
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 1
:3

8:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
One-pot synthes
aCollege of Chemistry, Chemical Enginee

University, Soochow, 215123, China. E-mai

0512-85187680; Tel: +86-0512-85187680
bCollege of Textile and Clothing Engineerin

China

Cite this: RSC Adv., 2017, 7, 31230

Received 5th April 2017
Accepted 4th June 2017

DOI: 10.1039/c7ra03879h

rsc.li/rsc-advances

31230 | RSC Adv., 2017, 7, 31230–3123
is of an AgBr/ZnO hierarchical
structure with enhanced photocatalytic capacity

Shengnan Liu,a Min Zheng,b Rui Chena and Zuoshan Wang *a

Hydrangea-like silver bromide/zinc oxide (AgBr/ZnO) photocatalysts were first synthesized using a one-pot,

wet chemical method, and were composed of a ZnO hierarchical structure and AgBr nanoparticles (NPs).

The as-synthesized AgBr/ZnO composites were characterized using X-ray diffraction (XRD), scanning

electron microscopy (SEM), transmission electron microscopy (TEM) and energy dispersive spectrometry

(EDS) mapping analysis. The experimental results suggested that the AgBr NPs were uniformly decorated

on the surface of the self-assembled ZnO hierarchical structure. It was found that poly vinyl pyrrolidone

(PVP) and triethanolamine (TEOA) played important roles in the formation of the AgBr/ZnO hydrangea-

like structure. The photocatalytic performance of AgBr/ZnO composites was then investigated using the

degradation of rhodamine B under visible light irradiation. AgBr/ZnO composites exhibited better

photocatalytic properties than pristine ZnO and AgBr, and the composite with 30% AgBr showed the

best photocatalytic activity. The enhanced catalytic properties were attributed to the synergistic effects

of the hierarchical hydrangea like structures, AgBr/ZnO heterojunction and metallic silver generated

during the photocatalytic process. Therefore, the hydrangea-like AgBr/ZnO could act as a potential

photocatalyst for environmental treatment and energy conversion.
1. Introduction

In recent years, photocatalytic degradation of contaminants or
microorganisms has received worldwide interest because this
method can convert solar energy to chemical energy without
pollution.1 Under the action of photocatalysts, dyes can be
decomposed into water (H2O), carbon dioxide and nontoxic
organic matter with a simple structure.2–4 Among the diverse
catalysts, semiconductor materials possess the potentially
green and cost-effective approach to address difficult problems
regarding photodegradation.5,6

Zinc oxide (ZnO) is an important semiconductor and has
found wide applications, as luminescent materials,7 in electrical
and photoelectronic devices,8,9 in chemical sensors10 and in the
photocatalysis eld.11 It has been well established that ZnO
shows good photocatalytic activity for the degradation of
organic pollutants because of its particular electronic structure,
diversiform morphologies, easy fabrication and low cost.12

Nonetheless, the application of ZnO as a photocatalyst suffers
several obvious drawbacks: rstly, ZnO can just respond to the
ultraviolet (UV) part of sunlight for its wide optical bandgap of
about 3.37 eV and as is known, UV light just accounts for 5–7%
of the solar spectrum. To expand its light responsive range, it is
ring and Materials Science, Soochow
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necessary to study the modied ZnO. Secondly, the rapid
recombination rate of photogenerated electron–hole pairs
cannot be ignored. To improve its inferior photon response,
coupling ZnO with a narrow band gap material to form a het-
erostructure is a good option.13–17

Silver bromide (AgBr) is a visible light sensitive material with
band gap of about 2.64 eV and has been used to improve the
spectral response range of ZnO.18–20 For example, Lu et al.
synthesized a rod-like AgBr/ZnO composite using a hydro-
thermal method and the composite showed enhanced photo-
catalytic activity compared to pure ZnO or AgBr particles.18 Shi
et al. employed a deposition–precipitation method to obtain
a rod-like AgBr/ZnO heterostructure, which had favorable pho-
tocatalytic activity for the degradation of rhodamine B (RhB).19

Wu et al. synthesized AgBr/ZnO nanowires using a two-stage
process consisting a solvothermal route followed by chemical
precipitation.20 The photocatalytic studies revealed that the
composites could improve the photocatalytic activity compared
to pure ZnO. The previously mentioned preparation techniques
either had multi-step processes or a high reaction temperature
and long processing time, which more or less led to increased
cost. For practical applications, a simplied preparation of
AgBr/ZnO hybrid is desired. However, the impact of the
morphological structure of catalysts cannot be ignored in the
process of photocatalysis. Recently, various morphologies of
AgBr/ZnO materials have been prepared, such as rod-like
morphology,18 hexagonal structures21 and a shuttle-like
shape.22 The advantages of three-dimensional hierarchically
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 XRD patterns of the as-prepared samples.
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assembled nanoplatelets or nanoparticles (NPs) include not
only the high surface area for effective loading, but also the
structural stability and dispersity compared to one-dimensional
nanowires and zero-dimensional NP structures.23

In considering the previously mentioned aspects, hydrangea
like AgBr/ZnO composites with hierarchical structure have been
synthesized using a one-pot wet chemical method for the rst
time. They consisted of dense ZnO nanorods (NRs) covered by
AgBr NRs. Furthermore, the typical AgBr/ZnO composites
showed a higher photocatalytic property when degrading RhB
under visible light irradiation, compared to a similar degrada-
tion using pure AgBr and ZnO. In addition, a possible degra-
dation mechanism is suggested. It is believed that the proposed
method could provide ideas for the preparation of new semi-
conductor composites.

2. Experimental section
2.1 Materials

In our study, all the chemicals were analytical grade supplied by
Sinopharm Chemicals and used without any other purication.

2.2 Synthesis of samples

The hydrangea like AgBr/ZnO nanocomposites were prepared
using a wet chemical method. Firstly, 0.1 g of PVP (MW¼ 58 000)
was dissolved in 40 mL of deionized water with vigorous stirring
in a 250 mL beaker. Next, 1.49 g of zinc nitrate hexahydrate
(Zn(NO3)2$6H2O) was added to the mixture. Then, 30 mL of
silver nitrate (AgNO3) and 30 mL of potassium bromide (KBr)
aqueous solutions were added dropwise into the mixture at the
same time under continuous stirring. The concentrations of
AgNO3 and KBr were kept consistent in each of the four groups
which were 16.7 mM, 33.4 mM, 50.1 mM, and 66.8 mM and the
corresponding products were denoted as AZ-1, AZ-2, AZ-3, AZ-4,
respectively. That meant that the mole fractions of AgBr to ZnO
were 10%, 20%, 30% and 40%. Aerwards, 32.5 mL of trietha-
nolamine (TEOA; 2.91 M) was added dropwise into the
suspension. Finally, a water bath heating treatment was carried
out at 90 �C for 3 h and then cooled down naturally to an
ambient temperature aerwards. The samples obtained were
centrifuged and the precipitates were cleaned repeatedly with
deionized water and absolute alcohol. The precipitates were
dried in a vacuum oven at 60 �C for 8 h. The pure ZnO and AgBr
were obtained under the same conditions.

2.3 Characterization of the samples

With the use of Cu-Ka radiation, X-ray diffraction (XRD)
patterns were obtained to identify the crystalline phase of the
resultant products. A Hitachi S4800 scanning electron micro-
scope (SEM) was used to obtain the SEM images and the
elemental analysis of the products was performed using energy
dispersive spectrometry mapping analysis (EDX). Further
structural characterization was conducted using a Hitachi
H600A transmission electron microscope (TEM) and high-
resolution transmission electron microscopy (HRTEM). The
specic surface areas of the samples were obtained from
This journal is © The Royal Society of Chemistry 2017
nitrogen (N2) adsorption–desorption isotherms using a Micro-
meritics TriStar 3020 system. The ultraviolet-visible (UV-vis)
diffuse reectance spectra were revealed using a Shimadzu
UV-3600 UV-vis-near infrared spectrophotometer. The photo-
luminescence (PL) spectra were obtained using a Varian Cary
Eclipse uorescence spectrometer with an excitation wave-
length of 247 nm. X-ray photoelectron spectrometry (XPS) was
performed using Thermo Fisher Scientic ESCALAB 250 and the
results obtained were applied to evaluate the elemental
composition of the samples.
2.4 Photocatalytic properties

The photocatalytic properties of products were estimated by
degrading RhB. The experiments were implemented in a 100 mL
reactor with a 500W xenon lamp as the visible light source. In the
course of the test, a total of 0.1 g of the sample was blended with
100 mL of RhB aqueous solution (10 mg L�1). Before the illu-
mination, the suspensions were kept in darkness for 30 min to
attain the absorption equilibrium state. Once the irradiation
started, 4 mL of the mixture was removed with a syringe for the
every 20 min. Next, the UV-vis spectrophotometer was used to
analyse the products. According to the formula h ¼ C/C0, in
which C0 indicates the concentration of the original RhB solution
and the C is the concentration of RhB solution at a different
reaction time. Therefore, the degradation curves and rates of the
RhB solution were obtained. The stability of the catalyst was also
investigated using circulation experiments.
2.5 Trapping experiment of the active species

TEOA (5 mM), isopropanol (IPA) and ascorbic acid (L-AA) were
added to the RhB solution as scavengers of h+, cOH and cO2�,
respectively. Then the concentration of RhB was measured aer
illumination for 100 min. The degradation percentages of RhB
solution were calculated using the formula (C0 � C)/C0.
3. Results and discussion
3.1 Structure and morphology

Fig. 1 shows the XRD patterns of the products. For pure ZnO, all
the diffraction peaks can be well indexed by the wurtzite
hexagonal crystalline phase (JCPDS no. 36-1451). The
RSC Adv., 2017, 7, 31230–31238 | 31231
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diffraction peaks of AgBr match well with cubic structure AgBr
(JCPDS no. 79-0148). When ZnO was decorated with AgBr NPs,
the XRD patterns for the composites displayed diffraction peaks
which agreed well with those of AgBr and ZnO. It can be noted
that the intensity of the diffraction peaks of ZnO is gradually
decreased and the intensity of the diffraction peaks corre-
sponding to AgBr strengthen with the increase of AgBr content
on the surface. Furthermore, there is no other impurity
diffraction peaks, such as Ag0. This indicates that the AgBr does
not decompose into other substances, when the compound
photocatalyst is prepared.

Fig. 2a and b display SEM images of pure ZnO and AgBr/ZnO
samples, respectively. As shown in Fig. 2a, pure ZnO has
a spherical shape with a diameter of about 300–800 nm. A
magnied SEM image of pure ZnO is given in the inset of
Fig. 2a. It can be seen that they are assembled of small NPs with
sizes ranging from about 20 nm to 50 nm. The SEM image of the
AgBr/ZnO composite (Fig. 2b) indicates the existence of AgBr
NPs bonded to the surface of ZnO, forming a hierarchical
hydrangea like structure similar to pure ZnO. However, the
surface of the AgBr/ZnO composites can be rougher than that of
ZnO because of the attachment of the AgBr NPs. Based on the
magnied SEM image (Fig. 2b, inset), it can be estimated that
the AgBr NPs are �60 nm in diameter, and from the SEM
images, it is clearly observed that the hierarchical hydrangea
like structure has good dispersibility.

To further structurally characterize the products, TEM
measurements were performed. Fig. 2c shows typical TEM
images of the AgBr/ZnO heterojunction, which is consistent
with the SEM results (Fig. 2b). Fig. 2d shows the HRTEM image
of the AgBr/ZnO composite selected from the Fig. 2c. It has
interplanar distances of 0.261 nm, corresponding to the (0002)
plane of a wurtzite hexagonal ZnO, and 0.289 nm which agrees
well with the (200) plane of the crystalline AgBr with a cubic
structure. Apparently, the (0002) facet of ZnO was connected
Fig. 2 (a) SEM image of pure ZnO, (b) SEM, (c) TEM and (d) HRTEM
images of AZ-3.

31232 | RSC Adv., 2017, 7, 31230–31238
with the (200) facet of AgBr at a particular angle, indicating the
formation of heterojunctions.

The EDX spectrum for the AZ-3 sample is shown in Fig. 3a.
The peaks are ascribed to Ag, Br, O, and Zn elements.
Furthermore, EDX mapping was applied to examine the distri-
bution of the elements in the AZ-3 sample, as illustrated in
Fig. 3b–f. It was observed that the AgBr NPs were homoge-
neously attached on the surface of ZnO.

The specic surface area and pore distribution of samples
were studied using a N2 adsorption–desorption isotherm test.
As shown in Fig. 4a, both pure ZnO and AZ-3 exhibit type IV-like
isotherms with hysteresis loops. The Brunauer–Emmett–Teller
(BET) surface areas of pure ZnO and AZ-3 were determined to be
14.40 m2 g�1 and 14.30 m2 g�1, respectively, which were higher
than those of traditional ZnO materials which were approxi-
mately 4–5 m2 g�1.24 The increased surface areas can provide
more active sites to improve the photocatalytic efficiency. The
pore size distribution of the samples was also obtained. As
shown in Fig. 4b, both ZnO and AZ-3 have similar pore distri-
bution with major pores which range in size from 8 to 30 nm
and minor ones of 2 nm. The formation of the porous structure
of ZnO or AgBr/ZnO can be attributed to the agglomeration
interspace among the NPs.
3.2 The mechanism analysis of AgBr/ZnO hierarchical
structure

Based on the experimental results, a possible route of formation
of the AgBr/ZnO heterojunction is proposed, as shown in Fig. 5.
The reaction steps in aqueous solution can be summarized as
follows:

Ag+ + Br� / AgBr (1)

Zn2+ + TEOA / [ZnTEOA]2+ (2)

[ZnTEOA]2+ + H2O / Zn(OH)2 + HTEOA+ (3)

Zn(OH)2 + TEOA / [Zn(OH)2TEOA] (4)

[Zn(OH)2TEOA] + H2O / [Zn(OH)4]
2� + HTEOA+ (5)

[Zn(OH)4]
2� / ZnO + H2O + 2OH� (6)

At rst, colloidal AgBr NPs are rapidly formed aer the
mixing between AgNO3 and KBr aqueous solutions [Fig. 5A and
eqn (1)]. In this process, PVP plays the role of steric stabilizer or
capping agent: and the nitrogen atoms of the PVP can coordi-
nate with the Ag ions of AgBr to form a complex, and thereby
prevent the NPs from conglomerating.25 Descriptions of this
phenomenon can also be found in previous reports.26–28 It
should be noted that colloidal AgBr NPs do not serve as cores
during the formation process although they are formed rst.
This could be attributed to the steric hindrance effect of PVP,
which has a high MW and long carbon chain compared to
TEOA.29 When the ZnO NPs surround the AgBr NPs, the steric
hindrance effect shields the AgBr NPs from further nucleation.
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) EDX spectrum for the AZ-3 composite, (b–f) EDX mapping of the AZ-3 composite.

Fig. 4 (a) N2 adsorption–desorption isotherms and (b) corresponding pore size distributions of pure ZnO and AZ-3.
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Therefore, AgBr NPs wrapped with PVP are crowded outside the
ZnO self-assembled spheres.

With the introduction of TEOA, Zn2+ will be coordinated by
TEOA via N to form a [ZnTEOA]2+ complex [eqn (2)]. As the
temperature increases, lots of hydroxyl ions are formed by the
hydrolysis of TEOA and then the complex is gradually hydro-
lyzed into [Zn(OH)4]

2� [eqn (3)–(5)]. As shown in Fig. 5B,
This journal is © The Royal Society of Chemistry 2017
colloidal AgBr NPs exist stably with [Zn(OH)4]
2� ionic groups.

Next, ZnO NPs can be obtained by the dehydration of
[Zn(OH)4]

2� by heat treatment [Eq. (6)]. The formation of ZnO
could break the previously metastable state of the AgBr colloid
and induce AgBr NPs to precipitate on the surface of ZnO NPs
(Fig. 5C). Subsequently, they come closer to each other (Fig. 5D)
and then the hydroxyl groups of the TEOA rims absorbed on the
RSC Adv., 2017, 7, 31230–31238 | 31233
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Fig. 5 Illustration of the possible formation route of the AgBr/ZnO heterojunction, (A) formation of the AgBr NPs, (B) formation of [Zn(OH)4]
2�

ionic groups, (C) individual ZnO and AgBr NPs, (D) process of self-assembly, and (E) formation of AgBr/ZnO hierarchical structure.

Fig. 6 SEM images of AZ-3 samples preparedwith different amounts of PVP: (a) 0.05 g, (b) 0.1 g, (c) 0.3 g, (d) 0.5 g and different concentrations of
TEOA: (e) 1.5 M, (b) 2.91 M, (f) 4.5 M, (g) 6 M.

Fig. 7 UV-vis absorption spectra of ZnO and AgBr/ZnO composites.
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ZnO NPs can interact with each other, which results in a linkage
or bridging of the neighboring ZnO NPs. These NPs gradually
grow and t together in this way. Finally, the clusters assemble
together into a hydrangea like aggregation (Fig. 5E). The
proposed formation mechanism of AgBr/ZnO hierarchical
structure shown by the TEM results in Fig. 5.

The effects of PVP (and TEOA) concentrations on the
morphologies of the as-prepared products were also studied.
Fig. 6a–d shows the inuence of PVP concentrations on the
morphologies of AZ-3. When the PVP contents varied from
0.05 g to 0.5 g, all the products exhibited similar hydrangea like
structures, suggesting that the PVP content has hardly any
inuence on the morphologies of AZ-3. However, the
morphologies of AZ-3 are strongly dependent on the TEOA
concentration. As shown in Fig. 6e, when the concentration was
1.5 M, the surface of the products was porous. As the concen-
tration increased up to 2.91 M (Fig. 6b) and 4.5 M (Fig. 6f), the
pore size of the surface decreased to some extent. When the
concentration was 6 M (Fig. 6g), some interesting things
happened. It can be seen that the overall dimension of the
spheres was reduced and the surface was much more porous.
This phenomenon is reasonable as it is well known that ZnO is
an amphoteric oxide, which can be dissolved in an acid or alkali
environment. When the concentration of TEOA reached 6 M,
the concentration of OH� and the alkalinity of the solution were
high. Thus, the ZnO NPs were dissolved to a certain extent.
31234 | RSC Adv., 2017, 7, 31230–31238
3.3 Optical properties

Under the light illumination, the UV-vis spectrum of the sample
gives reasonable information about the degree of electron–hole
pairs produced. The UV-vis absorption spectra of the synthetic
photocatalysts are given in Fig. 7. As Fig. 7 shows, the absorp-
tion band of pristine ZnO is shorter than 400 nm, and the
absorption bands of AgBr/ZnO samples resemble that of pure
ZnO. Nevertheless, in the visible region, nanocomposites
exhibit a broader and higher absorption, indicating that there is
efficient absorption of the solar photons.
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Photoluminescence spectra of ZnO and AZ-3.

Fig. 10 The repeated experiments using the AZ-3 sample for RhB
degradation.
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The PL spectrum is an efficient method to explore the
recombination behaviors of the photogenerated carriers of
a material.19 Fig. 8 shows the PL spectrum of pure ZnO and AZ-3
with an excitation wavelength of 247 nm. With the AgBr
attached on the surface of ZnO (AZ-3), the emission intensity
signicantly decreases, which indicates the hybridization of
ZnO by AgBr can effectively inhibit the recombination of the
photogenerated charge carriers and this is conducive to the
photocatalytic reaction.
3.4 Photocatalytic activities

RhB was selected as a target contaminant to evaluate the pho-
tocatalytic performance of the AgBr/ZnO heterostructure. The
results are displayed in Fig. 9a. It should be noted that visible
light illumination in the absence of any photocatalyst or dark
conditions with catalysts does not lead to the photolysis of RhB.
Furthermore, aer irradiation for 40 min, the amount of RhB
decomposition was approximately 1.3%, 10.0%, 12.8%, 76.1%,
78.2%, 95.3% and 72.1% for blank sample, ZnO, AgBr, AZ-1, AZ-
2, AZ-3 and AZ-4, respectively. It was observed that ZnO shows
poor degradation capability. However, the combination of ZnO
and AgBr contributed to apparent enhancement of RhB pho-
todegradation and the AZ-3 product exhibited the best photo-
catalytic activity. The improved visible light response of the
heterojunction could be because of the synergy of ZnO and
AgBr. However, the higher amount of AgBr in AgBr/ZnO
Fig. 9 (a) RhB concentration changes with time for different samples (b)
using the AZ-3 product.

This journal is © The Royal Society of Chemistry 2017
nanocomposite will lead to a reduced photocatalytic ability (AZ-
4), which may be ascribed to the aggregation of the excess AgBr
particles on the nanocomposites, which reduces the active sites
and therefore the separation efficiency of the charge carrier
decreases. In conclusion, the optimum amount of AgBr in the
composites is 30%. Temporal evolution about the degradation
of RhB over AZ-3 is displayed in Fig. 9b. The concentration of
RhB shows a sharp decrease in the rst 20 minutes, as indicated
by the decrease in the intensity of absorption peaks.

Repeated use of photocatalysts is of signicance for practical
applications, in particular for the substances with light-
sensitive and unstable elements, such as AgBr,35 silver iodide36

and so on. The results of the photostability test of AZ-3 sample
for RhB degradation were conrmed by ve repeated experi-
ments under the same conditions. As shown in Fig. 10, the AZ-3
sample removes about 99.59% of RhB in the 1st cycle. In the 5th
cycle, removal of about 82% RhB occurs within 100 min of
reaction. As is well known, the occurrence of metal Ag with
a localized surface plasmon response effect during the photo-
catalysis process can enhance the photocatalytic activity.
However, aggregation of the excess Ag particles on the nano-
composites reduces the active sites and leads to a reduced
photocatalytic ability. Furthermore, considering the possible
loss of catalysts during centrifugation, it is reasonable that
about 82% removal of RhB occurs at the 5th cycle.
temporal evolution of the absorbance curve in the degradation of RhB

RSC Adv., 2017, 7, 31230–31238 | 31235
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Fig. 11 (A) XRD patterns of the AZ-3 composite before photocatalytic
testing (a) and after repeated experiments (b), (B) SEM image of the AZ-
3 composite after repeated reactions.
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Fig. 11A shows the XRD patterns of the AZ-3 composite
before and aer the repeated experiment. It can be seen that
there is no peak of metallic Ag in the fresh catalyst (Fig. 11a).
However, Fig. 11b indicates a new peak at 38.12�, which belongs
to the diffractions of the (111) plane of metallic Ag.30 This
represents the photoreduction of AgBr in the composite during
irradiation. Fig. 11B shows the SEM image of the AZ-3
composite aer repeated experiment and as can be seen there
is no obviously change in the hydrangea like nanostructures.
This indicates that the newly generated Ag also exists in the
form of NPs.

The XPS survey was used to detect the distribution of the
elements on the samples' surface and the results are shown in
Fig. 12. The XPS spectrogram (Fig. 12A) indicates that AZ-3
contains Ag, Br, Zn, and O, which agrees with the XRD
results. In addition, the C 1s peak was also detected, which may
be ascribed to an occasional hydrocarbon from the equipment.

In Fig. 12B(a), peaks at 367.22 and 373.12 eV are allocated to
Ag 3d5/2 and Ag 3d3/2, respectively, which belong to Ag+.31 In
Fig. 12B(b), the Ag 3d5/2 peak is further separated into two
different parts at 367.1 and 367.7 eV. Similarly, the Ag 3d3/2 peak
is also separated into two different parts at 373.1 and 373.6 eV.
The peaks at 367.7 and 373.6 eV can be classied as element
Ag0, and the peaks at 367.1 and 373.1 eV may be categorized as
the Ag+ of AgBr.32–34

All the evidence suggests the formation of metallic Ag on the
sample surface during the photocatalytic test. In fact, this
situation can be expected when visible light illuminates the
samples. In that case, AgBr can capture a photon which is
Fig. 12 The XPS spectra of the AgBr/ZnO composite (AZ-3) before photo
spectrum (B) high-resolution XPS spectrum of Ag 3d (C) high-resolution

31236 | RSC Adv., 2017, 7, 31230–31238
immediately followed by the generation of carriers. The
photoinduced electrons can react with interstitial Ag+ ions to
generate element Ag0.35 In Fig. 12C, the peaks at 1044.62 and
1021.52 eV are classied to Zn 2p, which conrms the existence
of Zn2+.

As is well known, the XPS spectra are obtained by measuring
the number of electrons that escape from the top 0 to 10 nm of
the material being analyzed. In consideration of the diameter of
AgBr NPs (�60 nm), some errors occur in the XPS element
content analysis because of this. Therefore, an additional
experiment was conducted. Firstly, 0.2 g of AZ-3 was dissolved in
30 mL of deionized water in a 100 mL beaker with vigorous
stirring. Secondly, 0.22 g of sodium thiosulfate pentahydrate
(Na2S2O3$5H2O) was added to remove AgBr NPs (AgBr +
2Na2S2O3 ¼ NaBr + Na3[Ag(S2O3)2]). Then the mixture was le,
under continuous stirring at room temperature, for 10 h.
Thirdly, the white product obtained was centrifuged to obtain
the ZnO precipitate and this was cleaned repeatedly with
deionized water and absolute alcohol. Then, the ZnO precipitate
was dried in a vacuum oven at 60 �C for 8 h. The ZnO product
weighed 0.1277 g and a mathematical calculation showed that
the mole fraction of AgBr to ZnO was 23.75% instead of 30%.
This suggests that not all of colloidal AgBr NPs precipitate on
the surface of the ZnO NPs. The loss of colloidal AgBr NPs
during centrifugation is the existing phenomenon. Therefore,
the 30% is the additional quantity, rather than actual complex
quantity.

The role the reactive species played in the degradation of
RhB over AZ-3 was explored and the results are shown in Fig. 13.
In the experiment, IPA, TEOA and L-AA were selected as scav-
engers of cOH, h+ and cO2�, respectively. It was found that the
degradation rates of RhB were reduced from 99% to 93.8%,
4.8% and 28.7% in presence of IPA, TEOA and L-AA, respec-
tively. Therefore, it is concluded that the inuence of h+ and
cO2� in the photocatalytic degradation is considerable and cOH
is not the primary active species.
3.5 Possible photocatalytic mechanism

Based on the previous analysis, a mechanism for the improved
photoactivity was hypothesized (Fig. 14). The conduction band
(CB) bottom and valence band (VB) top of AgBr are located at
catalytic testing (a) and after the repeated experiments (b) (A) XPS survey
XPS spectrum of Zn 2p.

This journal is © The Royal Society of Chemistry 2017
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Fig. 13 Trapping experiment of the active species.

Fig. 14 Possible scheme for charge-carrier transfer process in a visible
light irradiated AgBr/ZnO system.
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�3.7 and �5.95 eV, respectively, and the CB bottom and VB top
of ZnO are located at �4.3 and �7.5 eV, respectively.21 During
the photocatalytic process, Ag is generated on the surface of
compound because of the decomposition of AgBr. This kind of
phenomenon has been proved from the XPS measurements.
When the visible light energy irradiates the samples, electron–
hole pairs can be formed on the AgBr. However, the photo-
generated electrons on the CB levels of AgBr transfer towards
the CB of ZnO. Furthermore, the VB energy of the ZnO is more
positive compared to that of AgBr. Consequently, the holes stay
on the VB of AgBr.19 However, the electrons in AgBr CB are
trapped by Ag because of the formation of the Schottky barrier
at the metallic Ag and AgBr interface. Based on the analysis
discussed previously, the carriers are divided efficiently and the
lifetime of the electron–hole pairs is extended. Finally, the
carriers effectively move to the surface of the composite and can
be involved in the degradation process. Therefore, the photo-
catalytic ability of the composite is greatly improved compared
to that of pure AgBr or ZnO.
4. Conclusions

In this paper, the hydrangea-like AgBr/ZnO hierarchical struc-
ture has been fabricated via a one-pot, wet chemical method.
This journal is © The Royal Society of Chemistry 2017
Electron microscope images indicated that the composites were
300–800 nm in diameter and consisted of small ZnO NPs with
sizes ranging from 20 nm to 50 nm. In addition, AgBr NPs of
about 60 nm in diameter were uniformly decorated on the
surface of ZnO. PVP and TEOA have a noticeable function in the
formation of the hydrangea like morphology of the samples.
Furthermore, the AgBr/ZnO heterojunction exhibits better
photocatalytic properties for the photodegradation of RhB
under visible light irradiation than those of pristine ZnO and
AgBr, and the AZ-3 product shows the best photocatalytic
performance. The enhanced photocatalytic properties of AgBr/
ZnO were attributed to the following factors: (1) the formation
of a heterojunction between AgBr and ZnO NPs promotes the
separation of photoinduced carriers. (2) Metallic Ag generated
during the photocatalytic process serves as an electron sink to
capture the photoinduced electrons. (3) The hierarchical
structure assembled from the NPs can provide more active sites
because of their increased specic surface area. It was found
that h+ and cO2� have a primary impact in the photocatalytic
degradation. This work may provide a new strategy for
preparing novel hierarchical composites.
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