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Abstract

In this paper, Ag/AgBr/ZnO composites have been successfully synthesized by two steps of deposition–precipitation method, then followed by
reduction under visible light irradiation. The results of X-ray diffraction and X-ray photoelectron spectroscopy confirmed Ag/AgBr nanoparticles
were loaded on ZnO support. The transmission electron microscopy showed Ag/AgBr nanoparticles with small sizes of 5 nm were well attached
on the surface of ZnO, which made Ag/AgBr/ZnO composites display strong absorption in the visible light range. Ag/AgBr/ZnO composites
showed much better photocatalytic activities for degradation of Rhodamine B dye under visible light than pure ZnO. The enhanced photocatalytic
activity may be ascribed to the synergetic effects including enhanced visible light absorption, narrowed band gap and effective separation of
photogenerated electron–hole pairs. In addition, catalytic repetitive tests showed that Ag/AgBr/ZnO composite maintained good stability and the
activity decreased slightly after 10 cycles. The possible mechanism was tentatively proposed based on the photoluminescence spectra and the
reaction effects by adding the radical scavengers.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Over the past several decades, environmental contamina-
tions caused by wastewater have become a serious problem.
Dye wastewater especially coming from textile industries, due
to toxic and mostly nonbiodegradable, was hard to be treated.
Some traditional methods such as adsorption, membrane
filtration and chemical precipitation have been applied for
removing the dyes [1–3]. In recent years, photocatalysis
technology is considered as alternative and efficient method
for degrading various hazardous contaminants, moreover,
many semiconductors such as TiO2 [4], ZnO [5], Co3O4 [6],
CuO [7], CdS [8] etc. are reported to be effective photo-
catalysts. ZnO as a good photocatalyst, has been attracting
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much attention in the past decades owing to its high activity in
the ultraviolet range, low cost, thermal and chemical stability
and environmentally friendly features [9]. However, the large
band gap of 3.2 eV makes ZnO only collect ultraviolet light,
which only accounts for a small fraction 4% of the solar
spectrum. Moreover, the low separating efficiency of the
photogenerated electron–hole pairs also makes its photocata-
lytic ability not high enough. The two problems both restrict
the photocatalytic degradation efficiency of the pollutants and
its broader applications. In order to solve these drawbacks, a
lot of methods such as metal ion doping [10], non-metal
doping [11], noble metal deposition [12], coupling with
composite semiconductors [13], photosensitive material mod-
ification [14], and conjugated polymer modification [15] have
been applied for improving the photocatalytic activity of ZnO.
Recently, efficient Ag/AgX (X¼Cl, Br and I) photocatalysts

have been developed [16–18]. Due to the presence of noble metal
Ag, Ag/AgX nanoparticles possess strong absorption in the
visible light range and can effectively separate photogenerated
ghts reserved.
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electron–hole pairs. By coupling with Ag/AgX nanoparticles, the
photocatalytic abilities of Ag/AgBr/TiO2 [19,20], Ag/AgCl/TiO2

[21], Ag/AgBr/BiOBr [22] were improved significantly. Wang
et al. [19] prepared mesoporous TiO2 coated with Ag and AgBr
nanoparticles, which exhibited high photocatalytic activity for
methyl orange degradation under visible light irradiation. Zhang
et al. [20] synthesized Ag/AgBr/TiO2 composites as a photoactive
and durable catalyst toward the gas-phase degradation of benzene
and acetone. Guo et al. [21] developed Ag/AgCl@TiO2 compo-
sites for efficient photodegradation of 4-chlorophenol and photo-
reduction of Cr (VI) ion under visible light irradiation. However,
Ag/AgBr nanoparticles modified ZnO as photocatalyst for dye
degradation was scarcely reported.

In this paper, Ag/AgBr/ZnO nanocomposites have been
successfully synthesized by two steps of deposition–precipita-
tion method, and then followed by reduction under visible light
irradiation. The photocatalytic activity and stability of the as-
prepared Ag/AgBr/ZnO composites were evaluated by degrad-
ing the organic model pollutant of Rhodamine B (RhB) under
visible light irradiation. Ag/AgBr/ZnO composites displayed
much better photocatalytic activity than pure ZnO. Moreover,
the as-prepared Ag/AgBr/ZnO composites exhibited good
stability. The photocatalytic degradation efficiency after 10
recycles still kept at 70% of the first time activity. Therefore,
the as-prepared Ag/AgBr/ZnO composites will be a promising
highly active visible light-driven material for degrading dye.
2. Experimental

2.1. The preparation of Ag/AgBr/ZnO composites

First, AgBr/ZnO composites were prepared by the deposi-
tion–precipitation method. 1.0 g ZnO was added into 50 mL
distilled water, and the suspension was sonicated for 10 min.
Then, 1.2 g cetyltrimethylammonium bromide (CTAB) was
added to the suspension, and the mixture was stirred for
60 min, then 0.21 g AgNO3 in 1 mL NH4OH (25 wt%) was
dropped into the mixture. In this process, cationic surfactant
CTAB was adsorbed onto the surface of ZnO to form the
individual micelles which wrapped AgBr nanoparticles, limit-
ing the numbers of nucleation sites for AgBr nanoparticles
growing. After the resulting suspensions were stirred at room
temperature for 12 h, the suspensions were filtered, washed
with distilled water, and dried at 60 1C for 12 h. Finally, the
powder was calcined in air at 500 1C for 3 h to obtain AgBr/
ZnO composites. Then, the obtained sample was dispersed into
distilled water and irradiated under visible light of the
wavenumber of 400 nm to 800 nm by 300 W iodine tungsten
lamp for 2 h while vigorous stirring. The color of the sample
changed from light yellow to light gray, indicating that some
Ag ions on the surface of AgBr/ZnO converted to Ag0 species.
Thus, the Ag/AgBr/ZnO composites were obtained and named
as Ag/AgBr/ZnO-2. Similarly, Ag/AgBr/ZnO-1 and Ag/AgBr/
ZnO-3 were prepared with AgNO3 of 0.11 g and 0.42 g,
respectively. Additionally, Ag/AgBr/P25 composites were also
prepared with commercial P25 instead of ZnO for comparison
[20].
2.2. Material characterizations

The X-ray diffraction (XRD) measurement was carried out
on Bruke D8 Advance X-ray powder diffractometer with Cu
Kα radiation (40 kV, 40 mA) for phase identification. The
morphology, particle sizes and chemical compositions of the
products were examined by transmission electron microscopy
(TEM, Tecnai G2 Spirit) equipped with an energy dispersion
X-ray spectrometer (EDS). X-ray photoelectron spectroscopy
(XPS) measurements were recorded on a PHI 5000C ESCA
system with Al Kα radiation (hν ¼1486.6 eV). The UV–vis
diffuse reflectance spectra (DRS) were measured by a Shi-
madzu UV-2500 spectrophotometer. The photoluminescence
spectra (PL) were obtained by a Varian Cary Eclipse spectro-
meter with an excitation wavelength of 325 nm. The Bru-
nauer–Emmett–Teller (BET) surface area and pore volume
measurements were performed on a NOVA 2000 (Quanta-
chrome, America) surface area analyzer with nitrogen as
adsorbate. Samples were outgassed at 150 1C for 12 h prior
to measurements.
2.3. Evaluation of photocatalytic performances

The photocatalytic performances of Ag/AgBr/ZnO compo-
sites were examined through degradation of RhB dye. The
visible light was provided by 300 W iodine tungsten lamp at
the wavenumber of 400 nm to 800 nm. 100 mg Ag/AgBr/ZnO
composites were transferred into 100 mL 5 mg L�1 RhB
aqueous solution. Then the dispersion was kept in dark for
30 min under magnetic stirring to reach the adsorption–
desorption equilibrium. The distance between the surface of
the suspension and the light source was about 50 cm. The
illumination intensity on the suspension surface was ca.
4000 lx, measured by a lux meter. The RhB concentrations
after irradiation for a definite time were estimated according to
the absorbance at 552 nm measured by Shimadzu UV-2500
spectrophotometer. For comparison, the reactions were carried
out in the presence of ZnO or Ag/AgBr/P25 and in the absence
of any catalyst.
3. Results and discussions

3.1. Chemical composition, surface area and pore volume

Chemical composition, surface area and pore volume of Ag/
AgBr/ZnO composites were determined by XPS and N2

adsorption techniques. As shown in Table 1, the amounts of
Ag and Br in the samples increased with the adding amounts of
AgNO3. However, the surface area and pore volume of Ag/
AgBr/ZnO composites decreased slightly with the adding
amounts of AgNO3 increasing.



Table 1
Chemical composition, surface area and pore volume of Ag/AgBr/ZnO composites.

Sample Ag wt % Br wt % Zn wt % O wt % Surface Area m2/g Pore Volume cm3/g

Ag/AgBr/ZnO-1 7.11 4.79 70.70 17.40 4.21 0.0147
Ag/AgBr/ZnO-2 12.93 7.77 63.65 15.65 3.30 0.0131
Ag/AgBr/ZnO-3 16.50 10.05 58.94 14.51 2.86 0.0125

Fig. 1. XRD patterns of (a) pure ZnO and (b) Ag/AgBr/ZnO-2 composites.

Fig. 2. TEM images of (A) pure ZnO, (B) Ag/AgBr/ZnO-2 composites and
(C) EDS analysis for Ag/AgBr/ZnO-2 composites.
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3.2. XRD analysis

Fig. 1 shows the XRD patterns of pure ZnO and Ag/AgBr/
ZnO-2 composites. The diffraction peaks at 2θ of 31.71, 34.41,
36.21, 47.551, 56.61 and 62.851 were respectively indexed to
(100), (002), (101), (102), (110) and (103) diffraction planes of
hexagonal structured ZnO (JCPDS card no. 076-0704). Apart
from ZnO peaks, some new peaks at 31.11, 44.41, 55.11 and
64.61 corresponded to (200), (220), (222) and (400) diffraction
planes of cubic phase AgBr (JCPDS card no.06-0438), and the
peak at 38.11 characteristic of (111) diffraction of face-
centered-cubic structured Ag (JCPDS card no. 04-0783)
appeared in the Ag/AgBr/ZnO-2 composites. Hence, ZnO,
Ag and AgBr existed in the Ag/AgBr/ZnO composites, no
other impurity peaks were observed.

3.3. TEM analysis

Fig. 2 showed TEM images of pure ZnO and Ag/AgBr/
ZnO-2 composites. Pure ZnO displayed nearly rod-like mor-
phology and the surface of pure ZnO was smooth (Fig. 2A). In
Ag/AgBr/ZnO composites, the surface of ZnO was attached by
Ag/AgBr nanoparticles with small sizes of 5 nm in Fig. 2B. In
addition, EDS result revealed the existence of Zn, O, Br and
Ag, which were in agreement with XRD results.

3.4. XPS analysis

In the full XPS spectra of Ag/AgBr/ZnO-2 composites
shown in Fig. 3A, strong peaks of Ag 3d, Br 3d, Zn 2p and



Fig. 3. XPS spectra of (A) full spectra of Ag/AgBr/ZnO-2 composites, (B) Ag 3d, (C) Br 3d, (D) O 1s, and (E) Zn 2p.
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O 1s were observed. Peaks at 367.5 and 373.5 eV were
assigned to Ag 3d5/2 and Ag 3d3/2 binding energies. The Ag
3d5/2 peak and Ag 3d3/2 peak could be further divided into two
different peaks. The peaks at 367.43 eV and 373.3 eV were
assigned to Ag (I) of AgBr, and the peaks at 367.78 eV and
373.9 eV were attributed to metallic Ag (0) [23]. The peak at
68.5 eV was ascribed to Br 3d in Fig. 3C. O 1s could be
divided into two symmetrical peaks of 531.0 eV and 532.5
eV, which respectively corresponded to the lattice oxygen of
ZnO and chemisorbed oxygen caused by the surface hydroxyl
[24]. And the peak at 1022.4 eV was identified as Zn 2p
of ZnO.

3.5. UV–vis diffuse reflectance

Fig. 4A shows the UV–vis diffuse reflectance spectra of
pure ZnO and Ag/AgBr/ZnO-2 composites. It is noticeable that
the loadings of Ag/AgBr onto ZnO support significantly



Fig. 4. (A) DRS spectra and (B) Plots of (αhν)2 versus energy (hν) for the
band gap energy of (a) pure ZnO and (b) Ag/AgBr/ZnO-2 composites.

Fig. 5. (A) Photodegradation activities and (B) First-order kinetic plots for the
photodegradation of RhB over (a) blank, (b) pure ZnO, (c) Ag/AgBr/ZnO-1,
(d) Ag/AgBr/ZnO-2, (e) Ag/AgBr/ZnO-3 and (f) Ag/AgBr/P25.
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affected the optical property of ZnO. Ag/AgBr/ZnO-2 compo-
sites possessed the stronger absorption in the visible light
range compared with pure ZnO, which was resulted from the
surface plasmon absorption of Ag nanoparticles and light
absorption of AgBr nanoparticles. Ag/AgBr/ZnO-2 showed
absorption edge at about 406 nm, while an absorption edge of
ZnO was at around 385 nm.

The band gap energy of a semiconductor can be calculated
by the following formula [25]:

αhν¼ Aðhν�EgÞn=2 ð1Þ
where α, h, ν, Eg and A are absorption coefficient, Planck
constant, light frequency, band gap energy, and a constant,
respectively. For Ag/AgBr/ZnO composites, the value of n is
4, because n is determined by the type of optical transition of a
semiconductor (i.e. n¼1 for direct transition and n¼4 for
indirect transition). Therefore, Eg of ZnO was calculated to be
3.22 eV, and the band gap Eg of Ag/AgBr/ZnO-2 was
narrowed to 3.06 eV. The narrowed band gap favored the
photocatalytic performance of Ag/AgBr/ZnO composites dur-
ing the visible light region.

3.6. Photocatalytic activity of degrading RhB

Fig. 5A shows the photocatalytic activities over pure ZnO,
Ag/AgBr/ZnO and Ag/AgBr/P25 composites. The degradation
of RhB hardly occurred without any catalyst, which suggested
that the photoinduced self-sensitized photolysis of RhB could
be neglected. The degradation efficiency of RhB solution over
pure ZnO was about 38% in 3 h. However, the degradation
efficiency was significantly improved under the same condition
after loaded by Ag/AgBr nanoparticles. The photocatalytic
efficiencies of Ag/AgBr/ZnO-1 and Ag/AgBr/ZnO-3 were
enhanced to 90% and 95%, respectively. Noticeably, Ag/
AgBr/ZnO-2 gave the highest degradation efficiency, almost
100% RhB was degraded within 3 h, which was slightly higher
than that of Ag/AgBr/P25. To have a better understanding of
the reaction kinetics of the RhB degradation catalyzed by
various samples, Fig. 5B shows the relationships between ln
(C0/C) and the irradiation time for RhB degradation. As the
relationships were linear (RZ0.99), the photocatalytic degra-
dation curves fit well with first-order reaction. The Ag/AgBr/
ZnO-2 composites exhibited the highest rate constant
(k¼1.359 h�1) in all of samples, which was approximately
8.5 times larger than that of pure ZnO (k¼0.1528 h�1), even
larger than that of as-prepared Ag/AgBr/P25 catalyst
(k¼1.089 h�1).
3.7. Photocatalytic stability

Photocatalyst stability is an important factor for its practical
application. The circulating runs in the photodegradation of
RhB over Ag/AgBr/ZnO-2 composites were conducted, as



Fig. 6. Circulating runs in the photodegradation of RhB over Ag/AgBr/ZnO-2
composites.

Fig. 7. XRD patterns of Ag/AgBr/ZnO-2 composites before and after reuses
for the photocatalytic degradation of RhB, (a) fresh sample, (b) after 3 recycles,
(c) 5 recycles and (d) 10 recycles.

Fig. 8. Effects of adding different radical scavengers on the degradation of
RhB over Ag/AgBr/ZnO-2 catalyst (a) no scavenger, (b) with 1 mM EDTA, (c)
with 10 mM methanol, (d) with 5 mM DMSO, and (e) with 1 mM p-
benzoquinone.

Fig. 9. Photoluminescence spectra of (a) ZnO and (b) Ag/AgBr/ZnO-2
composites.

L. Shi et al. / Ceramics International 40 (2014) 3495–35023500
shown in Fig. 6. The photocatalytic activities of Ag/AgBr/
ZnO-2 composites slightly decreased with the recycle times,
but photodegradation efficiency still kept at 70% of fresh
catalyst after the 10th run, indicating its stability.

Fig. 7 shows the XRD patterns of Ag/AgBr/ZnO-2 compo-
sites before and after degradation of RhB. After several
catalytic runs, the peak positions are the same as those of
the fresh catalyst. However, the ratios of the peaks intensities
changed slightly. The intensity of metal Ag became stronger
with the recycle times increasing, while the AgBr peaks
became weaker, suggesting that AgBr gradually changed into
more Ag0 during the photodegration processes. The changes in
chemical state of Ag species were possibly resulted from the
combination of photogenerated electrons with Agþ to form
Ag, which made the amounts of Ag gradually increase during
photocatalytic reactions. Similar phenomena were also
reported in Ag/AgBr and AgBr/TiO2 catalysts [17,26].

3.8. Possible photocatalytic mechanism

To ascertain the main reactive species for the degradation of
RhB, the addition effects of radical scavengers were examined
in order to discuss the reaction mechanism (Fig. 8). Here,
methanol was used to quench the dOH in the solution [27],
ethylene diamine tetraacetic acid (EDTA) for hþ scavenger
[28], p-benzoquinone for dO2

� quencher [29], and dimethyl
sulfoxide (DMSO) for e� scavenger [19]. Fig. 8 shows the
photocatalytic degradation curves over Ag/AgBr/ZnO-2 com-
posites in the presence of different scavengers. The additions
of methanol, EDTA and DMSO led to much decreases in
degradation activities, which implied that dOH, hþ and e�

were the active reactive species. The additions of p-
benzoquinone made the degradation of RhB almost inhibit,
suggesting that dO2

� was the main reactive species. Moreover,
Huang et al. [30] and Geng et al. [31] have reported that the
generated hþ on AgBr could oxidize Br� to Br0, and Br0

further oxidized RhB dye as reactive species.
Since photoluminescence spectrum emission arises from the

recombination of excited electrons and holes, the PL technique
is useful for disclosing the migration, transfer, and recombina-
tion processes of the photogenerated electron–hole pairs in
the semiconductors. Fig. 9 shows the PL spectra of ZnO and
Ag/AgBr/ZnO-2 with the excitation wavelength of 325 nm.



Fig. 11. Possible degradation pathway of RhB over Ag/AgBr/ZnO composites.
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Pure ZnO showed higher intensity of emission spectrum than
that of Ag/AgBr/ZnO-2, which suggested the photogenerated
electrons and holes might recombine rapidly in ZnO system.
As we know, a weaker PL intensity represents a lower
recombination probability of the electron–hole under light
irradiation. In Ag/AgBr/ZnO system, due to the presence of
Ag/AgBr nanoparticles, photogenerated electrons easily trans-
ferred from AgBr to ZnO, in addition, noble metal Ag also
trapped photogenerated electrons because of the Schottky
barrier [12]. Hence, the electron–hole recombination rates
were greatly decreased, thus leading to the improved photo-
catalytic activity.

Possible reaction mechanism over Ag/AgBr/ZnO under
visible light irradiation was proposed in Fig. 10. During the
photocatalytic oxidation process, AgBr could be excited to
form photogenerated electron–hole pairs under visible light
irradiation. Subsequently, the photogenerated electrons trans-
ferred from the conduction band (CB) of AgBr to that of ZnO
or trapped by Ag on AgBr nanoparticles. These electrons
further reacted with O2 adsorbed on the surface of catalyst to
generate active dO2

� . At the same time, hþ in the valence
band (VB) of AgBr and ZnO combined with H2O to produce
active dOH. Additionally, reactive holes on the VB of AgBr
could oxidize Br� ions to Br0 which were the reactive species
for degrading RhB dye. These reactive radical species of dO2

�,
dOH, hþ , e� and Br0 were so reactive that they could
efficiently degrade RhB into less organic matters and finally
into H2O and CO2. In the photocatalytic reaction process,
recombinations of the electrons and holes were efficiently
prevented, resulting in enhanced photocatalytic activity of Ag/
AgBr/ZnO composites.

According to the previous reports [32–34], the possible
degradation pathways of RhB were shown in Fig. 11. The
photodegradation of RhB includes four main processes: N-
deethylation, chromophore cleavage, opening-ring and miner-
alization. During the photocatalytic oxidation process, various
active intermediate species including dO2

�, dOH, hþ , e� and
Fig. 10. Possible reaction mechanism over Ag/AgBr/ZnO composites under
visible light irradiation.
Br0 were formed, which were involved in destruction process
of RhB structure. Their oxidation or reduction activities made
RhB N-deethylated and destruct the conjugated structure. With
the prolonged time of light irradiation, the effects of active
intermediate species were enhanced, resulting in further
opening-ring and mineralization of less organic matters.
4. Conclusions

Ag/AgBr/ZnO composites were successfully synthesized by
two steps of deposition–precipitation method, and then fol-
lowed by reduction under visible light irradiation. Because of
the presence of small sized Ag/AgBr nanoparticles on ZnO
surface, Ag/AgBr/ZnO composites possessed strong absorp-
tion in the visible light range and excellent performances for
the degradation of RhB compared with pure ZnO and Ag/
AgBr/P25 samples. Moreover, through catalytic repetitive
tests, Ag/AgBr/ZnO composites remained excellent stability
and regeneration capability, although some AgBr were con-
verted to more Ag during the photocatalytic processes. The
enhanced photocatalytic activity was due to the synergistic
effects coming from effective separation of photogenerated
e�–hþ , narrowed band gap and enhanced visible light
absorption because of the modified Ag/AgBr. Thus, Ag/
AgBr/ZnO composites may be a promising efficient photo-
catalyst for pollutants abatement.
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