + H2 O

(7)

H2 O + hVB + → ∙ OH + H+

(8)

OH +TBO → intermediates → CO2 + H2 O

(9)

∙
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Figure 3: XRD pattern of (a) as-grown ZrFe2 O5 nano-particles by co-precipitation at room temperature and (b) ZrFe2 O5 nano-particles after
annealing at 400∘ C for 4 hours.

3.5. Evaluation of Photocatalytic Activity. TBO dye was taken
as a test pollutant. The photo-catalytic activity was evaluated

3.6. Stability Evaluation of ZrFe2 O5 Nanophotocatalyst. The
photo-catalytic stability and long-term use of these ZrFe2 O5

Absorbance (a.u)

During photo-catalytic degradation, the presence of
dissolved oxygen restricts the recombination process on
ZrFe2 O5 (eCB − /hVB + ) which results in maintaining the electroneutrality of the ZrFe2 O5 particles. Hence, effective photocatalytic degradation of TBO dye is achieved by the reduction
process of oxygen and the oxidation of TBO simultaneously
to avoid the accumulation of electron in the conduction band
and thus reducing the rate of recombination of eCB − and hVB + .

by studying the disintegration rates of TBO dye in the
presence of samples S1, S2, S3, and S4 under visible light irradiation through a cut-off filter (𝜆 ≥ 510 nm). A 0.05 mM
solution of TBO decomposed rapidly under visible light
when sample S1 was used, highlighting their photo-catalytic
activity. The dye solution was degraded by approximately
92% in 140 min under visible light for sample S1 (Figure 5).
However, degradation of dye decreased with the increase in
the amount of zirconium in the nano-particles which shows
consistency with the optical absorbance results (Figure 4). For
comparison we also studied the photo-catalytic behavior of
bulk ZrFe2 O5 as shown in Figure 5. The enhancement in the
photo-catalytic behavior of ZrFe2 O5 nano-particles can be
ascribed to considerably higher specific surface area of nanoparticles compared with the bulk ZrFe2 O5 (Table 2).
By contrast, the TBO without ZrFe2 O5 nano-particles as
a catalyst under visible light was stable, and only 2% had
degraded after 140 min. It is clearly seen from Figure 5 that
under visible light, sample S1 of the ZrFe2 O5 nano-particles
shows 92% degree of mineralization after 140 min. This is
the first report on photo-catalytic degradation of TBO with
ZrFe2 O5 nano-particles in a relatively shorter time with a
high stability suggesting its reusability. Previously, Shakir et
al. [10] observed degree of mineralization as 85% after 3 hours
of degradation of TBO with Cu0.33 MoO3 nanorods under
visible light irradiation. In a new study reported by Ito et
al. [16], zirconium ferrite particles were used for elimination
of phosphate from water of sewage treatment plants to avert
eutrophication of semienclosed bay of Tokyo. They further
discovered good adsorbance of phosphate ions onto zirconium ferrite particles. Magnetic separation characteristic
indicated that 90% of phosphate in the discharge water of
sewage plants could be eliminated in 5 min [16]. Besides, the
zirconium ferrite adsorbent could be used repeatedly.
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Figure 4: UV/Vis Absorption spectra of TBO degradation by S1
(ZrFe2 O5 ).
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Figure 5: Photo-catalytic degradation profile of the TBO mineralization concentration in the solution (50 mL) with samples S1, S2,
S3, and S4 and bulk ZrFe2 O5 versus the exposure time to visible light
irradiation.

Figure 6: The mineralization rate of contaminant as determined by
measuring the disappearance of total organic carbon (TOC) during
the photocatalytic degradation of TBO by photocatalysis with
ZrFe2 O5 nanoparticles under visible light irradiation.

Table 2: Specific surface area of ZrFe2 O5 nanoparticles of different
molar ratios calcined at 400∘ C and % age degradation of TBO dye.

S1
S2
S3
S4

1:1
4:3
2:1
4:1

80

Crystallite
size (nm)

BET specific
surface area
m2 /g

Degradation
of TBO dye

∼23
∼26
∼29
∼33

83.14
74.65
63.11
56.92

92%
81%
69%
53%

nano-particles were also evaluated by recycling the photocatalyst for up to seven reaction cycles and measuring the
degradation rates of TBO, as shown in Figure 7. After each
photo-catalytic reaction, aqueous solution was centrifuged
at 4000 rpm for 5 min to isolate the catalyst from aqueous
solution and redispersed it in fresh TBO solution for another
cycle. The ZrFe2 O5 nanomaterial showed stable photocatalytic behavior even after seven (7) cycles of reactions,
demonstrating the high photostability of the ZrFe2 O5 nanoparticles. The total organic carbon (TOC) was also measured
to evaluate the total destruction of TBO (Figure 6). The rate
of TBO and TOC removal under visible light irradiation
decreased by only 5% and 10%, respectively, after seven cycles,
demonstrating the high photostability of the synthesized
photo-catalyst against visible light.
One of the factors that improved the photo-catalytic
performance of ZrFe2 O5 to a great extent is the size shrinkage
of ZrFe2 O5 , thereby enlarging its specific surface area, due
to which it could adsorb more TBO to photodegrade on
its surface. From the electronic structure point of view,
the band potentials of ZrFe2 O5 accomplish a straddling
gap, which may make possible the transfer of charge carriers

Degradation ratio (%)

Sample ZrO2 : Fe2 O3
(molar)
no.

60
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Figure 7: Dependence of the stability of photo-catalytic activity
for the photodegradation of TBO under visible light irradiation by
reusing the same ZrFe2 O5 nano-particles over seven times under the
same conditions.

and retard the e− h+ recombination, ensuring the superior
photo-catalytic performance [15, 17–19]. Furthermore, the
superior reactivity of the ZrFe2 O5 was observed on samples
with appropriate 1 : 1 molar ratios of ZrO2 : Fe2 O3 , suggesting
that there is a critical ratio for such a positive synergistic
effect. Above this critical ratio, excessive zirconium covers the
active sites and hinders the visible light penetration in the
sample to excite ZrFe2 O5 . This correspondingly deteriorates
the photo-catalytic activity, as a consequence of increased
recombination of the photogenerated charges on ZrFe2 O5 .
However, optimum molar ratios of ZrO2 : Fe2 O3 became the

6
cause for a quicker separation of electron-hole pair resulting
in slower recombination.

4. Conclusions
A new type of photo-catalyst ZrFe2 O5 nano-particles has
been synthesized by co-precipitation technique, and its
photo-catalytic properties were investigated. The photocatalytic measurements showed that ZrFe2 O5 nano-particles
under visible light could be efficiently used for the photocatalytic degradation of toluidine blue O dye. Photodegradation efficiency in the absence of ZrFe2 O5 nano-particles
showed no significant change in the absorption maximum
of toluidine blue O. Although bulk ZrFe2 O5 exhibits the
photo-catalytic ability to decompose TBO dye under visible
light irradiation, however, degradation with ZrFe2 O5 nanoparticles is tremendously more efficient than that of bulk
ZrFe2 O5 .
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