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A semiconductor-based photocatalyst system, consisting of two visible-light-driven (VLD) components
and one electron-transfer system, has a great potential to efﬁciently photocatalytically degrade
pollutants. In this paper, we have reported a simple strategy for constructing an all-solid-state AgBr-AgBi2WO6 nanojunction by a facile deposition-precipitation method with Bi2WO6 as the substrate. Two
visible-light active components (AgBr, Bi2WO6) and the electron-transfer system (Ag) are spatially ﬁxed
in this nanojunction system. Due to the presence of double visible-light active components, such a AgBrAg-Bi2WO6 nanojunction system has the broadened visible-light photo-response range, and it also
exhibits higher photocatalytic activity than photocatalysts containing single visible-light active
component, such as Bi2WO6, Ag-Bi2WO6 and AgBr-Ag-TiO2 composite, for the degradation of the azo dye,
Procion Red MX-5B and colorless pollutant pentachlorophenol. In addition, the initial dye concentration
and pH value could greatly affect its photocatalytic activity, and the recycling experiments conﬁrm that
it is essentially stable during the photocatalytic process. In particular, the photocatalytic activity of AgBrAg-Bi2WO6 nanojunction is superior to the sum of the activities of two individual photocatalysts (AgBrAg-TiO2 and Bi2WO6) that contain the same weight of AgBr or Bi2WO6, indicating the presence of a
synergic effect between two visible-light active components in AgBr-Ag-Bi2WO6 nanojunction. On the
basis of the photocatalytic results and energy band diagram, the photocatalytic process that may have
occurred on the AgBr-Ag-Bi2WO6 nanojunction system is proposed; the vectorial electron transfer driven
by the two-step excitation of both VLD components (AgBr and Bi2WO6) contributes to its high
photocatalytic activity. Therefore, this work provides some insight into the design of novel and efﬁcient
photocatalysts with multi-visible-light active components for enhancing VLD photocatalytic activity.
ß 2009 Elsevier B.V. All rights reserved.
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1. Introduction
Environmental problems associated with harmful organic
pollutants in water are the driving forces for sustained fundamental and applied research in the area of environmental
remediation. Semiconductor photocatalysis offers a ‘‘green’’
technology for completely eliminating all kinds of contaminants,
especially some azo dyes [1]. To date, the semiconductor TiO2 has
undoubtedly proven to be one of the most excellent photocatalysts
for the oxidative decomposition of many organic compounds [2].
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0926-860X/$ – see front matter ß 2009 Elsevier B.V. All rights reserved.
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Unfortunately, due to its wide band-gap of 3.2 eV, TiO2 can only be
excited by ultraviolet or near-ultraviolet radiation, which occupies
only about 4% of the solar light spectrum [3]. In order to efﬁciently
utilize solar light in the visible region (l > 400 nm) which covers
the largest proportion of the solar spectrum, the development of
visible-light-driven (VLD) photocatalysts has attracted a tremendous amount of attention.
Generally, two main synthesis strategies have been investigated for the preparation of VLD photocatalysts. One strategy is to
extend the photo-response of TiO2 to the visible region by doping
of a non-metal or a transition metal such as TiO2xNx [4], TiO2xSx
[5] and Fe/TiO2 [6]. The other strategy involves exploiting novel
VLD photocatalysts such as simple oxides and sulﬁdes (Cu2O [7]
and CdS [8], respectively), complex oxides (BiVO4 [9], In1xNixTaO4
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[10] and PbBi2Nb2O9 [11]) and ternary sulﬁdes [12]. Recently, we
have also prepared some simple/complex oxides, such as nanoCu2O/carbon nanotubes composites [13], Bi2O3 [14] and Bi2WO6
superstructures [15,16], as single-component VLD photocatalysts.
Up to date, although efforts have been made to prepare many kinds
of single-component VLD photocatalysts, there are still some
drawbacks hindering their practical application, such as short
photogenerated electron–hole pair lifetimes and the limited region
of visible-light photo-response. To meet the requirements of future
environmental and energy technologies, it is still necessary to
design novel VLD photocatalyst systems to further improve
photocatalytic efﬁciencies.
Recently, the coupling of semiconductors with other semiconductors and/or metal on the nanoscale has been reported to
greatly improve their photocatalytic performances [17–19]. For
example, the deposition of a metal, such as Ag, on the surface of
TiO2 highly improved its photocatalytic efﬁciency through the
Schottky barrier conduction band electron trapping [17]. Also, a
novel p-CaFe2O4/n-PbBi2Nb1.9W0.1O9 nanodiode has shown
greatly enhanced photocatalytic activity because of the good
separation of photoexcited electrons and holes [18]. Tada et al. [19]
have revealed that CdS-Au-TiO2 three-component nanojunction
system exhibits a high photocatalytic activity, far exceeding those
of the single- and two-component systems, as a result of vectorial
electron transfer driven by the two-step excitation of TiO2 and CdS.
Hu et al. [20] also prepared AgBr-Ag-TiO2 as VLD photocatalyst for
the destruction of the organic pollutant and bacteria, where AgBr is
the only VLD component and the metal Ag specie on the surface is
probably contributing to enhancing the electron–hole separation
and interfacial charge transfer. These studies demonstrate that the
development of better VLD photocatalysts depends on a wide
range of visible-light photo-responses and highly effective
interfacial charge transfers.
In order to broaden the range of visible-light photo-response
and improve the separation of photo-generated electron–hole
pairs simultaneously, herein we construct the AgBr-Ag-Bi2WO6
nanojunction system, where both AgBr and Bi2WO6 are photochemical systems that can be excited by visible light, while Ag is
used as the electron-transfer system. This all-solid-state AgBr-AgBi2WO6 nanojunction system with double visible-light active
component exhibits much higher VLD photocatalytic activity than
the photocatalyst with single visible-light active component such
as Bi2WO6 superstructures, Ag-Bi2WO6 and AgBr-Ag-TiO2, for the
degradation of an azo dye, Procion Red MX-5B and a colorless
pollutant, pentachlorophenol.
2. Experimental
2.1. Preparation of catalysts
The ﬂower-like Bi2WO6 superstructures were prepared by the
hydrothermal method according to our previous report [15]. In a
typical case, 0.98 g Bi(NO3)35H2O was ﬁrst dissolved in a 30 mL
3.65 mol L1 nitric acid solution, and a 20 mL aliquot of
0.05 mol L1 Na2WO4 solution was added dropwise into the above
solution. Then, the pH value of the resulting suspension was tuned
approximately 1. After being stirred for 12 h, the suspension was
added into a 50 mL Teﬂon-lined autoclave to reach 80% of its total
volume. The autoclave was then sealed in a stainless steel tank and
heated at 160 8C for 24 h. Subsequently, the reactor was cooled to
room temperature naturally, and the precipitation was washed
with de-ionized water and dried at 80 8C in air.
The AgBr-Ag-Bi2WO6 nanojunction was prepared using the
modiﬁed deposition-precipitation method [20,21]. The Bi2WO6
superstructure (0.9 g) as the substrate was added to 20 mL of
distilled water, and the suspension was sonicated for 10 min. Then,

0.45 g of cetylmethylammonium bromide (CTAB) was added to the
suspension, and the mixture was stirred magnetically for 30 min.
Next, 0.105 g of AgNO3 in 2 mL of NH4OH (25 wt% NH3) was
quickly added to the mixture, and the resulting suspensions were
stirred at room temperature for 24 h. The product was ﬁltered,
washed with water and dried at 70 8C. Finally, the powder was
calcined in air at 500 8C for 3 h. For comparison, the as prepared
Bi2WO6 superstructure was calcined at 500 8C for 3 h, a Ag-Bi2WO6
sample was prepared without the addition of CTAB, and another
AgBr-Ag-TiO2 sample was prepared using the same weight of
titania P-25 as a substrate with other conditions identical.
2.2. Characterization of catalysts
The scanning electron microscope (SEM) characterizations
were performed on an FEI QUANTA-400F ﬁeld emission scanning
electron microscope (Holland), while the transmission electron
microscope (TEM) analyses were performed using a FEI TECNAI F20
ﬁeld emission electron microscope (Holland) and the energydispersive X-ray analysis (EDXA) of the samples was also
performed during the TEM measurements. Furthermore, the Xray photoelectron spectroscopy (XPS) data were recorded with a
Quantum 2000 scanning ESCA microprobe instrument (F Physical
Electronics, USA) using monochromatic Al Ka radiation (225 W,
15 mA, 15 kV) with the spot size of 100 mm and low-energy
electron ﬂooding for charge compensation. To compensate for
surface charges effects, we calibrated the binding energies using
the C 1s hydrocarbon peak at 284.6 eV. The X-ray diffraction (XRD)
patterns were recorded on a Huber diffractometer (V612365,
Japan) that was equipped with a rotating anode using Cu Ka
radiation (Rigaku, Ru-300) over the range of 208 2u  808. Finally,
the UV–vis absorption spectra of the samples were recorded on a
UV–vis spectrophotometer (JASCO V-550, Japan) with an integrating sphere attachment. The zeta-potential of catalysts was
measured by a zeta potential analyzer equipped with a data
system of ZetaPlus 3.57 version and Model ZetaPlus (Brookhaven
Instruments Corporation, NY, USA).
2.3. Photocatalytic degradation of MX-5B and PCP under visible light
Photocatalytic activities of the photocatalysts were evaluated
by degrading Procion Red MX-5B (MX-5B, a monoazo dye) and
pentachlorophenol (PCP), using a 300 W xenon lamp (Beijing
Perfect Light Co. Ltd., Beijing) as light source. Light was passed
through a UV cut-off ﬁlter (l>400 nm), and then was focused onto
a 100-mL beaker or ﬂask containing MX-5B or PCP. In each
experiment, a suitable amount of photocatalyst was added into
MX-5B or PCP aqueous solution. Prior to irradiation, the suspensions were magnetically stirred in the dark for 60 min to ensure
that an adsorption/desorption equilibrium was established
between the photocatalyst and the target organic pollutant.
When the remaining MX-5B concentration needed to be
measured, at given irradiation time intervals, 1.5 mL aliquots
were collected, centrifuged, and then ﬁltered through a Millipore
ﬁlter (pore size 0.22 mm) to remove the catalyst particulates for
analysis. The ﬁltrates were analyzed by recording variations at the
wavelength of maximal absorption in the UV–vis spectra of MX-5B
with a UV-3600 (Shimadzu, Japan) spectrophotometer.
PCP concentration was determined by using reverse-phase high
performance liquid chromatography (HPLC) described previously
[22]. The analysis was performed by using a Waters 600 multisolvent delivery system equipped with a Waters reverse-phase
C18 (5 mm particle) column (4.6 mm  250 mm, Waters Spherisorb1, Waters Corporation, Milford, Ireland) and a Waters 996
photodiode array detector. The mobile phase consisted of 75%
acetonitrile, 24.875% Milli-Q water, and 0.125% acetic acid at a ﬂow
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rate of 1.5 mL min1. The maximum absorption wavelength was
detected at 215 nm. Concentrations of PCP were calculated
according to a standard curve obtained from HPLC measurements
of the standard at different concentrations. The detection limit for
PCP is around 0.5 mg L1.
Total organic carbon (TOC) analysis was carried out with a
Shimadzu TOC-5000A total organic carbon (TOC) analyzer. After
each desired reaction time, 20 mL of suspension was taken out and
the catalyst was removed by ﬁltering the suspension through a 0.2mm ﬁlter membrane, then the ﬁltrate was analyzed by the
machine. For the detection of the evolved CO2 and inorganic carbon
(IC) concentration, the ﬂask containing photocatalyst and MX-5B
solution was ﬁrst saturated by the N2 gas before being closed, and
then the closed system was irradiated under the visible light. After
irradiation for the desired time, the gas in the reactor was pumped
through the Kitagawa precision gas detector tubes for carbon
dioxide (Komyo Rikagaku Kogyo K.K., Kawasaki, Kanagawa, Japan).
The amount of the evolved CO2 was determined by a degree of
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color-changed the CO2 adsorbent in the tubes. The resulting
liquid–solid mixture was immediately ﬁltered and the solution
phase was subjected to measurements of IC by the TOC analyzer.
3. Results and discussion
3.1. Preparation and characterization of catalysts
First, the Bi2WO6 sample was prepared by hydrothermal
reaction under the acidic condition according to our recent report
[15]. As shown in Fig. 1A, this sample exhibits ﬂower-like
superstructures, which are in fact built from two-dimensional
nanoplates with a smooth surface (Fig. 1B). Subsequently, Ag/AgBr
was deposited onto the Bi2WO6 substrate by impregnating the
aqueous solution of AgNO3 and NH4OH to the aqueous solution
containing Bi2WO6 substrate and CTAB via the modiﬁed deposition-precipitation method [20,21]. In this process, at alkaline
condition, cationic surfactant CTAB could be adsorbed onto the

Fig. 1. SEM (A) and TEM (B) images of Bi2WO6 sample; SEM (C), TEM (D) and HR-TEM (E) images of AgBr-Ag-Bi2WO6 nanojunction system.
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Table 1
Weight percentage (%) of each component in the catalyst.

AgBr-Ag-Bi2WO6
AgBr-Ag-TiO2

Fig. 2. EDXA spectra of AgBr-Ag-Bi2WO6 nanojunction system.

surface of Bi2WO6 to limit the number of nucleation sites where
AgBr could grow, leading to homogeneously dispersed AgBr islands
on the Bi2WO6 nanoplates. Aside from this, CTAB could supply
bromide to precipitate Ag+ in solution; however, it should be noted
that metal Ag formation occurred along with the formation of AgBr
[20,21]. After the deposition-precipitation process and subsequent
calcination treatment (at 500 8C for 3 h), the Bi2WO6 superstructures are slightly disintegrated to form clusters of nanoplates
(Fig. 1C). Interestingly, many nanoparticles with the mean size of
5 nm are ﬁrmly dispersed on the surface of the Bi2WO6 nanoplate,
forming nanodimensional junctions, as demonstrated in TEM
image (Fig. 1D). The HR-TEM image (Fig. 1E) of the sample further
demonstrates that the lattice spacings of the two ﬁxed components, determined to be 0.375 and 0.333 nm, are in good
agreement with the values for the Bi2WO6 (1 1 1) plane (JCPDF
No. 73-1126) and for the cubic AgBr (1 1 1) plane (JCPDF No. 790149), respectively. It can also be observed that the Bi2WO6
nanoplate is partially enwrapped in an amorphous nano-shell,
where the AgBr crystalline is located beside it.
The compositions and the chemical state of its constituent
elements of AgBr-Ag-Bi2WO6 nanojunction system as well as AgBrAg-TiO2 composite were investigated by EDXA and XPS analysis
(Figs. 2 and 3). (The EDXA spectrum of AgBr-Ag-TiO2 was also
attached in the supporting information as Fig. S1.) The EDXA
spectrum reveals that, besides Bi, W, and O elements present from
the Bi2WO6 substrate (Fig. 2), there are only Ag and Br elements,
indicating the presence of AgBr and/or Ag in nanojunction system

Ag

AgBr

Bi2WO6 or TiO2

1.48
0.874

3.04
2.74

95.5
96.4

(copper signals appear from the copper grid). More importantly,
EDAX relies on the penetration depth of electrons with relatively
high kinetic energetic and yields the composition of the material
within a region approximately 1 mm below the surface [23]. It
might contain information not only due to the nanoplate surface
but also due to the core of the sample clusters. Thus the
quantitative amount of components in the sample can be
approximately estimated from the knowledge of the fraction of
the elemental composition obtained from the EDAX analysis, as
shown in Table 1. On the other hand, XPS is based on the limited
escape depth of electrons with relatively low kinetic energy and
reveals information on the topmost few angstroms of the surface
[23]. Thus, it is appropriate for detecting valency states of elements
on the surface. Fig. 3 show the high-resolution XPS spectra of the
Ag 3d and Br 3d regions. The Ag 3d3/2 and Ag 3d5/2 peaks are
identiﬁed at 374.0 and 368.0 eV, respectively, suggesting the
presence of metal Ag (Fig. 3A) [20]. Moreover, the peak of Br 3d at
68.9 eV is due to the crystal lattice of Br in AgBr [24]. These results
conﬁrm that there are both Ag and AgBr species in the
nanojunction system.
Subsequently, the phase of the AgBr-Ag-Bi2WO6 nanojunction
system, as well as the Bi2WO6 sample, was investigated by XRD
patterns (Fig. 4A and B). All samples exhibit some diffraction peaks
that are assigned to the orthorhombic Bi2WO6 phase (JCPDF No.
73-1126) [15]. In addition, in the AgBr-Ag-Bi2WO6 nanojunction
system, there are two peaks with 2u values of 30.948 and 44.338
corresponding to (2 0 0) and (2 2 0) crystal planes of cubic AgBr
(JCPDF No. 79-0149), respectively (Fig. 4B). Moreover, the
diffraction peak (at 64.48) assigned to metal Ag is also displayed
in the nanojunction system (the inset of Fig. 4), and it is especially
weak, indicating that Ag is poorly crystallized. These results are in
good agreement with the HR-TEM analysis (Fig. 1E).
Based on the TEM, EDAX, XPS and XRD results demonstrated
above, one can conclude that the amorphous nano-shell in Fig. 1E
should be metal Ag. Therefore, the construction of an AgBr-AgBi2WO6 nanojunction system is well established.
The optical absorptions of the Bi2WO6 sample and AgBr-AgBi2WO6 nanojunction system were measured using an UV–vis
spectrometer (Fig. 5). It is clear that the Bi2WO6 sample exhibits
strong photoabsorption from the UV light region to visible light
shorter than 470 nm, corresponding to the indirect band-gap of

Fig. 3. Ag 3d (A) and Br 3d (B) XPS spectra of AgBr-Ag-Bi2WO6 nanojunction system.
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Fig. 6. The chemical structure of MX-5B.

Fig. 4. XRD patterns of (A) Bi2WO6 sample, (B) the fresh AgBr-Ag-Bi2WO6
nanojunction, and (C) the used AgBr-Ag-Bi2WO6 nanojunction after
photodegradation of MX-5B under visible-light irradiation. The insert shows
peaks of Ag0 in the fresh and used AgBr-Ag-Bi2WO6 nanojunction system.

Bi2WO6 [15]. Importantly, aside from the photoabsorption from
Bi2WO6, the AgBr-Ag-Bi2WO6 nanojunction displays another wide
yet weak absorption band around 450–700 nm, corresponding to
the indirect band-gap of AgBr and surface plasmon absorption of
metal Ag [20]. These facts indicate that the region of visible-light
photo-response can be broadened by the conjunction of photoabsorption of visible-light active components, AgBr and Bi2WO6 in
the AgBr-Ag-Bi2WO6 nanojunction system. Thus, VLD photocatalytic performance of AgBr-Ag-Bi2WO6 nanojunction system can be
expected to be excellent compared with that of photocatalysts
with single visible-light active components.
3.2. Photocatalytic performance under visible-light irradiation
MX-5B (Fig. 6), a common monoazo dye widely used in dyeing
cellulose, nylon, silk and wool, was chosen as a representative
pollutant to evaluate the photocatalytic performance of photocatalysts. When dissolved in distilled water, MX-5B displays a major

Fig. 5. UV–vis diffuse reﬂectance spectra of (A) Bi2WO6 sample and (B) AgBr-AgBi2WO6 nanojunction system.

absorption band centered at 538 nm that is used to monitor the
photocatalytic degradation. Fig. 7 shows the adsorption and
photodegradation of MX-5B by different photocatalysts containing
the same weight of each visible-light-active component under
visible-light irradiation (l  400 nm). As a comparison, MX-5B
degradation without photocatalysts was also performed, and the
results demonstrate that MX-5B is not degraded in the absence of
photocatalyst under visible-light irradiation (Fig. 7A). The AgBr-AgTiO2 composite shows the greatest adsorption of MX-5B in the dark,
while the others have similar adsorption abilities as shown in Fig. 7.
Recently, we have showed that Bi2WO6 superstructures
exhibited excellent photocatalytic activities under visible-light
illumination for the degradation of Rhodamine B [15]. In this study,
the concentration of MX-5B only had a drop of 2.0 mg L1 when
using Bi2WO6 superstructures as photocatalyst after 60 min of
reaction time (Fig. 7B), since azo dyes (such as MX-5B) are usually
more resistant to biological and chemical degradation than other
dyes (such as Rhodamine B) [25]. Furthermore, the photocatalytic
degradation can be elevated to 2.9 mg L1 in the presence of Ag in
Bi2WO6 superstructures (Fig. 7C) since the junction of metal Ag can
improve the electron–hole separation and interfacial charge
transfer [17,19–20]. When AgBr-Ag-TiO2 composite with AgBr as
single visible-light active component was used as the photocatalyst, the photocatalytic degradation of MX-5B reaches

Fig. 7. The adsorption and photodegradation of MX-5B (50 mg L1, 100 mL, at
natural pH of 6.5) by different photocatalysts with the same weight of each visiblelight-active component under visible-light irradiation: (A) light control (without
photocatalyst); (B) 47.8 mg Bi2WO6; (C) 48.5 mg Ag-Bi2WO6 containing 47.8 mg
Bi2WO6; (D) 55.6 mg AgBr-Ag-TiO2 composites containing 1.52 mg AgBr; (E)
50 mg AgBr-Ag-Bi2WO6 nanojunction containing 1.52 mg AgBr and 47.8 mg
Bi2WO6.
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34.1 mg L1 after 60 min visible-light irradiation (Fig. 7D). Surprisingly, by AgBr-Ag-Bi2WO6 nanojunction system with two visiblelight active components (AgBr and Bi2WO6), the MX-5B could be
photocatalytically degraded 42.8 mg L1 and the removing efﬁciency could reach 85% within 60 min under visible-light irradiation, indicating the highest photocatalytic activity (Fig. 7E). Based
on the above results, it can be deduced that each component in the
AgBr-Ag-Bi2WO6 nanojunction system is crucial for its excellent
photocatalytic activity.
In addition, the degradation rate by AgBr-Ag-Bi2WO6 nanojunction system is much higher than that by AgBr-Ag-TiO2
composite within the 20 min (Fig. 7D and E). The subsequent
degradation rate of MX-5B by AgBr-Ag-Bi2WO6 nanojunction
system decreases due to the following two reasons. Firstly, the
concentration of MX-5B goes down, thus the vanishing rate
reduces kinetically. Secondly, the intermediates formed upon
photocatalytic oxidation of the parental dye, such as aromatics,
aldehydes, ketones and organic acids as shown by previous studies
[26,27], compete with the micro-molecular MX-5B in the
degrading reaction.
Previous studies showed that, in the presence of photocatalysts
(such as TiO2), some organic dyes that absorb visible light could be
degraded by sensitization mechanism [28–30], because the excited
electrons of these dyes can inject into the conduction band of
photocatalysts and subsequently these organic dyes are oxidized.
In our case, however, the LUMO of MX-5B (0.9 V versus NHE) [31]
is more positive than the potential of conduction band of AgBr
(1.04 V versus NHE) [32]; thus, the excited electrons of dye are
thermodynamically unfavorable to transfer to AgBr. Although the
LUMO of MX-5B is more negative than the potential of conduction
band of Bi2WO6 (0.07 V versus NHE) [33], the Bi2WO6 show poor
activity for the degradation of MX-5B as shown in Fig. 7B, which
indicates that the charge injection from the MX-5B to the Bi2WO6 is
inefﬁcient. In order to further investigate the photodegradation of
MX-5B, Fig. 8 illustrates the total organic carbon (TOC) removal
efﬁciency, and formation of CO2 and inorganic carbon (IC: HCO3
and CO32) during the mineralization of MX-5B by AgBr-AgBi2WO6 nanojunction under visible-light irradiation. TOC removal
efﬁciency increases to 61% after 28 h, accompanying a steady
increase of the amount of evolved CO2 and the concentration of IC
in the solution as shown in Fig. 8. These results conﬁrm that MX-5B
is steadily mineralized by AgBr-Ag-Bi2WO6 nanojunction and that
the loss of TOC is transformed to gaseous CO2 and/or inorganic
carbon in solution. Therefore, the effectively photocatalytic
degradation of MX-5B by AgBr-Ag-Bi2WO6 (Fig. 7E) are mainly

Fig. 8. The TOC removal efﬁciency, the evolved CO2 and IC concentration during the
MX-5B photodegradation process (40 mg L1, 200 mL) in aqueous dispersions with
0.4 g AgBr-Ag-Bi2WO6 nanojunction under visible-light irradiation.

Fig. 9. The photocatalytic degradation of MX-5B by AgBr-Ag-Bi2WO6 nanojunction
at various initial concentrations; 100 mL suspensions containing 25 mg
photocatalyst, natural pH value of 6.5, l > 400 nm.

derived form the direct bandgap excitation instead of sensitization
mechanism. With prolonged irradiation time (>34 h), the TOC
content of the solution could not be reduced further because the
triazine group of MX-5B is converted to cyanuric acid (CA), which is
very stable in photocatalysis [25].
The inﬂuence of the initial concentration of MX-5B on the
photocatalytic rate was also investigated, and the results are
shown in Fig. 9. Obviously, the photodegradation rate decreases
with the increase of initial dye concentration. One possible reason
for such a result is the visible-light screening effect of the dye itself.
At a high dye concentration, a signiﬁcant amount of visible light
may be absorbed by the dye molecules rather than by the AgBr-AgBi2WO6 nanojunction particles and thus the efﬁciency of the
catalytic reaction is reduced. Another possible reason is the
interference from intermediates formed during the photocatalytic
oxidation process. They may compete with the dye molecules for
the limited adsorption and catalytic sites on the photocatalytic
particles [26] and thus inhibit decolorization. Such suppression
would be even more pronounced in the presence of an elevated
level of degradation intermediates formed upon an increased
initial dye concentration.
With AgBr-Ag-Bi2WO6 nanojunction system as a photocatalyst,
the effects of pH value of solutions on photodegradation
efﬁciencies of MX-5B were studied as shown in Fig. 10. Obviously,
the photodegradation efﬁciency goes up with the decrease of pH
from 9 to 3. When the pH value is 3, the MX-5B could be
photocatalytically degraded 40 mg L1 using 25 mg AgBr-AgBi2WO6 after 60 min of visible-light irradiation. As the adsorption
of dye molecules onto the catalyst surfaces is an important step for
photocatalytic oxidation (PCO) to take place, we further examined
the relationship between pH value of the solution and the
adsorption of MX-5B by AgBr-Ag-Bi2WO6 nanojunction, as shown
in the inset of Fig. 10. The adsorption capability of MX-5B is found
to increase with the decreasing pH from 9 to 3. Previous studies
reveal that the adsorption and photodegradation of dye pollutants
are pH-dependent, chieﬂy resulting from the variation of surface
charge of catalysts with pH [34]. Here, the surface charge of AgBrAg-Bi2WO6 nanojunction at different pH values was investigated
by the zeta potential test (Fig. 11). The result indicates that the zero
point of charge is 3.7. The surface charge is positive when pH <3.7,
and it becomes more negative with higher pH value when pH >3.7.
In addition, the charge of MX-5B in aqueous solution is negative
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Fig. 10. The photodegradation of MX-5B (50 mg L1, 100 mL) in aqueous solutions
with different initial pH values, containing 25 mg AgBr-Ag-Bi2WO6 nanojunction
under visible-light irradiation. The effect of pH on the adsorption of MX-5B is shown
in the inset of the ﬁgure.

due to the presence of –SO3 group (Fig. 6). Thus, electrostatic
repulsion between the dye molecules and AgBr-Ag-Bi2WO6
nanojunction goes down with the decrease of pH from 9 to 3,
resulting in the improvement of the adsorption and photodegradation of MX-5B.
The stability of the AgBr-Ag-Bi2WO6 nanojunction system was
also studied through the degradation of MX-5B under visible-light
irradiation (Fig. 12). It should be noted that the AgBr-Ag-Bi2WO6
nanojunction were easily recycled by simple ﬁltration without any
treatment in these experiments. After ﬁve cycles of the photodegradation process of MX-5B, the AgBr-Ag-Bi2WO6 nanojunction
does not exhibit any signiﬁcant loss of activity, as shown in Fig. 12,
conﬁrming that the components of the AgBr-Ag-Bi2WO6 nanojunction is not photocorroded and that the nanojunction structure
is stable during the photocatalytic process. XRD patterns of the
AgBr-Ag-Bi2WO6 nanojunction system before (Fig. 4B) and after
(Fig. 4C) photocatalytic reaction also show that the crystal
structures of different components have no obvious changes.

Fig. 11. Zeta potential for a suspension containing 0.05 g/L of AgBr-Ag-Bi2WO6
nanojunction in the presence of KNO3 (104 M) at different pH value.
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Fig. 12. Cycling runs in the photodegradation of MX-5B (50 mg L1, 100 mL) at
natural pH of 6.6 in aqueous dispersions containing 50 mg of AgBr-Ag-Bi2WO6
nanojunction under visible-light illumination.

Although the single AgBr component is usually unstable under
light irradiation, AgBr in the nanojunction system is not destroyed
during the photocatalytic process, which results from the fact that
the presence of metal Ag can inhibit the decomposition of AgBr
under visible-light-irradiation conditions [20,21]. Therefore, the
present AgBr-Ag-Bi2WO6 nanojunction is an effective and stable
VLD photocatalyst.
Photocatalytic activities of the above-mentioned photocatalysts can be further demonstrated by the degradation of some
other organic compound, such as PCP that has no light absorption
characteristics in the visible spectral region, as shown in Fig. 13.
Obviously, upon visible-light irradiation, PCP is degraded more
efﬁciently by AgBr-Ag-Bi2WO6 nanojunction system than by any
other photocatalyst with single visible-light-active component,
such as Bi2WO6, Ag-Bi2WO6 and AgBr-Ag-TiO2 composite. More
importantly, for both MX-5B and PCP degradation, it is discovered
that pollutant degradation efﬁciencies by AgBr-Ag-Bi2WO6 nano-

Fig. 13. The photodegradation of PCP (10 mg L1, 50 mL) in aqueous dispersions
under visible-light irradiation containing photocatalysts with the same weight of
each visible-light-active component (A) light control and dark control; (B) 9.55 mg
Bi2WO6; (C) 9.7 mg Ag-Bi2WO6 containing 9.55 mg Bi2WO6; (D) 11.1 mg AgBr-AgTiO2 composites containing 0.304 mg AgBr; (E) 10 mg AgBr-Ag-Bi2WO6
nanojunction containing 0.304 mg AgBr and 9.55 mg Bi2WO6.
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Fig. 14. The comparison of photocatalytic degradation efﬁciency of MX-5B and PCP
by different photocatalyst containing the same weight of each visible-light-active
component (AgBr or Bi2WO6) after 60 min of visible-light irradiation.

junction are higher than total degradation efﬁciencies by two
individual photocatalysts (AgBr-Ag-TiO2 and Bi2WO6) containing
the same weight of visible-light-active component (AgBr or
Bi2WO6), as shown in Fig. 14. This result reveals that there is a
synergic effect between the two-visible-light-active components
(AgBr and Bi2WO6) in AgBr-Ag-Bi2WO6 nanojunction.
Using the PCP as organic pollutant target, we can also detect the
change of TOC induced by AgBr-Ag-Bi2WO6 nanojunction and
AgBr-Ag-TiO2 composite under other identical conditions as a
function of irradiation time (Fig. 15). It is clear that that TOC of the
solution continuously decreases (Fig. 15), indicating that PCP
steadily mineralized by both photocatalysts under visible-light
irradiation. The loss of TOC via mineralization can be lowered more
than the removed amount of organic pollutants because these
large organic molecules are photooxidized to smaller organic
intermediates such as aromatics, aldehydes, and ketones, and

Fig. 15. The removal of TOC during the PCP photodegradation process (20 mg L1,
100 mL) in aqueous dispersions with 0.312 g of NaH2PO4 as buffer under visiblelight irradiation: (A) 40 mg AgBr-Ag-Bi2WO6 nanojunction system containing
1.22 mg AgBr, (B) 45 mg AgBr-Ag-TiO2 composite also containing 1.22 mg AgBr.

Fig. 16. Energy band diagram and photocatalytic scheme of the AgBr-Ag-Bi2WO6
nanojunction system.

further degradation of these intermediates to CO2 and H2O may
take place slowly. Moreover, mineralization of PCP within 4 h
induced by AgBr-Ag-Bi2WO6 reaches 65% as shown in Fig. 15A,
which is much higher than that (34.5%, as shown in Fig. 15B)
induced by the AgBr-Ag-TiO2 composite. This further conﬁrms that
the photocatalytic performance of AgBr-Ag-Bi2WO6 nanojunction
with double visible-light active components (AgBr, Bi2WO6) is
superior to that of AgBr-Ag-TiO2 composite with single visiblelight active component (AgBr).
The electronic structures and energy band of visible-lightresponse component AgBr and Bi2WO6 are widely studied by
researchers [20,32–33]. On the basis of their energy band diagram,
the photocatalytic process of AgBr-Ag-Bi2WO6 nanojunction
system can be proposed, as shown in Fig. 16. Since both AgBr
and Bi2WO6 can be excited by visible light and have different
photoabsorption ranges, the conjunction of their photoabsorption
can enhance the utilization of visible light and can broaden the
range of visible-light photo-response. The photocatalytic reaction
is initiated by the absorption of visible-light photons with energy
equal or higher than the band-gap in either AgBr or Bi2WO6
semiconductors, which results in the creation of photogenerated
holes in its valence band (VB) and electrons in its conduction band
(CB). On one hand, CB-electrons (Bi2WO6) easily ﬂow into metal Ag
(electron transfer I: Bi2WO6 ! Ag) through the Schottky barrier
because the CB (or the Fermi level) of Bi2WO6 is higher than that of
the loaded metal Ag, which is consistent with the previous study
on electron transfer from semiconductor (such as TiO2) to metal
(such as Ag, Au) [17,19,35–36]. This process of electron transfer I is
faster than the electron–hole recombination between the VB and
CB of Bi2WO6. Thus, plenty of CB-electrons (Bi2WO6) can be stored
in Ag component, as was true with the previous study [35–36]. As a
result, more VB-holes (Bi2WO6) with a strong oxidation power
escape from the pair recombination and are available to oxidize the
pollutants or OH, which explains the reason why the Ag-Bi2WO6
sample exhibits higher photocatalytic activity than the pure
Bi2WO6 sample for the destruction of organic pollutant, as
demonstrated in Figs. 7 and 13. On the other hand, since the
energy level of Ag is above the VB of AgBr, VB-holes (AgBr) also
easily ﬂow into metal Ag (electron transfer II: Ag ! AgBr), which is
faster than the electron–hole recombination between the VB and
CB of AgBr. Thus, more CB-electrons (AgBr) with a strong reduction
power can escape from the pair recombination and are available to
reduce some absorbed compounds (such as O2, H+, etc.). Therefore,
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simultaneous electron transfer I and II (that is, vectorial electron
transfer of Bi2WO6 ! Ag ! AgBr) should occur as a result of
visible-light excitation of both Bi2WO6 and AgBr, which is similar
to suggestion in a report on the CdS-Au-TiO2 three-component
nanojunction
system
(vectorial
electron
transfer
of
TiO2 ! Au ! CdS) [19]. In this vectorial electron-transfer process,
metal Ag in AgBr-Ag-Bi2WO6 nanojunction system acts as a storage
and/or recombination center for CB-electrons (Bi2WO6) and VBholes (AgBr) and contributes to enhancing interfacial charge
transfer and realizing the complete separation of VB-holes
(Bi2WO6) and CB-electrons (AgBr). So this Z-scheme of AgBr-AgBi2WO6 nanojunction can simultaneously and efﬁciently generate
VB-holes (Bi2WO6) with a strong oxidation power and CB-electrons
(AgBr) with a strong reduction power, explaining the high
photocatalytic activity of the AgBr-Ag-Bi2WO6 nanojunction
system compared with the sum of the activities of two photocatalysts (Bi2WO6 and AgBr-Ag-TiO2), as proven in Fig. 14.
4. Conclusions
An all-solid-state AgBr-Ag-Bi2WO6 nanojunction system has
been realized by using the facile deposition-precipitation method
with Bi2WO6 sample as substrate, where both AgBr and Bi2WO6 are
used as the VLD photochemical systems while Ag is used as
electron-transfer system. The UV-Vis spectra indicate that the
range of visible-light photo-response of AgBr-Ag-Bi2WO6 nanojunction system is broadened. The decolorization rate of MX-5B by
AgBr-Ag-Bi2WO6 increases with the decrease of initial pH value
and initial dye concentration. Importantly, this AgBr-Ag-Bi2WO6
nanojunction system shows much higher visible-light-driven
(VLD) photocatalytic activity than a photocatalyst with single
visible-light response component, such as Bi2WO6 nanostructures,
Ag-Bi2WO6 and AgBr-Ag-TiO2, for the degradation of an azo dye
(MX-5B) and PCP. In particular, its photocatalytic activity is even
higher than the sum of the activities of two photocatalysts (AgBrAg-TiO2 and Bi2WO6) containing the same weight of visible-light
component (AgBr or Bi2WO6). The energy band diagram scheme
further suggests that in AgBr-Ag-Bi2WO6 nanojunction system, the
vectorial electron transfer driven by the two-step excitation of
both VLD components (AgBr and Bi2WO6) may be mainly
responsible for its excellent VLD photocatalytic performance.
Therefore, this work provides some insight into the design of new
structures of multicomponent photocatalysts for enhancing VLD
photocatalytic activity.
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