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a  b  s  t  r  a  c  t

Novel  AgBr/Ag3PO4 hybrids  were  synthesized  via  an  in  situ  anion-exchange  method  and  characterized
by  X-ray  diffraction  (XRD),  field  emission  scanning  electron  microscopy  (FE-SEM),  energy-dispersive
spectroscopy  (EDS)  and  UV–vis  diffuse  reflectance  spectroscopy  (DRS).  Under  visible  light  (� >  420  nm),
AgBr/Ag3PO4 degraded  methyl  orange  (MO)  efficiently  and  displayed  much  higher  photocatalytic  activity
than  that of  pure  AgBr  or Ag3PO4. X-ray  photoelectron  spectroscopy  (XPS)  suggests  that  AgBr/Ag3PO4
eywords:
gBr/Ag3PO4

nion-exchange method
g nanoparticles
eaction mechanism

transformed  to  be Ag@AgBr/Ag3PO4@Ag  system  while  remained  good  photocatalytic  activity  after  5  times
of  cycle  experiments.  In addition,  the quenching  effects  of  different  scavengers  proved  that  reactive
•OH  and h+ played  the  major  role  for the  MO  degradation.  The  photocatalytic  activity  enhancement  of
AgBr/Ag3PO4 is closely  related  to the  efficient  separation  of  electron–hole  pairs  derived  from  the  matching
band  potentials  between  AgBr  and  Ag3PO4, as well  as  the  good  electron  trapping  role  of  Ag nanoparticles

aces  
in  situ  formed  on  the  surf

. Introduction

For solving many environmental and energy issues,
emiconductor-based photocatalysis is taken as a promis-
ng avenue [1–3]. In order to highly utilize the solar energy,
eveloping efficient visible-light-driven photocatalysts (such as
iOX (X = Br, I) [4–7], Bi2WO6 [8,9], BiVO4 [9,10],  Ag2Mo4O13
11] and CaxZn(1−x)NxO(1−x) solid solutions [12], etc.) conse-
uently has become an imperative topic in current photocatalysis
eld.

Lately, as nonmetallic p-block elements, P or C elements were
ncorporated into a simple oxide of narrow band gap (Ag2O), which
as been used as a strategy to design new visible-light-driven pho-
ocatalysts, such as Ag3PO4 [13] and Ag2CO3 [14]. The Ag3PO4
indirect band gap of 2.36 eV as well as a direct band gap of 2.43 eV)
13,15] has been recognized as one of the most efficient visible-
ight-driven photocatalysts because of its excellent photooxidative
apabilities for organic dye decomposition and O2 evolution from
ater under visible light irradiation [13]. Through controlling par-

icle size [16], shape and facet effects [17] of Ag3PO4 crystals, the
hotocatalytic activity of Ag3PO4 can be further enhanced. How-
ver, the unwanted and uncontrolled photodecomposition by light

nd the low structural stability in water of Ag3PO4 decreased the
hotocatalytic activity during the photocatalytic reaction, which

∗ Corresponding author. Tel.: +86 561 3806611; fax: +86 561 3803141.
E-mail addresses: caojing@mail.ipc.ac.cn (J. Cao), chshifu@chnu.edu.cn (S. Chen).
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of AgBr  and  Ag3PO4 particles  during  the  photocatalytic  reaction.
© 2012 Elsevier B.V. All rights reserved.

inevitably become a main obstacle for Ag3PO4 in practical applica-
tion.

In recent years, Ye and co-workers [18] have reported that the
AgX/Ag3PO4 (X = Cl, Br, I) heterocrystals prepared by in situ ion-
exchange method embodied some advantages compared to the
single Ag3PO4. Firstly, the insoluble AgX nanoparticles could effec-
tively inhibit the dissolution of Ag3PO4 in aqueous solutions [18].
Secondly, AgX and Ag3PO4 had matching band potentials, which
facilitated the fast transfer and separation of the photoinduced
carriers. Thus, AgX/Ag3PO4 (X = Cl, Br, I) system is a more promis-
ing and fascinating visible-light-driven photocatalyst than pure
Ag3PO4.

It is well known that silver-based compounds, such as AgX,
Ag3PO4, Ag2CO3 and Ag2MoO4, are easily decomposed to gener-
ate metal Ag after light irradiation. For example, Ag@AgX [19–24]
have been used as highly efficient plasmonic photocatalysts that
have Ag nanoparticles (NPs) deposited directly onto the surface
of AgX particles via UV or visible light irradiation. Noble Ag NPs,
as well as other noble metal NPs (Au, Pt and Pd), can dramat-
ically amplify the absorption of visible light (surface plasmon
resonance (SPR) effect [24–26]) and efficiently trap photoin-
duced electrons [27,28]. However, no attention has been paid to
the Ag NPs formed in the AgX/Ag3PO4 system. What a special
role does it play in the AgX/Ag3PO4 system? Furthermore, it is
very important to illustrate the mechanism of activity enhance-

ment for AgX/Ag3PO4 system clearly, including the generation
and separation of the photoinduced carriers, roles of Ag NPs,
and the main reactive oxygen species involved in photocatalytic
reaction.

dx.doi.org/10.1016/j.jhazmat.2012.03.002
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:caojing@mail.ipc.ac.cn
mailto:chshifu@chnu.edu.cn
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Herein, we report a newly constructed AgBr/Ag3PO4 hybrid
ith different AgBr contents by in situ anion-exchange method.
gBr/Ag3PO4 can easily transform to be Ag@AgBr/Ag3PO4@Ag sys-

em in the early stage of the photocatalytic reaction. This novel
omposite system (AgBr/Ag3PO4, Ag@AgBr and Ag@Ag3PO4) is
ighly expected to exhibit excellent photocatalytic activity. Methyl
range (MO) and phenol were used as model pollutants to evaluate
he photocatalytic activity of the AgBr/Ag3PO4 hybrid under visible
ight (� > 420 nm). Based on the results of the repetition tests, the
ifferent roles of Ag NPs on the activity and stability of the pho-
ocatalyst was investigated. Additionally, various scavengers were
ntroduced to the photocatalytic reaction system to explore the
ffects of different reactive oxygen species in the MO degradation
rocess.

. Experimental

.1. Chemicals and materials

All reagents were of analytical purity and were used without
urther purification. Silver nitrate (AgNO3), sodium bromide (NaBr),
odium dihydrogen phosphate dihydrate (NaH2PO4·2H2O), methyl
range, phenol, terephthalic acid (TA), benzoquinone (BQ), ammo-
ium oxalate (AO), tert-butyl alcohol (TBA), catalase (CAT), and
odium hydroxide (NaOH) were obtained from Sinopharm Chem-
cal Reagent Co., Ltd. Deionized water was used throughout this
tudy.

.2. Preparation of AgBr/Ag3PO4 photocatalyst

The synthesis of Ag3PO4 precursor was achieved by a simple
recipitation reaction in a dark condition at room temperature. In

 typical procedure, 5.59 g of NaH2PO4·2H2O and 18.27 g of AgNO3
ere dissolved in deionized water in advance, respectively, then
ilute NaOH solution (0.1 M)  was dropped into NaH2PO4 solution
o adjust the pH value of the solution to 8.50 with stirring. Sub-
equently, while AgNO3 solution was added dropwise into above
olution, the pH of the suspension was kept at 8.00 using NaOH
olution (0.1 M).  After vigorously stirring for 5 h, the yellow precip-
tate was collected, rinsed with deionized water for 3 times, and
ried at 60 ◦C for 24 h to obtain Ag3PO4.

AgBr/Ag3PO4 was prepared through an in situ anion-exchange
ethod in a dark condition at room temperature. Initially, 1.0 g of
g3PO4 was dispersed in 50 mL  of deionized water and then the
uspension was sonicated for 30 min. Subsequently, different stoi-
hiometric amounts of NaBr solution were added slowly into above
uspension with constant stirring. After addition, the mixtures
ere vigorously stirring for 3 h. The theoretical molar percentages

f added Br/original P were controlled to be 20%, 40%, 60% and 80%,
espectively. Finally, the precipitates were collected, washed with
eionized water for 3 times, and dried at 60 ◦C for 24 h. The final
amples were denoted as 20% AgBr/Ag3PO4, 40% AgBr/Ag3PO4, 60%
gBr/Ag3PO4 and 80% AgBr/Ag3PO4, respectively.

For comparison, pure AgBr sample was also prepared by a simple
recipitation method according to our previous study [29].

.3. Characterization of AgBr/Ag3PO4 photocatalyst

XRD analysis of the as-prepared samples was carried out at
oom temperature with a Bruker D8 Advance X-diffractometer
sing Cu K� radiation (� = 1.5406 Å), operated at 40 kV and 40 mA,
nd a scanning speed of 10◦/min. XPS measurements were per-

ormed on a Thermo ESCALAB 250 with Al K� (1486.6 eV) line at
50 W.  To compensate for surface charges effects, binding energies
ere calibrated using the C1s peak at 284.80 eV as the reference.

E-SEM measurements were recorded on a FEI Sirion200 with
terials 217– 218 (2012) 107– 115

an accelerating voltage of 5.00 kV. Energy-dispersive spectroscopy
(EDS) was  observed by using an Oxford instruments INCA X-act
detector. The DRS were obtained by a Pgeneral TU-1901 UV–VIS
spectrophotometer equipped with an integrating sphere assembly.
The analysis range was  from 300 to 800 nm,  and BaSO4 was  used as a
reflectance standard. Fluorescence emission spectra were recorded
on a JASCO FP-6500 type fluorescence spectrophotometer with
260 nm excitation source over a wavelength range of 400–650 nm.
Shimadzu TOC-VCPH total organic carbon analyzer was  used to
detect the total organic carbon (TOC) of MO  and phenol solution.

2.4. Photocatalytic activities test

The photodegradation of MO was adopted to evaluate the pho-
tocatalytic activity of AgBr/Ag3PO4 in a photoreaction apparatus
[29]. A 500 W Xe lamp (Institute of Electric Light Source, Bei-
jing) was used as the light source with a 420 nm cutoff filter
(Instrument Company of Nantong, China) to provide visible-light
irradiation. In each experiment, 0.10 g photocatalyst was  added into
50 mL of MO solution (10 mg  L−1). Prior to illumination, the sus-
pension was  magnetically stirred in the dark for 30 min  to reach
adsorption–desorption equilibrium of MO  on catalyst surfaces. At
irradiation time intervals of 10 min, 5 mL  of the suspension was col-
lected, then centrifuged (4000 rpm, 30 min) and filtered through
0.22 �m millipore filter to remove the photocatalyst particles.
The catalyst-free dye solution was analyzed with a 722 s spec-
trophotometer (Shanghai Youke Instrument Co., Ltd., China). The
concentration of MO was  determined from its maximum absorp-
tion at a wavelength of 464 nm with deionized water as a reference
sample.

In addition, the degradation of phenol aqueous solution over
60% AgBr/Ag3PO4 under visible light (� > 420 nm)  was  also carried
out (see Supplementary Data).

The TOC values of degradation of MO  and phenol solution over
60% AgBr/Ag3PO4 were detected, respectively, by a Shimadzu TOC-
VCPH total organic carbon analyzer to determine the extent of
mineralization.

2.5. Detection of reactive oxygen species

The examination experiment process of reactive oxygen species
is similar to the photodegradation experiment. Different quantity
of scavengers was  introduced into the MO  solution prior to addition
of the catalyst. The dosages of these scavengers were referred to the
previous studies [30–32].

In addition, photoluminescence (PL) technique with tereph-
thalic acid as a probe molecule was  used to investigate the
formation of •OH radicals [33,34] on the surface of AgBr/Ag3PO4
illuminated by visible light irradiation. The experimental proce-
dures were carried out according to our previous studies [35].

3. Results and discussion

3.1. XRD and XPS analysis

Fig. 1 shows the XRD patterns of the as-prepared samples. It
is observed that Ag3PO4 (Fig. 1a) was  cubic phase (JCPDS NO.
06-0505) while AgBr (Fig. 1f) was  face-centered cubic AgBr struc-
ture (JCPDS NO. 06-0438). In addition, the AgBr/Ag3PO4 hybrid
(Fig. 1b–e) exhibited a coexistence of both AgBr and Ag3PO4 phases.
With increasing AgBr content, the intensities of diffraction peaks
of AgBr increased whereas those of Ag3PO4 decreased simultane-

ously. Furthermore, all the used AgBr/Ag3PO4 hybrids became a
little darker than the corresponding fresh AgBr/Ag3PO4 hybrids.
For instance, the diffraction peaks at 38.07◦ (JCPDS NO. 04-0783)
assigned to Ag were displayed in the used 60% AgBr/Ag3PO4 after 1
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Fig. 1. XRD patterns of (a) Ag3PO4, (b) 20% AgBr/Ag3PO4,  (c) 40% AgBr/Ag3PO4, (d)
60% AgBr/Ag3PO4, (e) 80% AgBr/Ag3PO4 and (f) AgBr.
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Fig. 4. (a) Br 3d and (b) P 2p XPS spectra of the used 60% AgBr/Ag3PO4 (black line:
ig. 2. XRD patterns of (a) the fresh 60% AgBr/Ag3PO4, (b) the used 60% AgBr/Ag3PO4

fter 1 recycling run and (d) the used 60% AgBr/Ag3PO4 after 5 recycling runs.

Fig. 2b) and 5 (Fig. 2c) recycling runs compared with the fresh 60%
gBr/Ag3PO4 (Fig. 2a), whereas the crystal structures of both AgBr
nd Ag3PO4 were still well maintained.

In addition, the appearance of metal Ag in the used AgBr/Ag3PO4
ybrids can be further confirmed by the XPS. The surface element
omposition and chemical state for the used 60% AgBr/Ag3PO4 were

nalyzed by XPS and the results are shown in Figs. 3 and 4. The bind-
ng energies of the XPS spectra were calibrated by C1s (284.8 eV).
he Ag 3d spectra of the used 60% AgBr/Ag3PO4 after 1 (Fig. 3a) and

ig. 3. Ag 3d XPS spectra of (a) the used 60% AgBr/Ag3PO4 after 1 recycling run and
b)  the used 60% AgBr/Ag3PO4 after 5 recycling runs.
after 1 recycling run; red line: after 5 recycling runs). (For interpretation of the
references to color in this figure legend, the reader is referred to the web  version of
the article.)

5 (Fig. 3b) recycling runs are shown in Fig. 3. The Ag 3d peaks of the
used AgBr/Ag3PO4 hybrids were consisted of two individual peaks,
corresponding to Ag and Ag+, respectively. According to Zhang et al.
[36], the peaks at 368.25 and 374.24 eV can be attributed to Ag,
whereas the peaks at 367.81 and 373.81 eV can be attributed to the
Ag+ of AgBr and Ag3PO4. It clearly shows that the intensity of Ag+

decreased while that of Ag increased during the photocatalytic pro-
cess, which indicates that partial Ag+ gradually transformed to be
metal Ag under the sustaining irradiation. The decrease in inten-
sity of Br 3d (Fig. 4a) and P 2p (Fig. 4b) XPS spectra of the used 60%
AgBr/Ag3PO4 from 1 to 5 recycling runs also proved that the amount
of Ag has become larger. The detailed contents of all the elements
in AgBr/Ag3PO4 hybrids are displayed in Table 1. These results sug-
gest that AgBr/Ag3PO4 has transformed to be Ag@AgBr/Ag3PO4@Ag
composite photocatalyst after light irradiation during the photocat-
alytic process without additional light reduction treatment before
the photocatalysis.

3.2. FE-SEM and EDS analysis

The FE-SEM images of Ag3PO4 and AgBr/Ag3PO4 hybrids are pre-
sented in Fig. 5, and the corresponding EDS results are shown as
insets. Fig. 5a displays that Ag3PO4 particles had irregular shapes
with size of about 0.2–0.8 �m.  The particle size and morphology
of the AgBr/Ag3PO4 hybrids (Fig. 5b–e) were approximately similar

to that of Ag3PO4, except for some smaller AgBr particles formed.
Because it is not clear to distinguish between AgBr/Ag3PO4 hybrids
and Ag3PO4, the EDS of them were necessary. It presents that
pure Ag3PO4 were composed of Ag, P and O elements, whereas
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Table  1
XPS results of the used 60% AgBr/Ag3PO4.

Catalyst XPS results (at.%)

Ag+ Ag Br P O C
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h

60% AgBr/Ag3PO4 after 1 recycling run 13.18 10.93
60%  AgBr/Ag3PO4 after 5 recycling runs 5.96 15.00

gBr/Ag3PO4 were consisted of Ag, P, Br and O elements, which
urther proves that AgBr existed in all the AgBr/Ag3PO4 hybrids. In
ddition, no other impurity was appeared in the system. The change
endency of AgBr contents obtained from EDS results were agreed
ith the XRD data. Therefore, the as-prepared samples had similar
orphologies but had different components from each other.
.3. DRS analysis

Fig. 6a shows the DRS of the AgBr, Ag3PO4 and AgBr/Ag3PO4
ybrids. As can be seen, AgBr had an absorption edge at about

Fig. 5. FE-SEM images of (a) Ag3PO4, (b) 20% AgBr/Ag3PO4, (c) 40% AgBr/Ag3PO4, (d) 6
4.58 5.13 35.03 31.15
4.03 5.02 39.09 30.90

480 nm,  while Ag3PO4 had broader absorption in the visible region
with an absorption edge of around 530 nm [13]. The AgBr/Ag3PO4
exhibited a mixed absorption property of AgBr and Ag3PO4. In the
wavelength range from 400 to 500 nm,  with increasing AgBr con-
tent, the absorption edge of AgBr/Ag3PO4 had a weak blue shift
compared to single Ag3PO4. Differently, the used 60% AgBr/Ag3PO4
after 1 and 5 recycling runs had much stronger absorption in the

visible region than that of the fresh 60% AgBr/Ag3PO4, as shown
in Fig. 6b, which may  result from the strong SPR effect of Ag NPs
deposited on the AgBr and Ag3PO4 particles [19–24,37].  Further-
more, the absorption in the visible region was enhanced from 1 to

0% AgBr/Ag3PO4 and (e) 80% AgBr/Ag3PO4 (insets show the corresponding EDS).
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Fig. 6. (a) DRS of AgBr, Ag3PO4 and AgBr/Ag3PO4 hybrids. (b) DRS of the fresh 60%
AgBr/Ag3PO4 (black line), the used 60% AgBr/Ag3PO4 after 1 recycling run (red line)
and  the used 60% AgBr/Ag3PO4 after 5 recycling runs (blue line). (For interpretation
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Since MO can absorb visible light, the sensitization possibil-
f  the references to color in this figure legend, the reader is referred to the web
ersion of the article.)

 recycling runs, indicating that the amount of metal Ag increased
n the photocatalytic reaction, which is consistent with the XPS data
Fig. 3). The increased content of metal Ag will affect the size of Ag,
hich further affects the separation of photoinduced carriers [38],

he SPR effect of Ag NPs [20,39] and then corresponding photocat-
lytic activities. Further discussion will be carried out to discuss the
tability of AgBr/Ag3PO4 hybrids.

In order to further confirm the position of metal Ag, the XRD
nd DRS experiments of single Ag3PO4 and AgBr before and after
hotocatalysis were adapted, respectively, as shown in Fig. S1–S2.
he results show that metal Ag can be formed on the surface of
g3PO4 [37] as well as AgBr [23,24],  which means that AgBr/Ag3PO4
ybrid has converted to Ag@AgBr/Ag3PO4@Ag system during the
hotocatalytic reaction process.

The band gap energy of a semiconductor can be calculated by
he following formula [40]:

h� = A(h� − Eg)n/2 (1)

here ˛, h, �, Eg and A are absorption coefficient, Planck constant,
ight frequency, band gap energy, and a constant, respectively.
mong them, n is determined from the type of optical transition
f a semiconductor (n = 1 for direct transition and n = 4 for indirect
ransition). For AgBr and Ag3PO4, the values of n are 4 [41] and 1
13], respectively. Therefore, E of AgBr was determined from a plot
g

f (˛h�)1/2 versus energy (h�) (Fig. 7) and was elicited to be 2.46 eV.
ccordingly, Eg of Ag3PO4 was found to be 2.45 eV according to a
lot of (˛h�)2 versus energy (h�) (Fig. 7).
Fig. 7. Plot of (˛h�)1/2 versus energy (h�) for the band gap energy of AgBr and the
plot of (˛h�)2 versus energy (h�) for the band gap energy of Ag3PO4.

In addition, the valence band (VB) edge positions of AgBr and
Ag3PO4 components were estimated according to the concept of
electronegativity. Herein, the electronegativity of an atom is the
arithmetic mean of the atomic electron affinity and the first ion-
ization energy. The VB edge potential of a semiconductor at the
point of zero charge can be calculated by the following empirical
equation [42]:

EVB = X − Ec + 0.5Eg (2)

where EVB is the VB edge potential, X is the electronegativity of the
semiconductor, which is the geometric mean of the electronega-
tivity of the constituent atoms, Ec is the energy of free electrons
on the hydrogen scale (about 4.5 eV), Eg is the band gap energy of
the semiconductor. Moreover, conduction band (CB) edge potential
(ECB) can be determined by ECB = EVB − Eg. The X values for AgBr and
Ag3PO4 are 5.81 and 5.96 eV, and the EVB of AgBr and Ag3PO4 were
calculated to be 2.54 and 2.69 eV/NHE, respectively. Thus, the ECB
of AgBr and Ag3PO4 were estimated to be 0.08 and 0.24 eV/NHE,
respectively.

3.4. Degradation of MO using AgBr/Ag3PO4 photocatalyst

The photocatalytic activities of as-prepared samples were eval-
uated by the degradation of MO under visible light (� > 420 nm).
Fig. 8a displays the photodegradation of MO as a function of irra-
diation time over different photocatalysts. From the blank (in the
absence of any catalyst) and the dark (without irradiation) experi-
ments, the self-photolysis of MO upon visible light irradiation and
the dark adsorption of MO  over each sample can be neglected, as
shown in Fig. 8a. All the AgBr/Ag3PO4 hybrids exhibited higher
photocatalytic activities than pure Ag3PO4. As the AgBr content
increased to 60%, the highest photocatalytic activity was achieved,
at which 95.1% of MO was  decomposed after 50 min  irradiation.
However, the photocatalytic activity decreased when the AgBr con-
tent rose to 80%. These results suggest that the optimal AgBr content
in AgBr/Ag3PO4 existed when the Br/P molar ratio was 0.60.

Moreover, Fig. 8b clearly shows that the photocatalytic activity
of 60% AgBr/Ag3PO4 (100 mg)  is much higher than that of math-
ematical sum of AgBr (25.2 mg)  and Ag3PO4 (74.8 mg), in which
they contain the same weight of visible-light-active components
as in 60% AgBr/Ag3PO4. It is resulted from the decrease in recom-
bination rate of electron–hole pairs, which can be attributed to the
heterojunction between AgBr and Ag3PO4 formed in AgBr/Ag3PO4
hybrid.
ity for AgBr/Ag3PO4 hybrid should be considered. In order to
ensure the photocatalytic activity of AgBr/Ag3PO4 hybrid and
exclude the dye sensitization under visible light, degradation of a
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Fig. 8. (a) Photocatalytic activities of Ag3PO4 and AgBr/Ag3PO4 hybrids on the
degradation of MO under visible light (� > 420 nm). (b) Comparison of photo-
catalytic activities of different photocatalysts with the same weight of each
visible-light-active component: 25.2 mg  AgBr (black line), 74.8 mg  Ag3PO4 (red line),
mathematical sum of 25.2 mg  AgBr and 74.8 mg  Ag3PO4 (green line), and 100.00 mg
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both AgBr and Ag3PO4 show higher intensity of emission spectra
than those of all the AgBr/Ag3PO4 hybrids. In case of pure AgBr and
Ag3PO4, the photoinduced electrons and holes might recombine
0%  AgBr/Ag3PO4 containing 25.2 mg  AgBr and 74.8 mg  Ag3PO4 (blue line) on the
egradation of MO under visible light. (For interpretation of the references to color

n  this figure legend, the reader is referred to the web  version of the article.)

ypical colorless organic contaminant is a better choice. Therefore,
henol was chosen as another moderate contaminant to further
stimate the photocatalytic performance in our study, and the
esults are shown in Fig. S3.  It displays that the peak intensity of
henol at 270 nm decreased obviously with increasing irradiation
ime, indicating that phenol can be effectively degraded over 60%
gBr/Ag3PO4 under visible light. Because colorless phenol cannot
ensitize AgBr/Ag3PO4, this can be used as a forceful proof to ensure
he photocatalytic activity of AgBr/Ag3PO4.

The TOC experiments of MO  and phenol solution in the pres-
nce of 60% AgBr/Ag3PO4 were also performed, respectively. For
O solution, the TOC of MO solution decreased by ca. 51.8% after

rradiation for 50 min, suggesting that MO  had not only been decol-
rized but also mineralized over AgBr/Ag3PO4 hybrid under visible
rradiation. However, the rate of TOC reduction is slower than that
f the degradation of MO which is nearly 100% discoloration for
O  in 40 min, as shown in Fig. 8a, suggesting that MO  may  be

rst partial degradation to colorless products and then converted
nto CO2 in the photocatalytic reaction process [43,44]. For phenol
olution, as depicted in Fig. S4,  the TOC values of phenol solution
ecreased gradually with increasing irradiation time and the phe-
ol mineralization degree reached a value of 82.5% after 100 min  of

rradiation.

.5. Stability of AgBr/Ag3PO4 photocatalyst
To evaluate the stability of AgBr/Ag3PO4 hybrid, we con-
ucted the repeatability experiments of MO  degradation over 60%
gBr/Ag3PO4 and the result is shown in Fig. 9. After 4 recycling runs
Fig. 9. Cycling runs of 60% AgBr/Ag3PO4 for the degradation of MO under visible
light  irradiation.

for the photodegradation of MO,  the high photocatalytic perfor-
mance of AgBr/Ag3PO4 was  effectively maintained except for 5.1%
decrease in photocatalytic efficiency, suggesting that AgBr/Ag3PO4
has high stability under visible light. This result indicates that
though AgBr/Ag3PO4 is not stable in the initial reaction process
under visible light, the formed Ag@AgBr/Ag3PO4@Ag plasmonic
system can effectively retain its activity due to the efficient trans-
fer of photoinduced electrons. Special mention must be made, the
photocatalytic activity decreased obviously, down to 80.7% of MO
degradation after 5 recycling runs. In order to understand this phe-
nomenon, the roles of Ag NPs controlled by their sizes should be
addressed.

3.6. Possible photocatalytic mechanism

3.6.1. Fluorescence emission spectra
In a photocatalytic reaction, the activity is largely affected by

the recombination of the photoinduced electrons and holes, which
will decrease the quantum yield [45]. It is known that the recom-
bination of electron–hole pairs can release energy in the form
of fluorescence emission. Lower fluorescence emission intensity
implies lower electron–hole recombination rate and corresponds
to higher photocatalytic activity [46].

Using an ultraviolet light with a 260 nm wavelength as excita-
tion source, the fluorescence emission spectra of AgBr, Ag3PO4 and
AgBr/Ag PO hybrids are presented in Fig. 10.  It can be seen that
Fig. 10. Fluorescence emission spectra of AgBr, Ag3PO4 and AgBr/Ag3PO4 hybrids.
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ig. 11. Effects of different scavengers on degradation of MO in the presence of 60%
gBr/Ag3PO4 and under N2-saturated condition.

apidly because of their narrow band gaps. However, in the case
f AgBr/Ag3PO4 hybrids, the photoinduced carriers can migrate
asily between AgBr and Ag3PO4 due to their matching band poten-
ials and therefore the electron–hole recombination rate is greatly
ecreased. This result shows that AgBr/Ag3PO4 heterojunction is
elpful to inhibit the recombination of photoinduced carriers and

mprove the corresponding photocatalytic activity.
In addition, the emission intensity of AgBr/Ag3PO4 decreased

rom 20% to 60% AgBr/Ag3PO4, and then increased up to 80%
gBr/Ag3PO4, in which 60% AgBr/Ag3PO4 displayed the lowest

ntensity of emission spectra. It indicates that 60% AgBr/Ag3PO4
as the lowest electron–hole recombination rate, suggesting that
he electrons and holes have longer lifetime and may  form more
mount of reactive species. This coincides with the highest photo-
atalytic activity of 60% AgBr/Ag3PO4. AgBr/Ag3PO4 photocatalysts
ith other AgBr contents had correspondingly lower photocatalytic

ctivity than 60% AgBr/Ag3PO4.

.6.2. Roles of reactive oxygen species
It is generally accepted that the dyes and organic pollutants can

e photodegraded via photocatalytic oxidation (PCO) process. A
arge number of main reactive oxygen species (ROSs) including h+,

2O2, •OH and •O2
− involved in PCO process [32,47,48].  Therefore,

he effects of some scavengers and N2 purging without adding any
cavengers on the degradation of MO were examined in attempt to
lucidate the reaction mechanism. In this study, TBA was added to
he reaction system as an •OH scavenger [32,49],  and AO was intro-
uced as a scavenger of h+ [31,50,51].  BQ was adopted to quench
O2

− [52,53],  and CAT was used as a H2O2 scavenger [30].
Fig. 11 shows that in the presence of TBA or AO, the pho-

odegradation of MO was inhibited significantly compared with no
cavenger at the same conditions, indicating the main roles of •OH
nd h+ for MO  degradation. The addition of BQ and CAT showed
eaker effects in PCO process of MO,  suggesting that •O2

− and H2O2
layed comparatively minor role for MO degradation.

In order to further confirm the existence of •OH, the formed
OH on the surface of AgBr/Ag3PO4 hybrids illuminated by visible
ight were detected by PL technique. The experimental condi-
ions were the same as the photocatalytic reaction system. The PL
mission spectra excited at 315 nm from TA solution suspension
ith different AgBr/Ag3PO4 hybrids and Ag3PO4 were measured

fter each sample was illuminated for 20 min  of visible light.
ig. 12 displays that a PL signal was observed at 425 nm for each

gBr/Ag3PO4 hybrid. The PL intensity was enhanced to maximum

60% AgBr/Ag3PO4) and then declined with increasing AgBr content.
his suggests that the fluorescence is caused by chemical reactions
f TA with •OH formed in photocatalytic reactions [33,34]. Hence,
Fig. 12. PL spectra of Ag3PO4 and AgBr/Ag3PO4 hybrids in TA solution (each sample
was illuminated for 20 min of visible light).

•OH is the reactive oxygen species in AgBr/Ag3PO4 system and
finally induces the degradation of MO.  Moreover, 60% AgBr/Ag3PO4
with maximal photocatalytic activity produced much more reactive
•OH than other samples, which is also consonant with the results
of fluorescence emission spectra (Fig. 10).

Furthermore, all the AgBr/Ag3PO4 hybrids show higher PL inten-
sity than pure Ag3PO4, suggesting that in situ loading AgBr on the
surface of Ag3PO4 particles is a good way  to accelerate the trans-
fer and separation of the photoinduced carriers, which leads to the
increase of •OH formation.

Because of the lower ECB values of Ag3PO4 and AgBr, both
Ag3PO4 and AgBr can not provide a sufficient potential to reduce
O2 to •O2

− (E◦(O2/•O2
− = −0.33 V/NHE) [49,54] through the one-

electron reduction process and further generate •OH. Therefore, it
is reasonable for O2 to combine with electrons trapped by noble Ag
NPs and form H2O2 (Eq. (3)) via a two-electron reduction reaction
process [18,49,55–57] (E◦(O2/H2O2) = +0.695 V/NHE) [49]. Then the
formed H2O2 quickly reacts with an electron to finally generate •OH
(Eq. (4)).

O2 + 2H+ + 2e− → H2O2 (3)

H2O2 + e− → •OH + OH− (4)

On the other hand, experiments with purging N2 were carried
out to examine the role of dissolved O2. As can be seen from Fig. 11,
when N2 purging (0 scavenger) was conducted, the degradation
of MO was  decreased compared with air-equilibrated conditions
(0 scavenger), confirming that the dissolved O2 can primarily act
as an efficient electrons trap, leading to the generation of •OH,
and simultaneously preventing the recombination of electrons and
holes [32,48].

In addition, reactive holes at the VB top of AgBr will oxidize MO
directly due to its insufficient potential to oxidize surface adsorbed
H2O to •OH (E◦(•OH, H+/H2O) = 2.72 V/NHE) [30].

3.6.3. Possible degradation mechanism and the role of Ag
nanoparticles

On the base of band gap structure of AgBr/Ag3PO4 and the effects
of scavengers, a possible pathway for the photodegradation of MO
with AgBr/Ag3PO4 photocatalyst was  proposed as follows (Fig. 13):

During the PCO process, the AgBr/Ag3PO4 system was trans-
formed to be Ag@AgBr/Ag3PO4@Ag system. Ag3PO4 and AgBr can
be simultaneously excited to form electron–hole pairs under visi-

ble light irradiation. On the one hand, the photoinduced electrons
transfer from the CB bottom of AgBr to that of Ag3PO4 and then are
trapped by Ag NPs through path (1) in Fig. 13.  On  the other hand,
the photoinduced electrons on the CB bottom of AgBr can also be
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eaction mechanism over Ag@AgBr/Ag3PO4@Ag photocatalyst under visible light
rradiation. (Only the Ag NPs contact with both Ag3PO4 and AgBr particles is dis-
layed here.)

rapped by Ag NPs directly through path (2) in Fig. 13.  At the same
ime, the photogenerated holes also move in the opposite direc-
ion from the VB top of Ag3PO4 to that of AgBr through path (3)
n Fig. 13.  These photoinduced electrons trapped by Ag NPs will
urther react with the O2 via two-electron reduction process (Eq.
3)) to finally generate reactive •OH (Eq. (4))  that will induce the
egradation of MO.  Meanwhile, reactive holes at the VB of AgBr will
xidize MO directly. Through this way, the photogenerated carri-
rs can be separated efficiently and improved the photocatalytic
ctivities of AgBr/Ag3PO4.

In addition, as mentioned above, the decrease in the photocat-
lytic activity has been observed during the cycle experiments, as
hown in Fig. 9, which may  be mainly controlled by the Ag NPs that
an display different roles in the photocatalytic reaction due to the
hanges in the size of Agn clusters [38].

1) For small n, the photoinduced electron can be effectively
trapped by the small Ag NPs [27,58–60] deposited on the
surface of AgBr and Ag3PO4 with the effect of decreasing recom-
bination of photoinduced carriers, which increases product
yields of h+ and •OH, and further improves the photocatalytic
activity of AgBr/Ag3PO4.

2) For large n, though the Agn cluster still can be used as an electron
trap, it is unlikely to transfer electrons to O2. Besides, the capa-
bility of accepting photoinduced holes is enhanced gradually,
and thus the Agn clusters turn into the combination centers of
photoinduced carriers [38,61], which will counteract the activ-
ity improvement. Therefore, the changes in the size of Agn

clusters in the PCO process displayed different roles for the pho-
toinduced carriers, which finally controlled the photocatalytic
activity of AgBr/Ag3PO4.

In conclusion, the photoinduced electrons and holes can be
ffectively separated through the in situ formed heterojunction of
gBr/Ag3PO4 and the trapping role of Ag NPs with limited sizes in

he PCO process. Moreover, the SPR effect of Ag NPs ensures enough
isible light to be utilized. These are the two main reasons for real-
zing the activity enhancement of AgBr/Ag3PO4 under visible light.
his may  provide another approach to deeply understand the role
f Ag NPs for AgX-based system.

. Conclusions
The AgBr/Ag3PO4 hybrid was synthesized using an in situ
nion-exchange method. The as-prepared AgBr/Ag3PO4 exhibited
xcellent performance on the degradation of MO  and displayed

[

terials 217– 218 (2012) 107– 115

much higher photocatalytic activity than single AgBr or Ag3PO4
under visible light (� > 420 nm). After 5 cycles of repetition tests,
the degradation efficiency of MO still remained 80.7%. Photocat-
alytic mechanism investigations demonstrate that the degradation
of MO over the as-prepared AgBr/Ag3PO4 under visible light is
mainly via •OH and h+ oxidation mechanism. The activity changes
of AgBr/Ag3PO4 depend on not only the heterojunction between
AgBr and Ag3PO4, but also the Ag NPs controlled by the sizes during
the photocatalytic process. It may  be a promising efficient compos-
ite photocatalyst for environmental purification.
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