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a b s t r a c t

A novel AgBr/WO3 composite photocatalyst was synthesized by loading AgBr on WO3 substrate via
deposition–precipitation method and characterized by XRD, SEM and DRS. The as-prepared AgBr/WO3

was composed of monoclinic WO3 substrate and face-centered cubic AgBr nanoparticles with crystalline
sizes less than 56.8 nm. AgBr/WO3 had absorption edge at about 470 nm in the visible light region.
The optical AgBr content in AgBr/WO3 was 0.30:1 (Ag/W) at the corresponding apparent rate, kapp, of
eywords:
gBr/WO3

hotocatalyst
isible light photocatalysis
omposite

0.0160 min−1 for MO degradation. The highest kapp was 0.0216 min−1 for 4 g/L catalyst. The •OH acted as
active species. Addition of H2O2 within 0.020 mmol/L can efficiently trap electrons to generate more •OH
and further improved photocatalytic activity of AgBr/WO3.

© 2011 Elsevier B.V. All rights reserved.
ethyl orange

. Introduction

In recent years, numerous efforts have been made to develop
isible light driven photocatalysts in order to utilize solar energy
fficiently [1–6]. Generally, there are two ways to exploit visible
ight photocatalysts. One way is to extend the light absorption of
ommon TiO2 from ultraviolet region to the visible light area by
oping impurity elements [7–9], dye sensitization [10], noble metal
eposition, such as Ag [11], Pt [12]. The other way is to develop
ew materials, such as BiVO4, CaIn2O4, TaON, BiTaO4, with visible

ight photocatalytic activity [13–16]. However, there are still some
rawbacks hindering their practical applications, which make it
ecessary to design new photocatalysts to meet the requirements
f future application.

Silver halide AgX (X = Cl, Br, I) is an important photosensitive
aterial extensively used in photography technology. Under visi-

le light AgBr can absorb photons to generate electron-hole pairs.
hus AgBr may be used as a potential visible light photocatalyst
17]. But photodecomposition of pure AgBr reduces its activity in
ractical applications. Recently, a great deal of attention has been
aid to certain variety of AgX based composite photocatalysts. The
eneral way is loading AgX grains as visible light active compo-

ents on different substrates, like SiO2 [18], TiO2 [19–26], Al2O3
27–29], Al-MCM-41 [30], Y-zeolite [31], Fe3O4 [32], BiOI [33],
2WO4 [34,35] and Bi2WO6 [36,37] to form composite catalysts.

∗ Corresponding author. Tel.: +86 561 3806611; fax: +86 561 3803141.
E-mail addresses: caojing@mail.ipc.ac.cn, chshifu@chnu.edu.cn (J. Cao).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.03.112
Such supported AgX catalysts can display high photocatalytic activ-
ity and also maintain optical stability to some extent. The probable
reason is that electron-hole pairs are efficiently separated by the
metal silver on the surface of the catalysts [36] or the heterojunc-
tion structure is formed between AgX and substrate [34].

Therefore, construction of composites with appropriate energy
band structures may therefore achieve the high efficiency and sta-
bility for AgX based composite photocatalysts. Based on the band
gaps of WO3 (2.71 eV) [38] and AgBr (2.50 eV) [39], the conduction
band (CB) lower and valence band (VB) higher values of WO3 are
0.747 eV, 3.457 eV and those of AgBr are 0.058 eV, 2.558 eV, respec-
tively, as calculated using the method described by Zhang et al.
[40]. It suggests that they have matched energy band structures,
which makes it feasible to construct a novel AgBr/WO3 composite
catalyst that may display good separation ability of electron-hole
pairs.

In the present work, AgBr/WO3 composite catalyst was syn-
thesized by directly loading AgBr on WO3 substrate with simple
deposition–precipitation method under a moderate condition. The
photocatalytic activities of AgBr/WO3 were evaluated with methyl
orange (MO) as model contaminant under visible light irradiation
(� > 420 nm). The aims of the experiment were to study the effects
of AgBr content in AgBr/WO3, catalyst amount, initial dye concen-
tration as well as light intensity on the photocatalytic activities
of AgBr/WO3. Moreover, the stability of synthesized AgBr/WO3

was investigated through successive 7 cycles of experiments. In
addition, the mechanism of MO degradation by using AgBr/WO3
were discussed on the basis of the fluorescence emission spectra of
electron-hole recombination and active species •OH, respectively.

dx.doi.org/10.1016/j.jhazmat.2011.03.112
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:caojing@mail.ipc.ac.cn
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.1. Chemicals and materials

WO3, AgNO3, NaBr, methyl orange (MO), NH4OH (25 wt% NH3),
2O2, BaSO4, NaOH and terephthalic acid (TA) are of analytical
urity from Sinopharm Chemical Reagent Co., Ltd. and used for the
xperiment without further purification. Deionized water was used
hroughout this study.

.2. Preparation of catalyst

AgBr/WO3 was prepared by the deposition–precipitation
ethod in a dark room. A 40 W red light with a red color filter

PJ brand, Westingarea Corporation, China) was used to facilitate
he experimental manipulation and prevent the decomposition of
gBr. In a typical procedure, 1 g of WO3 dispersed in 500 mL of
eionized water was placed in a 1000 mL Pyrex glass beaker, and
he suspension was sonicated for 30 min. Then, 0.072 g of AgNO3
n 0.80 mL of NH4OH (25 wt% NH3) was added to the WO3 sus-
ension and stirred magnetically for 30 min. Subsequently 0.044 g
f NaBr in 50 mL of deionized water was quickly added to the
ixture. The resulting suspension was vigorously stirred for 10 h.

he whole reaction process was kept at room temperature. Finally
he product was filtered, washed with deionized water for sev-
ral times, and dried at 65 ◦C for 24 h. Yellow AgBr/WO3–0.10 with
heoretical Ag/W molar ratio of 0.10:1 was obtained. In a simi-
ar manner, AgBr/WO3 photocatalysts with different AgBr contents

ere respectively obtained and defined as TA-0.05, TB-0.10, TC-
.15, TD-0.20, TE-0.25, TF-0.30 and TG-0.40.

.3. Characterization of catalyst

X-ray diffraction (XRD) measurements were carried out at room
emperature using a BRUKER D8 ADVANCE X-ray powder diffrac-
ometer with Cu K� radiation (� = 1.5406 Å) and a scanning speed of
0◦/min. The accelerating voltage and emission current were 40 kV
nd 30 mA, respectively [41].

JEOL JSM-6610LV scanning electron microscopy (SEM) with
0 kV scanning voltages was employed to observe the morpholo-
ies of as-prepared catalysts [42].

UV–vis diffuse reflectance spectroscopy (DRS) measurements
ere carried out using a Pgeneral TU-1901 UV–vis spectropho-

ometer equipped with an integrating sphere attachment. The
nalysis range was from 300 to 650 nm, and BaSO4 was used as
reflectance standard [24].

The band gap energy of the prepared catalysts can be calculated
y the following formula [1,43]:

hv = A(hv − Eg)n/2 (1)

here ˛, �, Eg and A are absorption coefficient, light frequency, band
ap energy, and a constant, respectively. Among them, n is deter-
ined by the type of optical transition of a semiconductor (n = 1 for

irect transition and n = 4 for indirect transition). The values of n
or AgBr and WO3 are 4 [33] and 1 [38], respectively.

Fluorescence emission spectra were recorded on a JASCO FP-
500 type fluorescence spectrophotometer with 260 nm excited
ource over a wavelength range of 400–600 nm [44].

.4. Evaluation of photocatalytic activities of AgBr/WO3 under
isible light
The photocatalytic activities of AgBr/WO3 were evaluated
y photodegradation of MO under irradiation of visible light
� > 420 nm). The experimental apparatus consists of two parts [45].
aterials 190 (2011) 700–706 701

The first part is an annular quartz tube. A 500 W Xe lamp (Insti-
tute of Electric Light Source, Beijing) with a maximum emission
at about 470 nm as visible light source that is laid in the empty
chamber of the annular quartz tube. The wavelength of the visi-
ble light is controlled through a 420 nm cutoff filter (Instrument
Company of Nantong, China). The running water passes through an
inner thimble of the annular quartz tube to immediately remove the
heat released from the lamp. The second part is a 100 mL unsealed
beaker of 5 cm diameter as the reaction vessel.

Experimental procedure are as follows: At ambient tempera-
ture, 50 mL of the reaction suspension containing 0.10 g AgBr/WO3
catalyst and MO (10 mg/L, neutral condition) was put in the 100 mL
beaker, and a magnetron was used to stir the reaction solution. The
distance between the light source and the surface of the reaction
solution is 11 cm. The light intensity was measured by a light meter
(JD-3, Shanghai) and was fixed at 6000 lx. Prior to the irradiation,
the suspension was magnetically stirred in the dark for 20 min. At
the given time intervals, about 5 mL of the suspension was taken
from the reaction suspension, centrifuged at 4000 rpm for 30 min
and filtered through a 0.2 �m Millipore filter to remove the catalyst
particles. The filtrate was then analyzed using 722 s spectropho-
tometer (Shanghai Precision and Scientific Instrument Company).
The MO concentration was determined from the absorbance at a
wavelength of 464 nm with deionized water as a reference sample.

According to the Langmuir–Hinshelwood (L–H) kinetics model
[43,46–48], the photocatalytic process of MO can be expressed as
the following apparent pseudo-first-order kinetics equation [46]:

ln
C0

C
= kappt (2)

where kapp is the apparent pseudo-first-order rate constant
(min−1), C is MO concentration in aqueous solution at time t (mg/L),
C0 is initial MO concentration (mg/L).

2.5. Stability of catalyst

The stability of AgBr/WO3 was investigated by successive 7
cycles of experiments. The catalyst amount, dye amount, irradiation
time and light intensity were 2.0 g/L, 50 mL of MO (10 mg/L, neu-
tral condition), 1 h and 6000 lx, respectively, for each cycle. After
1 h irradiation of visible light, all the suspension was taken from
the beaker, centrifuged at 4000 rpm for 30 min to remove the bulk
solution. Then the solid catalyst was washed with deionized water
and further centrifuged for 3 times, respectively. Finally the solid
catalyst was dried at 65 ◦C for 24 h for the next run.

2.6. Analysis of hydroxyl radicals (•OH)

The formed •OH radicals on the surface of AgBr/WO3 illumi-
nated by visible light were detected by photoluminescence (PL)
technique with terephthalic acid (TA) as a probe molecule in this
study. The principle is that TA readily reacts with •OH to produce
highly fluorescent product, 2-hydroxyterephthalic acid (HTA). The
intensity of the PL peak of HTA is in proportion to the amount of
•OH radicals produced in water [49,50]. This technique has been
extensively used in many fields for the detection of •OH generated
in water, such as in radiation chemistry, sonochemistry and bio-
chemistry [51–53]. This method relies on the PL signal at 425 nm of
the hydroxylation of TA with •OH generated at the water/catalyst
interface.

Experimental procedures are as follows: 0.1 g of AgBr/WO3 pow-
der sample was dispersed in a 20 mL of the 5 × 10−4 mol/L TA

aqueous solution with a concentration of 2 × 10−3 mol/L NaOH at
room temperature. The same condition was applied to irradiate
the above suspension as for the photocatalytic activity evaluation
of catalysts (in Section 2.4). After 1 h irradiation of visible light,



702 J. Cao et al. / Journal of Hazardous Materials 190 (2011) 700–706

F
a

a
p
a
t
t
e

3

3

A
X
p
0
0
i
i
a
l
5
(

L

w
i
i

t
o
n
t

A
a
t
p
c
t

(
c
t

Fig. 2. SEM images of (a) WO3 and (b) AgBr/WO3 (catalyst TD-0.20).

3

ig. 1. XRD patterns of (a) WO3, (b) TB-0.10, (c) TD-0.20, (d) TF-0.30, (e) TG-0.40
nd (f) AgBr.

bout 5 mL of the suspension was taken from the reaction sus-
ension, centrifuged at 4000 rpm for 30 min and filtered through
0.2 �m Millipore filter to remove the particles. The filtrate was

hen analyzed using JASCO FP-6500 fluorescence spectrophotome-
er to measure the PL intensity at 425 nm induced with 315 nm
xcitation.

. Results and discussion

.1. Characterization of AgBr/WO3 photocatalysts

In order to confirm the crystalline structure of prepared
gBr/WO3, powder XRD study was carried out. Fig. 1 shows the
RD patterns of fresh AgBr/WO3 with different AgBr contents. The
atterns show that WO3 substrate was monoclinic crystal (JCPDS
75-2072) and AgBr was of face-centered cubic structure (JCPDS
6-0438). WO3 and AgBr coexisted in the AgBr/WO3 catalysts. With

ncreasing AgBr content, the intensities of diffraction peaks of AgBr
ncreased whereas those of WO3 decreased simultaneously. The
verage crystalline sizes of AgBr on the surface of WO3 were calcu-
ated to be 37.2 nm (catalyst TB-0.10), 47.7 nm (catalyst TD-0.20),
0.6 nm (catalyst TF-0.30), 56.8 nm (catalyst TG-0.40) and 58.4 nm
pure AgBr), respectively, by using Scherrer equation [54].

= K�

ˇ cos �B
(3)

here L is taken as crystalline size, K is a constant equals to 0.9, �
s 1.5406 Å, ˇ is the FWHM measured in radians on the 2� scale, �B

s the Bragg angle for the diffraction peaks.
The morphology of AgBr/WO3 was characterized by SEM and

he results are displayed in Fig. 2. From Fig. 2(a), the particle sizes
f WO3 substrates were in the range of 1–6 �m. The loaded AgBr
anoparticles on the surface of WO3 had irregular shapes with par-
icle size 200–600 nm, as shown in Fig. 2(b).

Fig. 3 shows the UV–vis diffuse reflectance spectra of pure WO3,
gBr and AgBr/WO3. It is shown that WO3, AgBr and AgBr/WO3
ll exhibited absorption in the visible light region, among which
he absorption edge of AgBr/WO3 (470 nm) was lower than that of
ure AgBr (485 nm) and WO3 (491 nm). This also suggests that the
rystalline size of AgBr supported on the surface of WO3 is smaller
han that of pure AgBr in this study [17].

According to Eq. (1), Eg of AgBr was determined from the plot of
1/2
˛h�) versus energy (h�) (Fig. 4a). From the tangent line of the

urve, extrapolated to the h� axis intercept, Eg of AgBr was found
o be 2.46 eV. Similarly, Eg of WO3 was 2.68 eV (Fig. 4b).
Fig. 3. DRS spectra of (a) WO3, (b) AgBr and (c) AgBr/WO3 (catalyst TB-0.10).

3.2. Photocatalytic activities of AgBr/WO3

3.2.1. Effect of AgBr content
The degradation of MO in the presence of AgBr/WO3 with dif-

ferent AgBr contents was measured and the results are shown in
Fig. 5. Under visible light, WO as a reference had no photocatalytic

activity for MO though it can absorb visible light. The photocatalytic
activity of AgBr/WO3 increased remarkably with increasing AgBr
content, but at the higher AgBr level the catalyst photocatalytic



J. Cao et al. / Journal of Hazardous Materials 190 (2011) 700–706 703

Table 1
Effects of AgBr content, catalyst amount, initial MO concentration, light intensity and H2O2 concentration on the photocatalytic activities of AgBr/WO3.

AgBr content
(Ag/W molar
ratio)a

kapp (min−1) Catalyst
amount (g/L) b

kapp (min−1) Initial MO
concentration
(mg/L)c

kapp (min−1) Light intensity
(lx)d

kapp (min−1) H2O2

concentration
(mmol/L)e

kapp (min−1)

0.05 0.0017 0.5 0.0041 5 0.0416 6000 0.0080 0 0.0057
0.10 0.0048 1.0 0.0069 10 0.0140 7000 0.0111 0.001 0.0060
0.15 0.0057 2.0 0.0160 15 0.0056 12000 0.0135 0.010 0.0074
0.20 0.0080 3.0 0.0184 20 0.0026 15000 0.0137 0.020 0.0079
0.25 0.0114 4.0 0.0216 25 0.0021 – – 0.050 0.0067
0.30 0.0160 – – – – – – 0.100 0.0062
0.40 0.0140 – – – – – – – –

a 6000 lx of light intensity, 50 mL of suspension, 10 mg/L of initial MO concentration and 2.0 g/L of catalyst amount.
b Catalyst TF-0.30, 6000 lx of light intensity, 50 mL of suspension and 10 mg/L of initial MO concentration.
c Catalyst TF-0.30, 6000 lx of light intensity, 50 mL of suspension and 2.0 g/L of catalyst amount.
d Catalyst TD-0.20, 50 mL of suspension, 10 mg/L of initial MO concentration and 2.0 g/L of catalyst amount.
e Catalyst TC-0.15, 6000 lx of light intensity, 50 mL of suspension, 10 mg/L of initial MO concentration and 2.0 g/L of catalyst amount.
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ig. 4. Plots of (a) (˛h�)1/2 versus energy (h�) for AgBr and (b) (˛h�)2 versus energy
h�) for WO3.

ctivity decreased slightly, suggesting that the optimal AgBr con-
ent in AgBr/WO3 existed when the molar ratio of Ag/W was 0.30:1
catalyst TF-0.30). The degradation efficiency of MO was enhanced
rom 25.1% to 93.3% and remained unchanged after irradiation for
80 min with increasing AgBr content. Moreover, according to L–H
inetics model, the kapp of AgBr/WO3 from TA-0.05 to TG-0.40 were
espectively calculated and displayed in Table 1. The results clearly
emonstrate the optimum AgBr content was 0.30 with the maximal
egradation rate of 0.0160 min−1. In AgBr/WO3 system, only AgBr is
he active component that absorbs visible light to initiate the pho-
ocatalytic reaction, so the AgBr content determines the number of
lectron-hole pairs that participate in the degradation of MO.
.2.2. Effect of AgBr/WO3 amount
Photocatalyst amount is one of critical parameters to the degra-

ation efficiency of dyes. The amount of catalyst TF-0.30 changed
rom 0.5 to 4.0 g/L, and the corresponding kapp of MO degrada-
Fig. 5. Effect of AgBr content in catalysts on MO degradation during complete degra-
dation process (6000 lx of light intensity, 50 mL of suspension, 10 mg/L of initial MO
concentration and 2.0 g/L of catalyst amount).

tion was shown in Table 1. The degradation efficiency of MO
was enhanced with increasing catalyst amount and arrived high-
est kapp of 0.0216 min−1 at 4.0 g/L. kapp is not linear with catalyst
amount but tends to remain almost constant at the higher catalyst
amount because dye degradation is influenced by the active site and
the photoabsorption of the catalyst [1]. Higher AgBr/WO3 content
indicates more active sites that can absorb much more photons.
However, excessive catalyst does not display distinctively positive
effect on degradation of MO due to the reduction in the penetration
of light and light scattering by catalyst [1].

3.2.3. Effect of initial MO concentration
The effect of MO concentration on its degradation efficiency

was investigated in the presence of 2.0 g/L catalyst TF-0.30. Table 1
shows that the kapp of MO decreased from 0.0416 to 0.0021 min−1

with increasing initial MO concentration from 5 mg/L to 25 mg/L.
The possible reason is the visible light screening effect of the dye.
At high MO concentration, a significant amount of visible light may
be absorbed not by AgBr/WO3 catalyst but by MO molecules, so the
high MO concentration shields the light absorption for AgBr/WO3
catalyst and reduces the photocatalytic activity of AgBr/WO3.

3.2.4. Effect of visible light intensity
Four levels of light intensity were selected by adjusting the dis-

tance between the Xe lamp and the surface of the reaction solution
[55] in the presence of catalyst TD-0.20 to observe the effect of light

intensity on MO degradation. The light intensity was in the range of
6000–15,000 lx and the corresponding results are shown in Table 1.
Clearly, degradation efficiency of MO was improved till the max-
imum by increasing light intensity from 6000 to 12,000 lx. If the
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Fig. 7. Fluorescence emission spectra of AgBr/WO3 samples with different AgBr
content: (a) TB-0.10, (b) TD-0.20, (c) TF-0.30 and (d) TG-0.40.
ig. 6. XRD patterns of (a) WO3, (b) the fresh TF-0.30, (c) the used TF-0.30 after

egradation of MO under visible light for 60 min, (d) the used TF-0.30 after 7th
ycling experiment and (e) AgBr.

ntensity was further increased to 15,000 lx, the kapp of MO was
lmost the same as that of 12,000 lx. Increasing the light intensity
s beneficial to the absorption of photons for catalyst and the for-

ation of electron-hole pairs, therefore the degradation efficiency
f MO is increased. However, the quantity of AgBr on the surface
f catalyst is limited while photons are present in excess amount
23], which may result in the waste of photons in the photocatalytic
rocess.

In summary, the highest kapp of MO degradation can be obtained
y controlling the influencing factors, in which AgBr content,
gBr/WO3 amount and initial MO concentration exerted greater
ffects than the light intensity.

.2.5. Stability of the catalyst
The catalyst’s lifetime is an important parameter of the photo-

atalytic process, so it is essential to evaluate the stability of the
atalyst for practical application. The photocatalytic process was
epeated 7 times with catalyst TF-0.30 under visible light irradia-
ion. The results show that the photocatalytic activity of AgBr/WO3
eclined quickly and the corresponding degradation efficiency of
O was 62.9%, 55.0%, 50.6%, 43.4%, 42.8%, 39.7% and 39.0%, respec-

ively for each run. The recovered catalyst became a little darker
han the newly prepared catalyst, which indicates that metal sil-
er was formed in the used AgBr/WO3. The XRD patterns of used
gBr/WO3 are shown in Fig. 6. A small silver peak is found in
8.16◦ (JCPDS 04-0783) whereas the crystal structures of AgBr is
ell maintained. However, the trace amount of silver has affected

he photocatalytic activity of AgBr/WO3. This phenomenon has also
een observed in previous studies [23,31,32]. Further experiments
hould be carried out to improve the stability of AgBr/WO3.

.3. Mechanism of MO photodegradation

.3.1. Fluorescence emission spectra
It is known that the recombination of electron-hole can release

nergy in the form of fluorescence emission. Lower fluorescence
mission intensity implies lower electron-hole recombination rate
nd high photocatalytic activity [56,57]. Using an ultraviolet light
ith 260 nm wavelength as excitation source, the fluorescence

mission spectra of AgBr/WO3 with different AgBr contents are
hown in Fig. 7. It can be seen that the intensity of AgBr/WO3

ecreased from TB-0.10 to TF-0.30, and then increased up to TG-
.40, in which TF-0.30 displayed the lowest intensity of emission
pectra. It indicates that TF-0.30 has the lowest electron-hole
ecombination rate, suggesting that the electrons and holes have
Fig. 8. PL spectra of AgBr/WO3 sample in TA solution: (a) blank, (b) TB-0.10, (c) TD-
0.20, (d) TF-0.30 and (e) TG-0.40 (each sample was illuminated for 60 min of visible
light).

longer lifetime and may form higher amount of active •OH. This
is consistent with the highest photocatalytic activity of TF-0.30
observed. AgBr/WO3 photocatalysts with other AgBr contents had
correspondingly lower photocatalytic activity.

3.3.2. Hydroxyl radical analysis
According to the photocatalytic mechanism [19], a portion

of photogenerated electrons and holes react with adsorbed oxy-
gen/water to form different active species, such as hydroxyl radicals
(•OH) that further involve in the dye oxidation process. The •OH
radicals produced in water can be detected by PL or other tech-
niques [49]. The formed •OH radicals on the surface of AgBr/WO3
illuminated by visible light were detected by PL technique with
terephthalic acid (TA) as a probe molecule in this study.

The PL emission spectra excited at 315 nm from TA solution
suspension with AgBr/WO3 were measured after each sample was
illuminated for 60 min of visible light and the results are shown in
Fig. 8. It can be seen that a PL signal was observed at 425 nm for each
AgBr/WO3 sample. The PL intensity was enhanced to maximum (TF-
0.30) and then declined with increasing AgBr content. This suggests
that the fluorescence is caused by chemical reactions of TA with •OH
formed in photocatalytic reactions [49,50]. Hence •OH is the active
species in AgBr/WO3 system and finally induces the degradation of
MO. Moreover, TF-0.30 catalyst produced the more active •OH than

other samples, with maximal photocatalytic activity, which is also
consistent with the results of fluorescence emission spectra (Fig. 7).
The previous studies report that active •OH can be observed with
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ig. 9. PL spectral changes with H2O2 concentration: (a) blank, (b) 0 mmol/L, (c)
.005 mmol/L, (d) 0.020 mmol/L, (e) 0.050 mmol/L and (f) 0.100 mmol/L (each sam-
le was illuminated for 60 min of visible light).

lectron spin resonance (ESR) technique for the AgX composite
atalysts in the dye oxidation process [19,20,25,28,29]. Our result
urther provides the evidence of •OH formation for AgX composite
atalysts under visible light.

In photocatalytic reaction, H2O2 is usually used as an elec-
ron acceptor to prevent the electron-hole pairs recombination and
urther improve the activity of catalyst. In this study, different con-
entration of H2O2 was added in AgBr/WO3 system (TC-0.15) and
he results are shown in Table 1. After adding a small amount
f H2O2 (up to 0.020 mmol/L) the kapp increased from 0.0057
o 0.0079 min−1, but if the H2O2 concentration was larger than
.020 mmol/L, the kapp dropped to 0.0062 min−1 with the concen-
ration of H2O2 at 0.100 mmol/L. A similar observation has been
eported for other organic pollutants [58–60]. As a reference in
his study, single H2O2 without TC-0.15 system did not show any
egradation effect for MO.

The relevant PL emission spectra of AgBr/WO3 system (TC-0.15)
ith different concentration of H2O2 were investigated and pre-

ented in Fig. 9. The trend of intensity change of •OH was the same as
hat of photocatalytic activity of AgBr/WO3 with H2O2 addition. The
mount of •OH is not consecutively increased with increasing H2O2
oncentration while a maximal value appeared at 0.020 mmol/L
2O2. Comparatively, no PL signal at 425 nm was observed without
gBr/WO3, which indicates that H2O2 could not decompose to •OH
nder visible light. This result further suggests that H2O2 acts as
lectron acceptor and takes part in the active •OH formation in the
hotocatalytic process.

Based on the results, a possible mechanism for the degradation
f MO using AgBr/WO3 system is proposed here: after AgBr/WO3
bsorbs the photons, both AgBr and WO3 can be simultaneously
xcited to form electron-hole pairs. Subsequently photogenerated
lectrons transfer from the CB of AgBr to that of WO3 and then
onvert to active •OH according to the following 4 steps [32]:

− + O2 → •O2
− (4)

O2
− + H+ → •OOH (5)

OOH + H+ + e− → H2O2 (6)

2O2 + e− → •OH + OH− (7)

At the same time photogenerated holes also move in the oppo-
ite direction from the VB of AgBr/WO3 to that of AgBr and also

•
onverted to active OH in the light of 2 steps [62]:

+ + H2O → •OH + H+ (8)

+ + OH− → •OH (9)
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Consequently, active •OH results in the decomposition of MO
under visible light by using AgBr/WO3 system. In this process,
the electron-hole pairs are separated efficiently, which further
improves the photocatalytic activity of AgBr/WO3.

At lower H2O2 amount, according to Eq. (7), additional H2O2
reacts with electrons to form more •OH and further enhance pho-
tocatalytic activity of AgBr/WO3, while excess H2O2 also scavenge
•OH to generate weaker oxidant HO2

•, H2O and O2 to depress pho-
tocatalytic activity of AgBr/WO3, according to the following 2 steps
[61]:

H2O2 + •OH → HO2
• + H2O (10)

HO2
• + •OH → H2O + O2 (11)

4. Conclusions

The composite photocatalyst AgBr/WO3 with AgBr on
the surface of WO3 substrate was prepared by simple
deposition–precipitation method. AgBr/WO3 exhibited good
absorption in the visible light region. The photocatalytic activities
of AgBr/WO3 were differently affected by AgBr content in the
catalyst, AgBr/WO3 amount, initial MO concentration and light
intensity. AgBr/WO3 (TF-0.30) displayed the highest photocatalytic
activity with kapp of 0.0160 min−1 under visible light, which coin-
cided with the lowest intensity of fluorescence emission spectra
and highest PL intensity of •OH formed in aqueous AgBr/WO3
suspension. The photocatalytic activity of AgBr/WO3 declined
through cycling experiments due to the formation of trace amount
of silver.
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