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ABSTRACT: In this study, we demonstrate a facile and novel dual-
ion-exchange method together with subsequent visible-light induced
reduction for synthesis of mesoporous BiVO4/Ag/AgCl ternary
heterostructured microspheres (HSMSs) with uniform size distribu-
tion. Using flower-like BiOCl microspheres as the starting material, and
introducing NaVO3 and AgNO3 by a facile impregnation method,
mesoporous BiVO4/AgCl HSMSs have been obtained through solid-
phase dual-ion-exchange reactions at 400 °C for 2 h. Interestingly, it
has been found that Ag+ ions play an indispensable role on the dual-
ion-exchange reactions, and then the BiVO4/AgCl HSMSs are
converted into BiVO4/Ag/AgCl ternary HSMSs by a facile visible-
light illumination for 2 h. The as-prepared mesoporous BiVO4/Ag/
AgCl ternary HSMSs manifest high photocatalytic activity in degrading
methyl orange (MO) and phenol under visible-light illumination, and a possible Z-scheme photocatalytic mechanism is proposed
to understand the enhanced photochemical properties.

1. INTRODUCTION

Semiconductor heterostructures often have unique and/or
enhanced physical and chemical properties compared to their
respective counterparts, and hence have been extensively
explored for their promising applications such as in electronic
storage devices and photocatalysts.1−3 For example, semi-
conductor heteronanostructures can not only prominently
increase light-harvesting efficiency but also promote charge
separation and transfer effectively, leading to improved
photocatalytic activity.4−11 Porous nanostructures of hybrid
materials with uniform morphology and good structural
stability have also attracted considerable interest owing to
their high specific surface area and widespread applications in
many different fields.12−14 However, despite some successful
preparation of porous heteronanostructures,15,16 tailored syn-
thesis of porous heterostructures toward practical photo-
catalytic applications is still very limited, especially due to the
structural incompatibility between hybrid materials. It is
therefore a great challenge to develop facile and reliable
strategies to produce porous heterostructured semiconductor
materials.17,18

With unique optical properties and hierarchical structures,
bismuth compounds and their composites have attracted
tremendous attention for their heterogeneous photocatalysis
applications.19−21 As an example, monoclinic scheelite bismuth
vanadate (m-BiVO4), with a narrow band gap of 2.4 eV, is an
important visible-light responsive photocatalyst, which has been

widely used in photodegradation of organic contaminants and
photocatalytic evolution of O2.

22−24 However, due to the rapid
recombination of photogenerated electrons and holes, it has
been found that the photocatalytic activity of BiVO4 is usually
not satisfactory in practical applications.25 As one solution to
this problem, combining two or more semiconductors with
appropriate band alignment can considerably improve elec-
tron−hole pair separation and interfacial charge transfer
efficiency, leading to effective promotion of photocatalytic
activity.26,27 BiVO4/Cu2O and BiVO4/CeO2 nanocomposites
are some representative examples reported to exhibit much
enhanced photocatalytic activity.28,29

In this study, we demonstrate a facile and novel method for
controlled fabrication of mesoporous BiVO4/Ag/AgCl ternary
heterostructured microspheres (HSMSs) via a solid-phase dual-
ion-exchange strategy together with subsequent visible-light
induced reduction by using uniform BiOCl microspheres as the
starting material. The synthesis strategy is schematically
illustrated in Figure 1. As the precursor in this synthesis,
uniform flower-like BiOCl microspheres, assembled from
nanoflakes, are obtained via a simple solvothermal method.
At stage I, NaVO3 and AgNO3 are first introduced into the
BiOCl microspheres at room temperature through a facile
impregnation method, which provides homogeneous distribu-
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tion of the reagents at the nanoscale.30 The solid-state dual-ion-
exchange reactions take place during the 2-h annealing process
at 400 °C, through which BiOCl microspheres are fully
converted into mesoporous BiVO4/AgCl binary HSMSs. The
involved chemical reactions for the preparation of BiVO4/AgCl
HSMSs can be described as follows:

+ →+ −Ag Cl AgCl (1)

+ → +− −BiOCl VO BiVO Cl3 4 (2)

The two reactions take place simultaneously through a solid-
phase ion-exchange process which is hard to achieve at a low
temperature in solution. Very interestingly, it has been found
that Ag+ ions play an indispensable role on the dual-ion-
exchange reactions. In step II, ternary products of BiVO4/Ag/
AgCl ternary HSMSs are fabricated from the BiVO4/AgCl
binary HSMSs through a simple visible-light induced reduction
process for 2 h. As expected, the as-prepared mesoporous
BiVO4/Ag/AgCl ternary HSMSs manifest high photocatalytic
activity in degrading methyl orange (MO) and colorless organic
phenol under visible-light illumination. In addition, a possible
Z-scheme photocatalytic mechanism is proposed to understand
the enhanced photochemical properties.

2. EXPERIMENTAL SECTION
All reagents were of analytical grade, purchased from the Shanghai
Chemical Reagent Factory and used as received without further
purification.
Synthesis of BiOCl Microspheres. In a typical synthesis, 0.12 g

of Bi(NO3)3·5H2O, 0.03 g of NaCl, and 0.5 g of polyvinylpyrrolidone
(PVP, MW ∼ 58K) were dissolved in 35 mL of ethylene glycol (EG),
and were well-dispersed with the assistance of sonication for 30 min.
The mixture was sealed in a 50 mL PTFE-lined stainless-steel
autoclave and heated at 140 °C for 8 h. After collection by
centrifugation, the final products were washed with anhydrous ethanol
and distilled water three times and then dried at 80 °C for 4 h.
Synthesis of Mesoporous BiVO4/Ag/AgCl Ternary HSMSs. In

a typical procedure, 0.026 g of the as-prepared BiOCl microspheres
and 0.5 g of PVP were dispersed into 15 mL of distilled water under
stirring, to achieve mixture A. A 0.012 g portion of NaVO3 was added
into 10 mL of distilled water, to obtain solution B. Then solution B
was added dropwise into mixture A after 2 h of continuous stirring, to
obtain mixture C. A 0.02 M solution of AgNO3 was added into 10 mL
of distilled water, to get solution D. Solution D was added into mixture
C dropwise, and then it was kept stirring for 2 h at room temperature.

The collected products were washed with ethanol and distilled water
three times before being dried at 80 °C for 4 h. Subsequently, the
resulting mesoporous BiVO4/AgCl binary HSMSs were obtained by
calcination at 400 °C for 2 h in an air flow with a heating rate of 3.33
°C min−1. Finally, the as-prepared BiVO4/AgCl binary HSMSs were
dispersed in water under stirring and then irradiated with visible light
for 2 h to produce mesoporous BiVO4/Ag/AgCl ternary HSMSs. For
the purpose of comparison, pure BiVO4 is also prepared by a simple
solvothermal method.22 In addition, the experimental procedure of
other contrastive photocatalysts was in the Supporting Information.

Characterizations. Powder X-ray diffraction (XRD) measure-
ments of the samples were performed with a Philips PW3040/60 X-ray
diffractometer using Cu Kα radiation at a scanning rate of 0.06 deg s−1.
Scanning electron microscopy (SEM) was performed with a Hitachi S-
4800 scanning electron microanalyzer with an accelerating voltage of
15 kV. Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) were conducted using a
JEM-2100F field-emission TEM. For TEM measurements, samples
were prepared by dispersing the products in ethanol and placing
several drops of the suspension on holey carbon net supported on
copper grids. Further evidence for the composition of the product was
obtained from X-ray photoelectron spectroscopy (XPS), using a
Kratos Axis ULTRA X-ray photoelectron spectrometer with Al Kα X-
ray as the excitation source. UV−vis diffuse reflectance spectra (UV−
vis DRS) of the as-prepared samples were recorded over the range
200−800 nm with the absorption mode using a Thermo Nicolet
Evolution 500 UV−vis spectrophotometer equipped with an
integrating sphere attachment. The absorption spectra were measured
using a PerkinElmer Lambda 900 UV−vis spectrophotometer at room
temperature. N2 adsorption−desorption isotherms were obtained at 77
K on a Micrometrics ASAP 2020 surface area and porosity analyzer
after the sample had been degassed in vacuum at 160 °C for 4 h. The
total organic carbon (TOC) concentration was measured using a Liqui
TOCII (ELEMENTAR Corporation) system.

Photocatalytic Test. The photocatalytic activities of the as-
prepared samples were evaluated by the degradation of methyl orange
(MO) and phenol under visible-light irradiation from a 500 W Xe
lamp with a 420 nm cutoff filter. The reaction cell was placed in a
sealed black box with the top open, and the distance between light
source and solution surface is 20 cm. In a typical process, 5 or 10 mg
of the as-prepared sample as photocatalyst was added into 20 mL of
MO (concentration: 10 mg L−1) or phenol solution (25 mg L−1),
respectively. After dispersion in an ultrasonic bath for 5 min, the
solution was stirred for 1 h in the dark to reach adsorption equilibrium
between the catalyst and the solution and then was exposed to visible-
light irradiation. The samples were collected by centrifugation at given
time intervals, and then the MO and phenol degradation
concentrations were measured by UV−vis spectroscopy method.

3. RESULTS AND DISCUSSION

The crystallographic structure and phase purity of the as-
obtained sample are first examined by XRD analysis. The XRD
pattern of the as-prepared BiOCl microspheres (Figure S1a, in
the Supporting Information) exhibits diffraction peaks of
tetragonal-phase BiOCl with lattice constants of a = b =
3.891 Å, c = 7.369 Å (JCPDS card 06-0249). The XRD pattern
of the as-prepared mesoporous BiVO4/AgCl binary HSMSs
(Figure 2) obtained by a facile solid-phase dual-ion-exchange
process reveals only two sets of diffractions, one from the body-
centered monoclinic phase of BiVO4 (a = 5.195 Å, b = 11.70 Å,
c = 5.092 Å, JCPDS card 14-0688), and the other from the
cubic phase of AgCl (a = b = c = 5.55 Å, JCPDS card 31-1238).
No impurity peaks are detectable, indicating the successful
transformation of BiOCl to BiVO4/AgCl heteronanostructures.
After irradiation under visible-light for 2 h, besides the obvious
BiVO4 and AgCl diffraction peaks, a weak diffraction peak at 2θ
of 38.1° denoted by a circle can be indexed to the (111) plane

Figure 1. Schematic illustration of the formation of mesoporous
BiVO4/Ag/AgCl ternary HSMSs via a solid-phase dual-ion-exchange
reaction method together with subsequent visible-light induced
reduction process.
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of the cubic phase of Ag (a = b = c = 4.09 Å, JCPDS card 04-
0783), implying that the Ag nanoparticles (NPs) are formed.
The elemental composition and chemical states of the as-
obtained mesoporous BiVO4/Ag/AgCl ternary HSMSs were
further investigated by XPS measurements, as displayed in
Figure 3. The survey XPS spectrum (Figure 3a) confirms the
existence of ingredient elements of Bi, V, O, Ag, and Cl in the
as-prepared sample. Figure 3b shows the high-resolution
spectrum of Ag 3d, which exhibits two obvious peaks,
corresponding to Ag 3d5/2 and 3d3/2 binding energies,
respectively. Specifically, the two Ag 3d peaks can be further
resolved into four peaks by the XPS peak fitting program. The
peaks at 367.8 and 373.8 eV originate from the Ag+ ion, and the
368.2 and 374.2 eV peaks are metallic Ag0 species,
respectively.31

The morphology and microstructure of mesoporous BiVO4/
Ag/AgCl ternary HSMSs, as well as the as-prepared BiOCl
microsphere precursor, are examined by SEM as shown in
Figure 4. The low-magnification SEM image (Figure 4a) reveals
uniform microspheres of the BiOCl precursor, with diameter of
1.4−1.6 μm, and the high-magnification image (Figure 4b)
further indicates that the BiOCl hierarchical microsphere is
assembled from irregular nanoflakes. The porous structure of
the microspheres provides abundant active sites for the
adsorption of VO3

− and Ag+ ions. SEM images of the
BiVO4/Ag/AgCl ternary HSMSs (Figure 4c,d) show that the

product well maintains the shape of the BiOCl precursor, but
the surface structure of microspheres has been obviously
modified. The original nanoflakes become thicker, and
disordered wormhole-like pores are produced. This is a result
of chemical transformation of BiOCl into porous BiVO4/Ag/
AgCl heteronanostructures. The geometrical structure of the
mesoporous BiVO4/Ag/AgCl ternary HSMSs is further
elucidated by TEM observation (Figure 4e), which reveals
the buildup of numerous irregular particles, in good agreement
with the SEM results. Figure 4f shows a HRTEM image of the
edge section of one BiVO4/Ag/AgCl ternary HSMS, which
clearly reveals the heterojunction region between the BiVO4
and Ag metal. Due to the instability of AgCl under electron
beam irradiation, only metallic Ag can be observed.32 To reveal
the spatial distribution of different elements in the hetero-
nanostructure, elemental mapping is performed on one single
ternary HSMS. As shown in Figure 5, the mapping results show
uniform distribution of Bi, V, O, Ag, and Cl elements all over
the whole HSMS, indicating that the exchange reaction occurs

Figure 2. XRD patterns of the as-prepared mesoporous BiVO4/AgCl
binary and BiVO4/Ag/AgCl ternary HSMSs.

Figure 3. XPS spectra of the as-prepared BiVO4/Ag/AgCl ternary HSMSs: (a) the survey XPS spectrum and (b) Ag 3d.

Figure 4. (a, b) SEM images of the as-prepared BiOCl microsoheres;
(c, d) SEM, (e) TEM, and (f) HRTEM images of the as-obtained
mesoporous BiVO4/Ag/AgCl ternary HSMSs.
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uniformly in the whole BiOCl microsphere and results in the
formation of mesoporous BiVO4/Ag/AgCl ternary HSMSs.
Interestingly, it is found that the solid-phase dual-ion-

exchange process can only take place in the presence of Ag+

ions. If AgNO3 is not added in the impregnation process, the
product obtained after annealing remains as BiOCl and no
other product such as BiVO4 is detectable (XRD pattern,
Figure S1b, in the Supporting Information). To further display
the role of Ag+ ions, the thermodynamic calculation of the
reaction process was also investigated. For reaction 1, the Gibbs
free energy ΔrGm(T)(1) = ΔrHm

θ − TΔrSm
θ = −43.29 kJ mol−1:

this reaction can occur spontaneously. However, ΔrGm(T)(2) is
7.60 kJ mol−1 for reaction 2; thus, this reaction cannot occur
spontaneously. However, when reactions 1 and 2 are taken
place simultaneously (BiOCl + VO3

− + Ag+ → BiVO4 + AgCl),
ΔrGm(T) = −43.29 + 7.60 = −35.69 kJ mol−1 < 0. This
suggests the formation of BiVO4/AgCl HSMSs is achieved
through a dual-ion-exchange process described by reactions 1
and 2, and the reaction of Ag+ with Cl− plays an indispensable
role on the occurrence of reaction 2. The generation of pores
can be attributed to the rapid kinetic and strain release in the
ion-exchange reactions due to large lattice mismatch effect.33

N2 adsorption−desorption measurement is employed to
characterize the porous structure of the as-prepared BiVO4/
Ag/AgCl ternary HSMSs, as shown in Figure 6. N2
adsorption−desorption isotherm of the sample BiVO4/Ag/
AgCl HSMSs can be classified as a type IV isotherm with a
distinct hysteresis loop, indicating the existence of abundant
mesopores in the product.34,35 The Barrett−Joyner−Halenda
(BJH) pore-size distribution curve (inset in Figure 6) shows
that the average size of the pores is mainly centered around 3.5
nm. These mesoporous channels are anticipated to facilitate the
diffusion of pollutants into the heterostructured particles, which
may greatly improve the photocatalytic activity of the hybrid
semiconductor system. The UV−vis DRS data of the as-
prepared pure BiVO4, BiVO4/Ag, and BiVO4/Ag/AgCl ternary
HSMSs are presented in Figure S2 (in the Supporting
Information). Compared with the pure BiVO4, the sample
BiVO4/Ag heterostructures exhibit a much stronger response in
the visible region than pure BiVO4, which should be attributed
to the surface plasmon resonance (SPR) of the Ag NPs on the
surfaces of BiVO4/Ag.

36 In contrast with BiVO4 and BiVO4/Ag,
BiVO4/Ag/AgCl ternary HSMSs photocatalyst obviously

exhibits broad absorption in the 500−800 nm region, indicating
that the sample is beneficial for improving photocatalyic
activity.
We have investigated the photocatalytic properties of the as-

prepared mesoporous BiVO4/Ag/AgCl ternary HSMSs. Figure
7a shows the photodegradation of an organic dye MO by pure
BiVO4, BiVO4/Ag, mechanical mixture of BiVO4 and AgCl,
BiVO4/AgCl binary HSMSs, and BiVO4/Ag/AgCl ternary
HSMSs under visible-light irradiation, where C is the
concentration of MO after light irradiation for a certain period
of time, and C0 is the concentration of MO at adsorption/
desorption equilibrium in dark. After irradiation for 60 min,
nearly 95.4% of MO is degraded by sample BiVO4/Ag/AgCl
ternary HSMSs, while the other samples, including pure BiVO4,
BiVO4/Ag, mechanical mixture of BiVO4 and AgCl, and
BiVO4/AgCl binary HSMSs, exhibit lower degradation rates of
about 13.5%, 22.9%, 46.4%, and 81.6%, respectively. Compared
with the pure BiVO4, the BiVO4/Ag catalyst shows limited
enhancement on the photodegradation of MO. Due to the SPR
effect, the photoexcited electrons produced on the Ag NPs in
the BiVO4/Ag interface may be transferred to the surface of
BiVO4, which enhances the electron−hole pair separation of
BiVO4. The photocatalytic activity of a mechanical mixture of
BiVO4 and AgCl is enhanced after irradiation for several

Figure 5. (a) STEM image of a representative BiVO4/Ag/AgCl ternary HSMS and the corresponding elemental mappings of Bi (b), O (c), V (d),
Ag (e), and Cl (f) elements.

Figure 6. N2 adsorption−desorption isotherm and pore-size
distribution curve (inset) of the as-obtained mesoporous BiVO4/Ag/
AgCl ternary HSMSs.
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minutes, which may be attributed to the production of Ag NPs
on the surface of AgCl. Thus, the coexistence of Ag and AgCl
on the surface of BiVO4 is responsible for the high
photocatalytic activity when irradiated by visible light.36 It can
be seen that the as-prepared BiVO4/AgCl binary HSMSs
exhibits higher photocatalytic reduction ability than pure
BiVO4, and the sample of BiVO4/Ag/AgCl ternary HSMSs
displays the highest photocatalytic activity among all the
samples. Generally, when the pollutant is within the millimolar
concentration range, the influence of the initial concentration of
most organic compounds on the photodegradation rate is
usually described by pseudo-first-order kinetics in terms of the
Langmuir−Hinshelwood model eq 3.37

= − +C kt Cln lnt 0 (3)

Here C0 is the initial dye concentration, Ct is the dye
concentration in solution at times t, and k is the apparent first-
order rate constant.38 The kinetic plots of the different samples
are displayed in Figure 7b. It can be seen that the rate constant
of the photodegradation of MO using sample BiVO4/Ag/AgCl
ternary HSMSs as photocatalyst is 0.046 min−1, which is much
higher than that of other samples.
A TOC test was performed to further investigate the activity

of BiVO4/Ag/AgCl ternary HSMSs (Figure S3).39,40 The result
shows that the mineralization yield of BiVO4/Ag/AgCl ternary
HSMSs for the degradation of MO reaches a value of 48.0%
after 60 min of irradiation. The rate of TOC reduction of
BiVO4/Ag/AgCl ternary HSMSs is slower than that of the
degradation of dye, which is nearly 100% discoloration of MO
in 60 min. This result indicates that the MO decolorization is
partially decomposed into H2O and CO2. We have further
studied the stability and reusability of the as-prepared ternay
HSMSs photocatalyst by collecting and reusing the same
photocatalyst for 10 cycles, and the results are shown in Figure
S4 (in the Supporting Information). Only insignificant loss in
photocatalytic activity is observed, which might be partly
caused by incomplete collection of the photocatalyst during
each cycle. The XRD pattern (Figure S5, in the Supporting
Information) of the as-prepared ternary HSMSs after 10 cycles
indicates almost no deterioration in the crystal structure.
Additionally, the mesoporous BiVO4/Ag/AgCl ternary HSMSs
also exhibits high photocatalytic efficiency for the degradation
of refractory organic pollutant of phenol (Figure S6a,b, in the
Supporting Information). After irradiation for 180 min, nearly
43.0% and 22.1% (Figure S6c) of phenol is degraded by sample

BiVO4/Ag/AgCl ternary HSMSs and BiVO4/AgCl binary
HSMSs.
In order to identify the major active species in the

photodegradation process, radical-trapping measurements are
also performed, as displayed in Figure 8. The photodegradation

of MO is slightly inhibited by the addition of 1 mM tert-
butanol (a hydroxyl radical scavenger) under visible-light
irradiation for 60 min,41 indicating that the •OH radicals are
the minor active oxidizing species in the photoreaction process,
while the MO concentration remains almost unchanged with
the use of 1 mM of disodium ethylenediaminetetraacetate
(Na2-EDTA, a hole scavenger) and benzoquinone (a super-
oxide anion radical scavenger, O2

•−). Therefore, the photo-
generated holes and O2

•− are the dominant reactive species
contributing to the oxidative degradation of MO. On the basis
of the bandgap structures of BiVO4 and AgCl and the effects of
scavengers, a possible plasmonic Z-scheme mechanism is
proposed and illustrated in Scheme 1. The energy bandgap of
BiVO4 is 2.40 eV, and the conduction band (CB) and valence
band (VB) energy levels of BiVO4 are about 0.33 and 2.73 eV
(vs standard hydrogen electrode (SHE)),42 respectively. The
VB holes of BiVO4 own a large oxidation power for the
oxidation of organic pollutants owing to the high potential.43

The CB and VB energy levels of AgCl are about −0.06 and 3.20
eV (vs SHE),44 respectively, and hence AgCl cannot be excited

Figure 7. (a) Photodegradation of MO in the presence of different samples under visible-light irradiation. (b) Photodegradation kinetics of MO
aqueous solutions over various photocatalysts.

Figure 8. Plots of active species trapped in the system for the
photodegradation of MO using the as-obtained BiVO4/Ag/AgCl
ternary HSMSs as photocatalyst.
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under visible-light irradiation due to its large bandgap.
Considering the O2

•− is one of the main active species,
electrons in the CB of BiVO4 could not reduce O2 to generate
O2

•− active species because the CB potential of BiVO4 (0.33 eV
vs SHE) is more positive than the reduction potential of oxygen
E0 (O2/O2

•−) (−0.046 eV vs SHE).42 The active photo-
electrons on the Ag NPs may be injected into the CB of AgCl
and react with the ubiquitous molecular oxygen to form the
superoxide radical O2

•−, which can contribute to the
decomposition of MO.43,45−47 Simultaneously, the photo-
generated electrons in the CB of BiVO4 transfer to the low-
energy states in Ag NPs and are ready to be excited to higher
states as hot electrons by the SPR effect,48 while the
photoexcited holes remain in the VB of BiVO4 to directly
oxidize the dye molecule.49 The spontaneous transfer of
electrons and holes in the BiVO4/Ag/AgCl ternary hetero-
structure increases both the yield and lifetime of charge carriers
by effectively separating them and reducing the chance for
recombination, and thus demonstrates the highest photo-
catalytic activity.50

4. CONCLUSIONS

In summary, we have demonstrated a simple and novel solid-
phase dual-ion-exchange strategy together with subsequent
visible-light induced reduction for the synthesis of uniform
mesoporous BiVO4/Ag/AgCl ternary HSMSs. Hierarchical
BiOCl microspheres synthesized by a hydrothermal method
are used as the precursor. Benefiting from the unique structural
features, the as-prepared BiVO4/Ag/AgCl ternary heteronanos-
tructures exhibit excellent photocatalytic activity and favorable
recyclability for the degradation of organic dye under visible-
light irradiation. The photocatalytic mechanism is investigated.
We believe that this new synthesis strategy is not restricted to
the specific materials discussed in this work and can be
extended to the preparation of a wide range of porous
microstructures for various applications.
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