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Ag–AgBr  was  deposited  onto  mesoporous  alumina  (MA)  and  titanium-doped  MA  by  a
deposition–precipitation  method.  The  photocatalytic  activity  and  the  dissolution  of  Ag+ from  dif-
ferent  catalysts  were  investigated  during  the  photodegradation  of  2-chlorophenol  (2-CP)  and  phenol  in
ultrapure water  and  tap  water  with  visible-light  irradiation.  With  the  increase  in doped  titanium,  the Ag+

dissolution  decreased  with  a  decrease  in  the  photocatalytic  activity.  Ag–AgBr/MA-Ti1  was  considered  the
better  catalyst  for  practical  applications  because  its Ag+ dissolution  was  minimal  (0.4  mg L−1 in ultrapure

−1

g–AgBr/Ti-doped mesoporous alumina
lasmon-assisted photocatalyst
g dissolution
harge transfer
hotoactivity

water  and  5 �g  L in  tap  water),  although  its photoactivity  was  slightly  less  than  that  of  Ag–AgBr/MA.
The  dissolution  of  Ag+ was  related  to a charge–transfer  process  based  on  the study  of  cyclic  voltammetry
analyses  under  a  variety  of  experimental  conditions.  The  results  suggested  that  several  types  of  anions
in  the  water,  including  CO3

2−, SO4
2−, and  Cl−, could  act  as electron  donors  that trap  the  photogenerated

holes on  Ag  nanoparticles  to  facilitate  electron  circulation;  this  would  decrease  the  release  of  Ag+.  Our
 cata
studies  indicated  that  the

. Introduction

Semiconductor–metal nanocomposites have been widely
mployed in photocatalysis and are considered a cost-effective
lternative for the destruction of persistent toxic organic com-
ounds [1].  Various metals and semiconductors are used to
ynthesize semiconductor–metal photocatalysts, such as gold (Au)
r silver (Ag) deposited on TiO2 or ZrO2 [2–4]. The metal in
ontact with the semiconductor greatly enhances the overall pho-
ocatalytic efficiency. The role the metal plays in the interfacial
harge–transfer processes is not yet fully understood. The elec-
ron transfer between photoexcited semiconductors and metals
s considered an important phenomenon in photocatalysis. Ear-
ier investigations on semiconductor–metal composites revealed
hat the deposition of metal onto a semiconductor enhanced the
fficiency of the photocatalytic redox processes [5–7]. Beside this,
oble metal NPs such as Ag and Au exhibit strong UV–vis absorp-
ion due to their plasmon resonance [8,9], which is produced by
he collective oscillations of the surface electrons. In particular, Au
nd Ag have attracted more attention because of their absorption
roperties in the visible region due to plasmon resonance [10–13].

ased on these properties, noble metal NPs have been used as pho-
ocatalysts and photovoltaic cell materials [14,15]. For most metal
Ps dispersed on an oxide surface or other support catalyst, the

∗ Corresponding author. Tel.: +86 10 62849628; fax: +86 10 62923541.
E-mail address: huchun@rcees.ac.cn (C. Hu).

304-3894/$ – see front matter ©  2012 Published by Elsevier B.V.
ttp://dx.doi.org/10.1016/j.jhazmat.2012.04.009
lyst  had  a higher  activity  and  stability  in water  purification.
© 2012 Published by Elsevier B.V.

electron transfer was  based on both photoexcitation and plasmon-
excitation of the surface [16,17]. The catalyst structure resulted in
exposing the metals to the reactants and the surrounding medium
[18]. Corrosion and dissolution of the metal NPs during the pho-
tocatalytic reaction tends to limit the use of metal NPs, especially
for those such as Ag and Au. Recently, we  reported that Ag–AgBr
NPs were highly dispersed on the surface of ordered mesoporous
�-Al2O3, which exhibited high photocatalytic activity for the degra-
dation and mineralization of toxic persistent organic pollutants
[19]. This was  due to the Ag NPs plasmon-assisted effect on the AgBr
photocatalyst. Moreover, two  plasmon-induced electron-transfer
processes were verified: the transfer from the excited Ag NPs to
AgBr, and the transfer from the pollutants to the Ag NPs. These pro-
cesses produced O2

•− and photogenerated holes (h+) on the Ag NPs.
The high photocatalytic activity and photostability of the Ag

halides have been attributed to the electron transfer induced by the
plasmon resonance of Ag NPs on the surface of Ag halides [20–22].
However, the application of the photocatalyst was limited by the
dissolution of Ag+. To address these limitations, Ag–AgBr NPs were
deposited on ordered mesoporous �-Al2O3 (MA) and titanium-
doped MA  to reduce the dissolution of Ag+ in the photoreaction.
Phenol and 2-chlorophenol (2-CP), two ubiquitous water pollu-
tants, were selected to evaluate the activity and Ag+ dissolution
of the catalysts under visible-light illumination. A photoinduced

metal-dissolving mechanism was  verified by cyclic voltammetry
(CV) analyses under a variety of experimental conditions, which
provided insight into improving these photocatalysts for practical
applications.

dx.doi.org/10.1016/j.jhazmat.2012.04.009
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:huchun@rcees.ac.cn
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.1. Chemicals and materials

The reagent (PEO)20–(PPO)70–(PEO)20 (Pluronic P123) was pur-
hased from Sigma Chemical Company. All other chemicals used
ere analytical grade, purchased from the Beijing Chemical Com-
any and used without further purification.

.2. Preparation of catalysts

Mesoporous �-Al2O3 was prepared from precursors of alu-
inum i-propoxide in the presence of glucose in an aqueous system

s described previously [23,24]. Titanium was doped into MA  dur-
ng its synthesis process. Then 1% Ti(SO4)2 (0.05 g) and 5% Ti(SO4)2
0.25 g) were dissolved in 30 mL  of H2O, which was  then added to
he suspension of mixed glucose (3.6 g) and alumina i-propoxide
4.2 g), respectively. The solutions were then calcined in air at
73 K for 6 h. Ag–AgBr was then deposited onto MA,  MA-Ti1, and
A-Ti5, respectively, using the deposition–precipitation method

s reported in our previous work [19].

.3. Characterization

The samples were examined by obtaining X-ray diffraction
XRD) patterns (XDS-2000 diffractometer; Scintag Inc.) and UV–vis
iffuse reflection spectra (Hitachi UV-3100). The high-resolution
ransmission electron microscopy (HRTEM) images were obtained
y using a JEOL-2010 TEM with an acceleration voltage of
00 kV. X-ray photoelectron spectroscopy (XPS) and Auger electron
pectroscopy (AES) data were taken on a PHI Quantera SXM spec-
rometer using monochromatic Al K� radiation and low-energy
lectron-flooding for charge compensation. All binding energies
ere calibrated by the C 1s hydrocarbon peak at 284.80 eV. The
hotocurrents from the various samples were measured in a basic
lectrochemical system (AMETEK Princeton Applied Research)
ith a two compartment, three-electrode electrochemical cell

quipped with a photocatalyst photoanode (prepared by dip-
oating and drying in air at 70 ◦C) and a platinum wire cathode in

 0.1 M Na2SO4 solution. The reference electrode was a saturated
alomel electrode.

.4. Photocatalytic degradation of chlorophenolic compounds
nder visible light
Photocatalytic experiments were performed in a breaker with
n aqueous suspension of phenolic pollutants (60 mL,  10 mg  L−1)
nd l00 mg  of catalyst powder. The 350 W Xe-arc lamp light source,
quipped with wavelength cutoff filters for � > 420 nm,  was focused

Fig. 2. Representative HRTEM images of: (A) Ag–AgBr/M
Fig. 1. XRD pattern of: (a) Ag–AgBr/MA, (b) Ag–AgBr/MA-Ti1, and (c) Ag–AgBr/MA-
Ti5.

onto the breaker. The concentration of each phenolic pollutant
was  measured using high-performance liquid chromatography
with an eclipse XDB-C18 column (5 �m,  4.6 mm × 150 mm;  Agi-
lent). The concentration of Ag+ dissolved in the photoreaction was
measured by inductively coupled plasma-optical-emission spec-
trometry (ICP-OES) on an OPTIMA 2000 (Perkin-Elmer) instrument.

3. Results and discussion

3.1. Characterization of catalysts

Fig. 1 shows the XRD pattern of different samples. The diffrac-
tion peaks of Ag (JCPDS 65-2871) and AgBr (JCPDS 06-0438) were
observed in all samples. The intensities of the XRD diffraction peaks
of Ag–AgBr/MA were much less than those of Ag–AgBr supported
on titanium-doped MA.  With an increasing amount of titanium in
MA,  the intensities of the peaks increased, indicating an increase in
the size of the Ag–AgBr crystallites in titanium-doped MA.

Fig. 2 showed HRTEM images of these samples. Ag–AgBr NPs
were uniformly dispersed on the surfaces of MA,  MA-Ti1, and MA-
Ti5 for these catalysts. Their crystalline sizes were in the range
of 10–20 nm,  and the shape was a regular cubic structure. The
Ag–AgBr NPs on MA-Ti1 and MA-Ti5 were aggregated and the crys-
talline size was slightly bigger than that in Ag–AgBr/MA. The results
were in agreement with the results from XRD. As shown in Fig. 3A,
for Ag–AgBr/MA-Ti1, the binding energies (BE) of Ti 2p3/2 and Ti

2p1/2 were 458.8 eV and 464.6 eV, respectively; this coincided with
Ti4+, indicating that titanium existed as Ti4+ in MA-Ti1. Fig. 3B
showed the AES spectrum of the Ag element in the catalyst. The
Auger peaks of silver were observed for Ag0 at 1130.4 eV and Ag+

A, (B) Ag–AgBr/MA-Ti1, and (C) Ag–AgBr/MA-Ti5.
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Fig. 4. Deconvoluted subbands of Ag–AgBr/MA (A), Ag–AgBr/MA-Ti1 (B), and
Fig. 3. Ti 2p XPS spectra (A) and Ag AES spectra (B) for AgBr/MA-Ti1.

t 1131.9 eV [22]. On the basis of the peak areas, the surface Ag0

nd Ag+ contents were individually calculated to be 5.2% and 6.1%,
espectively.

The relative UV–vis absorption spectra of Ag–AgBr on different
upports varied as shown in the insets of Fig. 4. The Ag–AgBr on MA
ad a much stronger UV absorption than the others, indicating that
g–AgBr NPs of greater size were formed on the titanium-doped
A,  which was in good agreement with the results from the XRD

atterns. A visible absorption band around 400–700 nm was also
bserved for all of the samples and assigned to the mixed peaks
f AgBr NP absorption and the plasmon resonance of the Ag NPs.
ubsequently, these spectra were converted into Kubelka–Munk
unctions and deconvoluted into Gaussian subbands that could be
ssigned to different Ag species [25]. The deconvolution was carried
ut based on the relative intensities of these subbands and the cor-
esponding percentages of the different Ag species were obtained
26,27]. The band at 228 nm was attributable to the highly dispersed
g+ ions. The bands in the range of 297–303 nm were assigned to
mall Agn

&+ clusters. The bands between 400 nm and 600 nm were
ttributed to Ag NPs of various sizes. Thus, the contents of Ag0

Ps on Ag–AgBr/MA, Ag–AgBr/MA-Ti1, and Ag–AgBr/MA-Ti5 were
pproximately 2.1%, 3.8%, and 4.6%, respectively. The bands near
98 nm and 532 nm were assigned to the Ag0 NPs on Ag–AgBr/MA
nd Ag–AgBr/MA-Ti1, while the bands around 410 nm and 574 nm
ere attributable to the Ag0 NPs on Ag–AgBr/MA-Ti5. The plasmon

esonance of Ag NPs increased as the size of the particles increased.
he contents of the dispersed Ag+ ions were 0.34%, 0.22%, and 0.3%,
nd those of Agn

ı+ clusters were 7.52%, 5.96%, and 5.15%, respec-
ively. The BET surface areas were 287, 253, and 231 m2 g−1 for MA,

A-Ti1, and MA-Ti5, respectively, indicating that the increase of

he amount of doped titanium on MA  decreased the surface area of

A,  leading to bigger particle size, and lower dispersion of the Ag0

Ps on the surface of MA-doped with titanium.
Ag–AgBr/MA-Ti5 (C). Insets represent the relative UV–vis absorption spectra of the
catalysts.

3.2. Photoactivity and photodissolution of Ag+ for catalysts

To evaluate the photocatalytic activity of Ag–AgBr deposited on
MA-doped with titanium, the photodegradation of 2-CP was car-
ried out in an aqueous dispersion under visible-light irradiation.
This photodegradation process occurred after the adsorption of 2-
CP on the catalyst had reached equilibrium in the dark (Fig. 5). 2-CP
was  completely photodegraded within 25 min  in the Ag–AgBr/MA
suspension while the same results were obtained within 30 min  in
the Ag–AgBr/MA-Ti1 and Ag–AgBr/MA-Ti5 suspensions. The results

indicated that Ag–AgBr deposited onto MA  showed greater activity
than Ag–AgBr deposited onto MA  doped with titanium due to its
higher dispersion on MA.
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Fig. 7. The photodegradation of phenol (10 mg L−1; 60 mL)  in ultrapure (A) and tap
ig. 5. Photodegradation of 2-CP (10 mg L−1; 60 mL)  aqueous dispersions (con-
aining catalyst: 1.6 g L−1) under visible light (� > 420 nm): (a) Ag–AgBr/MA, (b)
g–AgBr/MA-Ti1, and (c) Ag–AgBr/MA-Ti5.

Correspondingly, the Ag+ dissolution from different catalysts
as examined during the photodegradation of 2-CP in ultra-
ure water under visible light (� > 420 nm). As shown in Fig. 6,
he maximum concentration of Ag+ dissolved from Ag–AgBr/MA
as observed while the Ag+ release was greatly inhibited in
g–AgBr/MA-Ti1 and Ag–AgBr/MA-Ti5 suspensions. With increas-

ng reaction time, the concentration of Ag+ in solution decreased
n the three reactions, indicating that the dissolved Ag+ was  pho-
oreduced onto the surface of the catalysts again. Cl− was formed
ith the degradation of 2-CP; however, this could potentially lower

he concentration of Ag+ by the precipitation of AgCl. For this rea-
on, phenol was selected to investigate the Ag+ dissolution under
therwise identical conditions (Fig. 7). The photoactivity of the
ifferent catalysts and the Ag+ release during the degradation of
henol paralleled those in the degradation of 2-CP. The photocat-
lytic activity of these catalysts did not change significantly for the
hotodegradation of phenol in ultrapure and tap water. Moreover,
he Ag–AgBr/MA-Ti1 exhibited better stability for five successive
ycles of degradation testing under visible-light irradiation (Fig. 8).
s shown in Fig. 9A, the Ag+ release tended to zero after 50 min
f reaction in Ag–AgBr/MA-Ti1 and AgBr/MA-Ti5 suspensions in
ltrapure water, while the concentration of Ag+ in the Ag–AgBr/MA
uspension was around 3 mg  L−1. In contrast, in tap water, the Ag+

elease was greatly suppressed in the three catalyst suspensions,
−1 +
anging from 70 to 10 �g L (Fig. 9B). The concentration of Ag dis-

olved from Ag–AgBr/MA-Ti1 and Ag–AgBr/MA-Ti5 ranged from 20
o 5 �g L−1 and 8 to 0 �g L−1, respectively, while the concentration
f Ag+ dissolved from Ag–AgBr/MA varied from 70 to 10 �g L−1,
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(�  > 420 nm): (a) Ag–AgBr/MA, (b) Ag–AgBr/MA-Ti1, and (c) Ag–AgBr/MA-Ti5.

indicating that donors in the tap water possibly reduced the pho-
togenerated Ag+ on the Ag NPs to decrease the dissolution of Ag
NPs [28]. Compared with Figs. 6 and 9, the released Ag+ concentra-
tion in the Ag–AgBr/MA suspension was  much higher than that in
Ag–AgBr/MA-Ti1 and Ag–AgBr/MA-Ti5 suspensions before irradia-
tion. The results were attributable to the oxidization of Ag NPs by O2
in the aqueous solution [17], which has been observed by CV analy-
sis. The smaller particle size of the Ag NPs led to a higher activity of
Ag NPs reacting with O2. The resulting increase in the Ag+ release

led to higher photoactivity under irradiation [19]. As a whole, the
results revealed that Ag–AgBr/MA-Ti1 was a better catalyst due
to its stability and high photoactivity, although its photoactivity
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Fig. 8. Cycling runs in the photodegradation of phenol (10 mg  L−1; 60 mL)  in
Ag–AgBr/MA-Ti1 aqueous dispersion under visible light (� > 420 nm).
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represented the electron transfer process during the photodegra-
dation of pollutants in tap water as the process shown in Scheme 1.
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0  mL)  in ultrapure (A) and tap water (B) solution dispersions (containing catalyst:
.6  g L−1) under visible light (� > 420 nm): (a) Ag–AgBr/MA, (b) Ag–AgBr/MA-Ti1, and
c) Ag–AgBr/MA-Ti5 (in the inset of B).

as slightly lower than Ag–AgBr/MA for the photodegradation of
ollutants.

.3. Charge transfer process

The above results confirmed that the dissolution of Ag+ from
atalysts was related to the photoactivity of the catalysts. Dur-
ng the photodegradation of the pollutants, two plasmon-induced
lectron-transfer processes occurred: the transfer between the
hotoexcited Ag NPs and AgBr and the transfer between 2-CP and
he Ag NPs, resulting in O2

•−and photogenerated h+ on the Ag NPs
19,29–33]. Also, •OH and O2

•− were formed by photoexcited AgBr.
he results indicated that the dissolution of Ag+ was  related to the
lectron transfer rate and photoreaction rate. The electron-transfer
rocesses at the Ag–AgBr/MA-Ti1 photoanodes were followed by
V analysis under different conditions, as shown in Fig. 10.  No
ignificant current was detected at the Ag–AgBr/MA-Ti1 electrode
n the dark in a N2-saturated 0.1 M sodium sulfate aqueous solu-
ion, which indicated that no interfacial electron transfer occurred.
nder visible-light irradiation, an oxidation peak appeared that
as attributable to the electron transfer from photoexcited Ag NPs

o the conduction band of AgBr. Moreover, the peak disappeared
ith the addition of phenol, suggesting an electron transfer from
henol to the Ag NPs. The concentration of dissolved Ag+ ranged
rom 3 to 7 mg  L−1 under dark conditions within a 60 min  time
rame, as shown in Fig. 11.  Under visible-light irradiation, the con-
entration of dissolved Ag+ varied from 11 to 14 mg  L−1, which

ecreased to between 3 and 7 mg  L−1 in the presence of phenol. The
esults indicated that the dissolution of Ag+ was related to interfa-
ial charge transfer processes. The presence of phenol enhanced the
nterfacial electron transfer, suppressing Ag+ dissolution. Fig. 12A
irradiation (� > 420 nm)  without any pollutants, and (c) under visible-light irradia-
tion (� > 420 nm)  with 10 mg L−1 phenol.

shows the changes in the photocurrent at the Ag–AgBr/MA-Ti1
electrode in the presence of different electron donors. Compared
with ultrapure water, the oxidation peak of the Ag NPs decreased
in tap water. Components in the tap water, such as CO3

2−, SO4
2−,

and Cl−, acted as electron donors, which reduced the photogener-
ated Ag+, thus suppressing the dissolution of Ag+ (5 �g L−1 in tap
water). The tested tap water in this study had CO3

2−, SO4
2−, and

Cl− concentrations of 21.6 mg  L−1, 53.2 mg  L−1, and 219.3 mg  L−1,
respectively. Fig. 12B–D shows the effects of these inorganic anions
on the photocurrent changes at the Ag–AgBr/MA-Ti1 electrodes in a
N2-saturated 0.1 M sodium sulfate aqueous solution. The oxidation
peak gradually decreased to an indiscernible trace as the concen-
tration of CO3

2−, SO4
2−, and Cl− increased in the Na2CO3, Na2SO4,

and NaCl aqueous solutions, respectively. The results confirmed
that these anions could donate electrons to photogenerated h+ in
Ag NPs, forming CO3

•−, SO4
•−, and Cl• radicals and enhancing the

electron transfer to suppress the dissolution of Ag+. Because the
newly formed CO3

•−, SO4
•−, and Cl• radicals were less active than

•OH and O2
•−, they could decrease the photocatalytic efficiency of

Ag–AgBr/MA-Ti1. However, the photoactivity of the catalyst could
increase due to the accelerating electron transfer. Overall, the pho-
toactivity of the catalysts decreased slightly in the tap water. Given
the aforementioned experimental and theoretical results, we have
Fig. 11. The Ag+ dissolution during the reaction from Ag–AgBr/MA-Ti1 in N2-
saturated ultrapure water (containing catalyst: 1.6 g L−1; 60 mL) under visible-light
irradiation (� > 420 nm): (a) in dark and (b and c) without or with 10 mg L−1 phenol,
respectively.
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. Conclusion

Ag–AgBr was deposited onto MA  and MA-Ti1 by a
eposition–precipitation method. With the increase of doped
itanium in MA,  the photocatalytic activity of the catalysts
ecreased while the Ag+ dissolution was reduced. Although its
hotoactivity was slightly lower than Ag–AgBr/MA, Ag–AgBr/MA-
i1 was considered the better catalyst for practical applications
ue to its reduced dissolution of Ag+. Cyclic voltammetry analyses
nder a variety of experimental conditions verified that the disso-

ution of Ag+ was related to charge transfer. The charge transfer

esulted in the Ag+ dissolution, which was inhibited by enhancing
he electron-transfer rate. The common anions in tap water accel-
rated the electron transfer by trapping photogenerated h+ on the
g NPs, thus decreasing the release of Ag+.
ge transfer of Ag/AgBr/MA-Ti1 under visible light illumination.
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