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ab s t r ac t
This paper reported the synthesis of Zn3V2O8 nanoplates and Ag/AgCl@Zn3V2O8 nanocomposites, and 
their visible-light photodegradation of organic pollutants. Ag/AgCl@Zn3V2O8 nanocomposites were 
synthesized via a novel in situ growth of Ag/AgCl nanocrystals on the surfaces of Zn3V2O8 nano-
plates. The samples of Zn3(OH)2V2O7•2H2O, Zn3V2O8 and Ag/AgCl@Zn3V2O8 were characterized by 
the techniques of scanning electron microscope, transmission electron microscopy, X-ray diffraction, 
X-ray photoelectron spectroscopy, Fourier transform infrared, photoluminescence and UV–vis absorp-
tion. The Ag/AgCl@Zn3V2O8 nanocomposites showed highly enhanced properties in photodegradat-
ing rhodamine B (RhB) and isopropanol under visible-light irradiation (λ > 420 nm), compared with 
the Zn3V2O8 nanoplates. The molar ratios of Ag to Zn and processing parameters have an key effect 
on their photocatalytic properties. The control experiments with various scavengers indicated that 
photogenerated electrons (•OH and •O2

–) and holes (h+) are the major active radicals in the photo-
degradation of organic species. The synergistic effects of Ag/AgCl and Zn3V2O8 in compositions and 
microstructures account for their enhanced photocatalytic performance. The strategy developed in 
this work provides an alternative way to design high-performance visible-light-driven photocatalysts 
with applications in environmental purification.
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1. Introduction

Photocatalytic degradation of aqueous organic pollutants 
(e.g., dyes and volatile organic compounds) is a potential 
strategy to clear sewage [1,2]. TiO2-based photocatalysts 
have been widely applied in environmental purification 
for their long-term stability, high activation and low tox-
icity [3,4]. However, their large band gaps of larger than 
3.2 eV limit their utilization in visible-light photodegra-
dation of pollutants. Therefore, multiple methods have 
been developed to enhance their photocatalytic properties 

under visible-light irradiation [5–9]. Some other metal oxide 
semiconductor-based photocatalysts, like ZnO, InVO4 and 
Bi2WO6, also suffer from similar drawbacks of poor visi-
ble-light absorption or low quantum efficiency [10–12]. To 
design efficient, easy accessible and visible-light-driven pho-
tocatalysts is of practical significance and faces big challenges.

Plasmonic photocatalysts, benefited from the localized 
surface plasmon resonance (SPR) effect of metal nanoparticles 
(e.g., Au, Ag, Pt and Cu) [13,14], have attracted increasing 
attention due to their extended absorption of visible light 
[15,16]. Ag/AgX (X = Cl, Br and I) compounds are efficient 
active components to design high-performance plasmonic 
photocatalysts [17–24]. The shape, size and distribution of Ag 
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nanoparticles in Ag/AgX compounds strongly influence their 
photocatalytic properties. To minimize the amounts of noble 
metal, scientists usually immobilize SPR-active metal species 
on some special substrates to construct hierarchical nano-
composites [25,26] including a series of low-dimensional 
nanoplates of WO3 [27], C3N4 [27,29], graphene oxide [30], 
BiVO4 [31], BiOBr [31,32] and BiOIO3 [33].

Zn3V2O8 and Zn3(OH)2V2O7•2H2O nanostructures with 
a layered structure are promising materials in design-
ing photocatalysts [34–36]. Flower-like and belt-like 
Zn3(OH)2V2O7•2H2O and Zn3V2O8 nanostructures were 
reported as photocatalysts in photodegradating methylene 
blue (MB) under visible-light irradiation [35]. Functional 
modification of Zn3V2O8 nanostructures by loading or dop-
ing other species is an effective way to improve their pho-
tocatalytic performance [36]. However, to the best of our 
knowledge, there are few reports focused on the Zn3V2O8-
supported plasmonic photocatalysts. Recently, Ag/AgX 
(X=Cl, Br) nanocrystals and their nanocomposites have been 
investigated systematically as visible-light-driven photocat-
alysts in environmental purification in our previous works 
[27,37]. In this work, we combine the advantages of Zn3V2O8 
nanoplates and Ag/AgCl nanocrystals to develop a novel 
hierarchical photocatalyst of Ag/AgCl@Zn3V2O8 nanocom-
posite (Fig. 1).

2. Experimental section

2.1. Chemicals and reagents

Ammonium metavanadate (NH4VO3, Tianjin Guangfu 
Fine Chemical Industry Research Institute, China), zinc 

acetate (C4H6O4Zn•2H2O, Tianjin Kermel Chemical Reagent 
Co., Ltd., China), silver nitrate (AgNO3, Sinopharm Chemical 
Reagent Co., Ltd., China), sodium chloride (NaCl, Sinopharm 
Chemical Reagent Co., Ltd.), hexadecyltrimethylammo-
nium bromide (CTAB, Sinopharm Chemical Reagent Co., 
Ltd.), sodium dodecylbenzenesulfonate (SDBS, Sinopharm 
Chemical Reagent Co., Ltd.) and polyvinylpyrrolidone (PVP 
K30, Sinopharm Chemical Reagent Co., Ltd.) were analyti-
cally pure. Deionized water was homemade using a water 
purification system (New Human Power I Scholar, Human 
Corporation, Beijing, China).

2.2. Synthesis of flower-like Zn3(OH)2V2O7•2H2O spheres 
and Zn3V2O8 nanoplates

Zn3(OH)2V2O7•2H2O nanocrystals were synthesized 
via a simple precipitation method. NH4VO3 (1 mmol) was 
dissolved in deionized water (40 mL) at 80°C, and then 10 mL 
aqueous solution containing C4H6O4Zn•2H2O (1.5 mmol) 
was added dropwise into the above solution under magnetic 
stirring, followed by adding 0.1 g CTAB. The final pH value 
of the mixture was adjusted to ~9 by adding aqueous ammo-
nia solution. After a continuous stirring for 2 h at 80°C, the 
above suspension was collected by centrifugation, rinsed 
with deionized water and finally freeze-dried (FD8-3, SIM 
International Group Limited Corporation, Hongkong, China). 
For comparison purpose, similar Zn3(OH)2V2O7•2H2O sam-
ples were synthesized by replacing CTAB with SDBS and 
PVP, respectively. Zn3V2O8 nanoplates was synthesized by 
calcined the Zn3(OH)2V2O7•2H2O sample obtained with 
CTAB in a muffle furnace at 300°C–450°C for 2 h.

Fig. 1. Schematic illustration of the synthesis of hierarchical Ag/AgCl@Zn3V2O8 nanocomposites.
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2.3. Synthesis of Ag/AgCl@Zn3V2O8 and Ag/AgCl photocatalysts

Essentially, Ag/AgCl@Zn3V2O8 nanocomposites were 
synthesized via a two-step process (Fig. 1). Typically, 
Zn3V2O8 nanoplates (200 mg) and 0.111 g PVP (~1 mmol 
of units) were dispersed in deionized water (30 mL), and 
then 1.0 mmol AgNO3 was added into the above mixture, 
followed by a constant stirring for 45 min. The suspen-
sion obtained was freeze-dried to form a hybrid solid of 
PVP–Ag+@Zn3V2O8. A NaCl aqueous solution (30 mL, 
0.5 mmol Cl–) was then added into the above solid under 
a magnetic stirring for 1 h in dark. The milky suspension 
obtained was then irradiated with a UV lamp (λ = 365 nm) 
for a given time (0-5 min). The solids were collected, 
rinsed with deionized water and then freeze-dried. The 
as-obtained samples were Ag/AgCl@Zn3V2O8 nanocom-
posites. For the purpose of comparison, Ag/AgCl@Zn3V2O8 
nanocomposites with various molar ratios of Ag to Zn 
were synthesized with different processing parameters. 
The Ag/AgCl@Zn3V2O8 samples obtained were denoted 
as “TxMytz”, where Tx means that the calcination tem-
perature of Zn3(OH)2V2O7•2H2O is x °C, My means that 
the molar ratio of Ag to Zn is y%, and tz means that the 
UV-photoreduction time is z min. Some parameters used 
in the synthesis of Ag/AgCl@Zn3V2O8 samples were listed 
in Table 1. It should be noted that the Ag-to-Zn ratio is con-
trolled by the amounts of their precursors added.

For comparison purpose, the Ag/AgCl sample was also 
synthesized via a similar two-step method. Typically, AgNO3 
(1 mmol) and PVP (1 mmol unit) were dissolved in 30 mL 
water, and the above mixture was kept stirring for 1 h at 
room temperature before freeze-drying. Then, 10 mL of NaCl 
aqueous solution containing 0.5 mmol of Cl– was added to the 
above Ag+–PVP solid and kept magnetic stirring for another 
1 h to form AgCl nanocrystals, which were then irradiated by 
a UV lamp (λ = 365 nm) for 1 min to partly reduce Ag+ ions to 
form a Ag/AgCl nanocomposite (S5 in Table 1).

2.4. Characterization of composition and morphology

The phases were determined by X-ray diffraction (XRD, 
Beijing Purkinje General Instrument Co. Ltd., China) using 
a Cu Kα radiation (λ = 1.5406 Å) with a tube voltage of 
36 kV and a current of 20 mA (scanning rate: ~4°/min in a 
2q range of 20°–70°). The morphologies were observed by 
a field emission scanning electron microscope (FESEM, 
JEOL, JSM-7001F, Japan). Before SEM observation, the sam-
ples were coated with a thin Pt film using a coater (JEOL, 
JFC-1600, Japan) under 20 mA for 50 s. The UV–vis diffuse 
reflectance (DR) spectra were performed on a UV–vis–NIR 
spectrophotometer (Shimadzu, UV-3600) in a wavelength 
range of 240–800 nm. The X-ray photoelectron spectroscopy 
(XPS) spectra were recorded on a multi-purpose X-ray 
photoelectron spectroscope (Sigma Probe, Thermo VG 
Scientific, Waltham, MA, USA) with a microfocused mono-
chromatic X-ray source (Al Ka), using adventitious carbon 
(C 1s, 284.6 eV) as the calibration reference. Fourier trans-
form infrared (FTIR) spectra were recorded on a Nicolet 460 
spectrophotometer using the KBr disk technique. The N2 
adsorption–desorption isothermal analysis was performed on 
a gas adsorption analyzer (BELSORP-miniII, Microtrac BEL, 
Inc., Japan). Transmission electron microscopy (TEM) images 
were obtained using a JEOL JEM-2100 microscope, with 
an accelerating voltage of 200 kV. The photoluminescence 
(PL) spectrum of Ag/AgCl@Zn3V2O8 was detected using 
a spectrofluorometer (FluoroMax-4, HORIBA JobinYvon, 
France) at room temperature, and a 3D-PL spectrum was 
used to determine whether the sample has a PL effect or not 
in a wavelength of 400–800 nm.

2.5. Test of photocatalytic property

Photocatalytic properties of the Ag/AgCl@Zn3V2O8 sam-
ples were tested by photocatalytically degradating organic 
pollutants, for example, rhodamine B (RhB) and isopropanol, 
under the artificial visible light provided by a 300 W Xe lamp 

Table 1
Summary of processing parameters and RhB photodegradation rate constants of Ag/AgCl@Zn3V2O8 photocatalysts

Sample AgCl, 
mmol

Zn3V2O8, 
mmol

Molar ratio 
RAg/Zn

Calcination 
temperature (T), °C

Photoreduction 
time (t), min

k, 
min–1

S1 (T300M35t2) 0.5 0.47 ~0.35 300 2.0 0.111
S2 (T350M35t2) 0.5 0.47 ~0.35 350 2.0 0.125
S3 (T400M35t2) 0.5 0.47 ~0.35 400 2.0 0.195
S4 (T450M35t2) 0.5 0.47 ~0.35 450 2.0 0.136
S5 (t1) 0.5 0.00 – – 1.0 0.110
S6 (T400M141t2) 0.5 0.12 ~1.41 400 2.0 0.059
S7 (T400M71t2) 0.5 0.24 ~0.71 400 2.0 0.081
S8 (T400M23t2) 0.5 0.71 ~0.23 400 2.0 0.203
S9 (T400M18t2) 0.5 0.94 ~0.18 400 2.0 0.080
S10 (T400M23t0) 0.5 0.71 ~0.23 400 0.0 0.018
S11 (T400M23t0.5) 0.5 0.71 ~0.23 400 0.5 0.122
S12 (T400M23t1) 0.5 0.71 ~0.23 400 1.0 0.282
S13 (T400M23t3) 0.5 0.71 0.23 400 3.0 0.157
S14 (T400M23t5) 0.5 0.71 ~0.23 400 5.0 0.037
S15 (T400M0t0) 0 0.71 0 400 0.0 0.008
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(NBeT, HSX-F300) equipped with an ultraviolet cutoff filter 
(λ ³ 420 nm). The light density (about 100 mW/cm2) was con-
trolled by adjusting the distance between the lamp and the 
surface of the photodegradation solution, measured using a 
light meter (Tenmars TM-208, USA).

All the photocatalytic tests were conducted under 
ambient conditions with a photocatalyst concentration of 
1 g/L. Typically, 50 mg of Ag/AgCl@Zn3V2O8 sample was 
first dispersed in a 100 mL beaker containing 45 mL of 
water under magnetic stirring, followed by a sonication 
treatment for 3 min. Second, the above suspension was 
moved to a dark condition, and 5 mL of 100 mg/L RhB aque-
ous solution was carefully added. The dye-containing sus-
pension was kept magnetically stirring in dark for 30 min 
to reach a dye-adsorption equilibrium on the surfaces of 
photocatalysts. The suspension with photocatalysts and 
dye molecules was then exposed to visible light. Aliquots 
of solutions (3–5 mL) were drawn from the reaction sys-
tem using a syringe at a given degradation duration. The 
suspensions sampled were centrifuged at 7,000 rpm (rota-
tion per minute) for 6 min to remove the solid photocat-
alyst particles completely, and the upper clear solutions 
were then transferred to a quartz cuvette to measure their 
absorption spectra in a wavelength range of 300–800 nm 
using a UV–vis spectrophotometer (UV-1800PC, Mapada 
Instruments, China). The concentration ratios (C/C0) of the 
dye solutions were determined by the absorbance (A/A0) 
at a certain wavelength (i.e., 551 nm for RhB), according 
to the relationship of C = k′A. Here, k′ is a constant, A is 
the absorbance of the dye solution at time t, and A0 is the 
absorbance at the beginning of the visible-light irradia-
tion; C is the concentration of the dye aqueous solution at 
time t, and C0 is the concentration at the beginning of the 
visible-light irradiation. If the photodegradation reaction 
follows the first-order kinetics, that is, ln(A/A0) = ln(C/C0) 
= –kt, the photodegradation rate constant (k/min–1) can be 
determined by the ln(A/A0) – t plots [37].

Isopropanol, without any absorption in the visible-light 
range, was also used as the target pollutant to evaluate 
the photocatalytic activity of Ag/AgCl@Zn3V2O8 sam-
ple. The amounts of the residual organic substances after 
various photodegradation times were estimated by the 
chemical oxygen demand (COD), measured according to 
the standard method of potassium dichromate titration 
(GB 11914-89).

3. Results and discussion

3.1. Synthesis and characterization

The XRD patterns of the Zn3(OH)2V2O7•2H2O samples 
with different surfactants (i.e., PVP, CTAB or SDBS) are 
shown in Fig. 2. All of the peaks can be readily indexed to the 
hexagonal Zn3(OH)2V2O7•2H2O phase according to JCPDS 
card no. 87-0417 [39], indicating that the samples consist of a 
pure Zn3(OH)2V2O7•2H2O phase. The possible chemical reac-
tion describing the formation of Zn3(OH)2V2O7•2H2O can be 
expressed as Eq. (1).

2VO Zn OH H O
Zn OH

2
C pH surfactants

3
2 80 9

3 2

3 4− + − =+ + +  →° , ,

( ) VV O H O2 27 2⋅
 (1)

The morphology of the precursors was observed 
by SEM. Fig. 3 shows the typical FESEM images of the 
Zn3(OH)2V2O7•2H2O samples obtained via the precipitation 
reaction with different surfactants ((a)–(c) CTAB, (d)–(f) 
PVP and (g)–(i) SDBS) and without surfactant (j)–(l). The 
Zn3(OH)2V2O7•2H2O samples show a similar morphology 
of flower-like spheres with an apparent diameter of 1–2 μm. 
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Fig. 2. Powder XRD patterns of Zn3(OH)2V2O7•2H2O nanocrystals 
obtained with various surfactants: (a) CTAB, (b) PVP and 
(c) SDBS and without any surfactant (d).

 

Fig. 3. FESEM images of Zn3(OH)2V2O7•2H2O nanocrystals 
obtained with various surfactants: (a)–(c) CTAB, (d)–(f) PVP and 
(g)–(i) SDBS and without any surfactant (j)–(l).
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Figs. 2(c), (f), (i) and (l) suggest that the flower-like spheres 
are formed by assembling the pristine nanoplates with a 
nanoscale thickness (ca. 10–20 nm).

The pore structures of the samples were estimated 
by the N2 adsorption–desorption test. Fig. 4(a) shows the 
typical nitrogen adsorption–desorption isotherms of the 
Zn3(OH)2V2O7•2H2O samples obtained with CTAB (A) 
or not (B). Both the isotherms are of a type IV characteris-
tic, and the high adsorption at the relatively high pres-
sure (P/P0) range (approaching 1.0) suggests the existence 
of mesopores (2–50 nm) and macropores (>50 nm) in the 
Zn3(OH)2V2O7•2H2O samples [39]. The shapes of the hys-
teresis loops are of a type H3 feature, which associates with 
aggregates of plate-like particles and slit-like pores [39,40]. 
The mesopores and macropores are mainly caused by the 
house-of-card structure formed by the aggregated flower-like 
spheres. The specific surface area of the Zn3(OH)2V2O7•2H2O 
sample obtained with CTAB is 29.3 m2/g, larger than that 
(14.8 m2/g) of the one obtained without CTAB. The N2 
adsorption–desorption and pore-size distribution curves of 
the Ag/AgCl@Zn3V2O8 sample are shown in Fig. 4(b). The 
sample has a specific surface area of 39.3 m2/g, larger than 
that (29.3 m2/g) of its precursor of Zn3(OH)2V2O7•2H2O. The 
enhanced surface area can provide more active sites for cat-
alytic applications. The inset in Fig. 4(b) shows the pore-size 
distribution curve, indicating that the sample is of a large 
pore distribution range.

Zn (OH) V O H O Zn V O H O2 2 7 2
C in air

3 2 23
300 450

82 3⋅  → +− ° ,  (2)

Zn V O Ag PVP PVP-Ag @Zn V O3 2 8
+ Vacuum freeze-drying +

3 2 8+ +  →
 (3)

PVP-Ag @Zn V O CI
Ag/AgC

+
3 2 8

UV irradiation and washing+  →−

ll@Zn V O3 2 8

 
(4)

The Zn3V2O8 phase was formed by removing the constitu-
tional and crystal water molecules of the Zn3(OH)2V2O7•2H2O 
sample, which was calcined at 300°C–450°C in air (Eq. (2)). 
The as-obtained Zn3V2O8 nanocrystals were used as the 
substrate to construct Ag/AgCl@Zn3V2O8 nanocomposites. 
The formation of Ag/AgCl@Zn3V2O8 nanocomposite can be 
expressed using Eqs. (3) and (4), involving the adsorption of 
Ag+ ions and growth of AgCl nanoparticles on the Zn3V2O8 
surfaces. Finally, the UV-light photoreduction of AgCl spe-
cies leads to the formation of Ag/AgCl@Zn3V2O8 nanocom-
posites. As Figs. 3 and 4 show, various surfactants have little 
effect on the microstructure of Zn3(OH)2V2O7•2H2O samples. 
For the sake of simplicity, we chose the Zn3(OH)2V2O7•2H2O 
sample obtained with CTAB as the model precursor to pre-
pare Ag/AgCl@Zn3V2O8 nanocomposites.

Fig. 5 compares the XRD patterns of the 
Zn3(OH)2V2O7•2H2O nanocrystals, Zn3V2O8 nanoplates 
obtained by calcining Zn3(OH)2V2O7•2H2O at 400°C, and 
the as-obtained Ag/AgCl@Zn3V2O8 nanocomposites (S12 in 
Table 1). The Zn3(OH)2V2O7•2H2O phase (Fig. 5(a)) is trans-
formed to a pure Zn3V2O8 phase (Fig. 5(b)) by calcining it at 
400°C for 2 h. Three strong peaks at 34.9°, 43.1° and 62.9° 

can be indexed to the (122), (042) and (442) reflections of 
the Zn3V2O8 phase, respectively, according to the JCPDS 

Fig. 4. Nitrogen adsorption–desorption isotherms (solid: 
adsorption; open: desorption) of (a) Zn3(OH)2V2O7•2H2O 
nanocrystals obtained with CTAB (A) and without CATB (B), 
and (b) Ag/AgCl@Zn3V2O8 nanocomposite (inset: pore-size 
distribution).
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Fig. 5. XRD patterns of (a) Zn3(OH)2V2O7•2H2O nanocrystals 
synthesized with CTAB, (b) Zn3V2O8 nanoplates (S14) obtained 
by calcining Zn3(OH)2V2O7•2H2O at 400°C and (c) Ag/AgCl@
Zn3V2O8 nanocomposites (S12).
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card no. 34-0378 (space group: Abam [64]; cell parameters: 
a = 0.8299 nm, b = 1.152 nm, c = 0.6111 nm) [35,36]. The 
broadening of the XRD peaks suggests that the Zn3V2O8 
sample is of small crystal grains. Fig. 5(c) shows a typical 
XRD pattern of the Ag/AgCl@Zn3V2O8 nanocomposite (S12 
in Table 1). These peaks at 2q = 27.8°, 32.2° and 46.3° can be 
indexed to the (111), (200) and (220) reflections of the AgCl 
phase, respectively, according to the JCPDS card no. 31-1238 
(space group: Fm3m [225]) [37,38], and the other peaks belong 
to the Zn3V2O8 phase [36]. The XRD pattern of the Ag/AgCl@
Zn3V2O8 sample can be seen as a superimposition of those 
XRD patterns of Zn3V2O8 and AgCl phases. The weak peak at 
~37° (Fig. 5(c)) can be assigned to the (111) reflection of metal 
Ag species [27,37].

Fig. 6 shows the typical FESEM images of the Zn3V2O8 
(S15 in Table 1) and Ag/AgCl@Zn3V2O8 (S12 in Table 1) 
samples. As Figs. 6(a) and (b) show, the Zn3V2O8 sample 
obtained by calcining flower-like Zn3(OH)2V2O7•2H2O 
spheres (Figs. 2(a)–(c)) consists of Zn3V2O8 nanoplates with 
a thickness of several nanometers. Figs. 6(c) and (d) show 
the typical FESEM images of the Ag/AgCl@Zn3V2O8 sample, 
and one can find that small Ag/AgCl nanoparticles (5–10 nm 
in size) are attached on the surfaces of Zn3V2O8 nanoplates 
uniformly.

To further understand the formation of AgCl@Zn3V2O8 
nanocomposites, we used FTIR spectra (Fig. 7) to charac-
terize the PVP–Ag+@Zn3V2O8, PVP and Zn3V2O8 samples. 
The wide absorption band at ~3,445 cm–1 exists in the three 
samples, belonging to the stretching vibration mode of the 
–OH groups in the water molecules absorbed. The bands 
at 2,960 and 2,860 cm–1 correspond to the asymmetric CH2 
stretching and symmetric CH2 stretching of PVP, respec-
tively. The bands at ~1,643 cm–1 correspond to the stretch-
ing vibration region of C=O, the bands at 1,020–1,230 cm–1 

belong to the stretching vibration region of C-N, and the 
bands at 1,050–1,250 cm–1 are due to the stretching vibration 
region of the C–O group. The absorption bands at ~801 and 
~931 cm–1 can be attributed to the V–O vibration [46]. The 
band at ~1,385 cm–1 only occurs in the hybrid of PVP–Ag+@
Zn3V2O8, indicating the formation of an organic–inorganic 
hybrid [37]. Such interaction between Ag+ and functional 
groups of PVP molecules surrounding the surfaces of 
Zn3V2O8 nanoplates is favorable in forming Ag/AgCl@
Zn3V2O8 nanocomposites.

Fig. 8 shows the typical XPS spectra of Ag/AgCl@
Zn3V2O8 nanocomposite (S12 in Table 1). The wide survey 
scan spectrum (Fig. 8(a)) indicates that the sample consists 
of elements of Zn, Cl, C, Ag and O. Figs. 7(b) and (c) show 
the core-level XPS spectra of Zn 2p and V 2p, respectively. 
Their binding energies are similar to those of ZnO and V2O5. 
Fig. 8(d) shows the core-level XPS spectrum of Ag 3d, which 
can be subdivided into two sets of XPS spectra, including 
four peaks: 367, 368, 373 and 374 eV. The two strong peaks at 
367 and 373 eV are attributed to Ag+ species of the AgCl solid, 
belonging to the binding energies of Ag 3d5/2 and Ag 3d3/2, 
respectively. The peaks at 368 and 374 eV can be attributed to 
metal Ag0 species [27,28]. The two peaks at 197.6 and 199.2 eV 
belong to Cl 2p1/2 and 2p3/2, respectively, confirming the exis-
tence of AgCl [37]. Taking the SEM, XRD and XPS results 
into account, the Ag/AgCl@Zn3V2O8 sample (S12) consists of 
metal Ag, AgCl and Zn3V2O8, and the Ag/AgCl species in the 

Ag/AgCl@Zn3V2O8 composite have a small particle size less 
than 20 nm.

Fig. 9 shows the typical TEM images and correspond-
ing energy dispersive spectroscopy (EDS) spectrum of the 
as-obtained Ag/AgCl@Zn3V2O8 sample. The low-magnifi-
cation images in Figs. 9(a) and (c) show that the Ag/AgCl 
nanoparticles with a size range of 30–50 nm are attached 
on the surfaces of the Zn3V2O8 nanoplates. Fig. 9(b) shows 
a high-resolution TEM (HRTEM) image, in which two 
Ag/AgCl nanoparticles can be seen clearly. The crystal 
lattices of the edges in the Ag/AgCl nanoparticles can be 
recognized, and the interplanar distance can be measured 
to be ~0.243 nm, which is close to the interplanar distance 
(0.231 nm) of the Ag (111) plane. Fig. 9(d) shows that the 
Ag/AgCl nanoparticles are well distributed separately on 
the Zn3V2O8 nanoplate. The enlarged part in Fig. 9(e) indi-
cates that the Ag nanoparticles are embedded in the AgCl 
particles and the Zn3V2O8 nanoplates support the Ag/AgCl 
nanoparticles. Fig. 9(f) shows the corresponding EDS spec-
trum. The elements of Zn, V, Ag, Cl and O come from the 
Ag/AgCl@Zn3V2O8 sample, and the C and Cu elements 
should be due to the Cu grid with a carbon film.

 

Fig. 6. FESEM images of (a)–(b) Zn3V2O8 nanosheets (S15) and 
(c)–(d) Ag/AgCl@Zn3V2O8 nanocomposite (S12).
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3.2. Photodegradation performance and possible photocatalytic 
mechanisms of Ag/AgCl@Zn3V2O8 nanocomposites

The photocatalytic performance of the Ag/AgCl@Zn3V2O8 
nanocomposites was evaluated by photodegradating RhB 
and isopropanol under visible-light irradiation (l > 420 nm) 

according to the method reported previously [37]. To quan-
tify their photocatalytic activity, we calculated the rate con-
stants (k, min–1) according to the first-order reaction kinetics, 
and listed them in Table 1.

Fig. 10 shows the typical photocatalytic properties of the 
Ag/AgCl@Zn3V2O8 sample (S12), compared with the Ag/AgCl 
and Zn3V2O8 samples. Fig. 10(a) shows the UV–vis absorption 
spectra of the RhB aqueous solutions after visible-light irradi-
ation with various times (0–18 min) using Ag/AgCl@Zn3V2O8 
(S12) as the photocatalyst. One can see that RhB can be pho-
todegradated almost completely in 18 min. Comparatively, 
Fig. 10(b) shows the UV–vis absorption spectra of the RhB 
aqueous solutions after visible-light-driven photodegrada-
tion with various times using Ag/AgCl as the photocatalyst. 
The RhB solution is partly photodegradated even after a 
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Fig. 8. XPS spectra of the Ag/AgCl@Zn3V2O8 (S12) photocatalyst: 
(a) a wide survey scan, and (b)–(d) core-level spectra of: (b) Zn 
2p, (c) V 2p and (d) Ag 3d.
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Fig. 9. TEM observations of the Ag/AgCl@Zn3V2O8 (S12) 
nanocomposite: (a)–(e) TEM images and (f) EDS spectrum.
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Fig. 10. (a)–(b) UV–vis absorption spectra of the RhB aque-
ous solutions after visible-light-driven photodegradation 
using (a) Ag/AgCl@Zn3V2O8 (S12) and (b) Ag/AgCl (S5) as the 
photocatalysts. (c) Photocatalytic RhB degradation curves with 
(A) Ag/AgCl@Zn3V2O8 (S12), (B) Ag/AgCl (S5), (C) Zn3V2O8 
(S15) and (D) P25 (TiO2) under visible-light irradiation. (d) 
The COD curve and photocatalytic efficiency of isopropanol 
photodecomposed by Ag/AgCl@Zn2V2O8 (S12) nanocrystals 
under visible-light irradiation. (e) Adsorption of RhB on the 
Ag/AgCl@Zn3V2O8 (S12) catalyst in dark (the inset is the UV–vis 
absorption spectra).
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reaction of 35 min. Also, the peak at 498 nm increases as the 
peak at 551 nm decreases, suggesting that a new intermedi-
ate dye is formed with RhB photodegradation. Considering 
the fast degradation of the Ag/AgCl@Zn3V2O8 sample (S12), 
the influence of the self-degradation of RhB can be neglected. 
The previous report [42] shows that there is only a 1.5% 
self-degradation of RhB irradiated under visible light for 
120 min.

Fig. 10(c) shows the photocatalytic degradation (C/C0) 
of RhB vs. the irradiation time using Ag/AgCl@Zn3V2O8 
(A), Ag/AgCl (B) and Zn3V2O8 (C) as the photocatalysts, 
respectively. The Zn3V2O8 sample shows the lowest photo-
catalytic rate constant (k = 0.008 min–1), while the Ag/AgCl@
Zn3V2O8 sample has the highest photocatalytic rate constant 
(k = 0.282 min–1). For the RhB photodegradation with the 
Ag/AgCl@Zn3V2O8 sample, there is almost no obvious blue 
shift. The Zn3V2O8 nanoplates may play a key role both as 
a carrier-donor and as a substrate to support the plasmonic 
photocatalyst of Ag/AgCl nanoparticles. The photocatalytic 
activity and stability of the photocatalysts are thus greatly 
enhanced by loading Ag/AgCl particles on the surface of 
Zn3V2O8 nanoplates.

To corroborate the photocatalytic activity without a 
photosensitive agent, isopropanol was used as the probe 
substance to evaluate the photocatalytic activity of the 
Ag/AgCl@Zn3V2O8 (S12), because isopropanol has no absorp-
tion in the visible-light range. After photocatalytic degra-
dation, the amount of residual isopropanol in the solution 
was measured by COD. The photodegradation efficiency 
(PE, %) was calculated according to PE = 100 × (CODinitial − 
CODfinal)/CODinitial, where CODinitial and CODfinal are the COD 
data tested at the initial stage without photodegradation 
and those tested at a given photodegradation time, respec-
tively. Fig. 10(d) shows the photodegradation curve of iso-
propanol under visible-light irradiation in the presence of 
Ag/AgCl@Zn3V2O8 (S12) as the photocatalyst. The COD value 
of the isopropanol solution decreases from the initial value of 
575–275 mg/L as the photodegradation time increases from 
0 to 60 min, and the photodegradation efficiency reaches 
~52%. This result confirms that the Ag/AgCl@Zn3V2O8 nano-
composite is of a high photocatalytic activity in degradating 
both organic dyes (i.e., RhB) and alcohols (i.e., isopropanol) 
under visible-light irradiation.

Adsorption is one of the most important factors that 
influence the photocatalytic ability. Fig. 10(e) shows the typ-
ical adsorption curve of RhB molecules onto the Ag/AgCl@
Zn3V2O8 catalyst in dark. After an adsorption of 30 min, there 
is about 10% of RhB molecules adsorbed on the photocata-
lyst. Compared with the photocatalytic data (Figs. 10(a) and 
(c)), one can see that the total amount of RhB molecules can 
be photodegradated within 20 min under visible-light irra-
diation. Therefore, we can safely conclude that the photocat-
alytic degradation is the essential factor that results in the 
reduction of RhB molecules.

To explore the factors that influence the RhB pho-
todegradation activity, we designed a series of control 
experiments (Fig. 11, S1–S4 in Table 1). Fig. 11(a) shows 
the effect of the calcination temperature (300°C–450°C) of 
Zn3(OH)2V2O7•2H2O on the photocatalytic activity of the 
Ag/AgCl@Zn3V2O8 samples. One can see that the Ag/AgCl@
Zn3V2O8 photocatalyst (S3 in Table 1) with the 400°C–Zn3V2O8 

nanoplates shows the highest RhB-photodegradation rate 
constant (k400 = 0.195 min–1), and the rate constant changes 
with a decreasing order as k400 > k450 > k350 > k300. This result can 
be explained according to the TG–DTA data. The substrate of 
Zn3V2O8 nanoplates obtained at 400°C is of a stable phase with 
a suitable microstructure, but the lower or higher calcination 
temperatures damage their compositions or microstructures.

The effect of the Ag-to-Zn ratios on the photocata-
lytic activity was further investigated. The Ag-to-Zn ratios 
listed in Table 1 were determined by their amounts added 
during the synthetic process. Fig. 11(b) shows the effect of 
the Ag-to-Zn molar ratios (RAg/Zn = 0.18–1.41) on the photo-
catalytic activities of the Ag/AgCl@Zn3V2O8 nanocomposites 
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Fig. 11. RhB photodegradation rate constants of the Ag/AgCl@
Zn3V2O8 photocatalysts under various conditions: (a) various 
calcining temperatures of Zn3V3O8, (b) molar Ag-to-Zn ratios 
(RAg/Zn) and (c) photoreduction times.



M. Hu et al. / Desalination and Water Treatment 86 (2017) 102–114110

(S6–S9 in Table 1). When RAg/Zn is about 0.23–0.36, k reaches a 
peak value of k = 0.203 min–1, and the photocatalysts with a 
lower or higher RAg/Zn show a lower photocatalytic activity in 
photodegradating RhB under the visible-light irradiation. A 
longer UV-light irradiation time during the photoreduction 
of Ag+ ions means to form more metal Ag species, and the 
photoreduction time is also a critical factor that influences the 
photocatalytic activity of the Ag/AgCl@Zn3V2O8 nanocom-
posites (Fig. 11(c), S10–S14 in Table 1). As Fig. 11(c) shows, 
the Ag/AgCl@Zn3V2O8 nanocomposite with a photoreduc-
tion reaction of 1 min has the highest photocatalytic rate con-
stant (k = 0.282 min–1) in degradating RhB.

The absorbance of visible light is a key factor that influ-
ences the photocatalytic performance of a photocatalyst. To 
understand the photocatalytic behavior of the Ag/AgCl@
Zn3V2O8 nanocomposites, we first measured the UV–vis 
DR spectra of these samples and calculated their band-
gaps (Fig. 12): (A) Ag/AgCl@Zn3V2O8 (S12 in Table 1) with 
a photoreduction of 1 min, (B) Ag/AgCl@Zn3V2O8 (S14 in 
Table 1) with a photoreduction of 5 min, (C) Zn3V2O8, (D) 
Zn3(OH)2V2O7•2H2O and (E) TiO2 (P25). As Fig. 12 shows, 
Zn3(OH)2V2O7•2H2O shows almost no absorption in the vis-
ible-light region (λ = 420–800 nm), similar to TiO2 (P25), and 
its photocatalytic property is inefficient because of its large 
band gap (~3.34 eV). Using the similar method, the band gap 
of Zn3V2O8 is calculated to be ~3.17 eV, and it can absorb a 
small amount of visible light. Comparatively, the Ag/AgCl@
Zn3V2O8 (S12) sample with a photoreduction of 1 min has an 
apparent bandgap of ~2.13 eV, and shows the highest absor-
bance in the visible-light region (λ = 420–800 nm) according 
to its UV–vis DR spectra. The enhancement in visible-light 
absorption should be due to the hybridization of Ag, AgCl 
and Zn3V2O8. It needs to be noted that a longer photoreduc-
tion time weakens its visible-light absorbance, corroborated 
by the UV–vis DR spectrum of Ag/AgCl@Zn3V2O8 sample 
(S14 in Table 1, bandgap = ~2.99 eV) obtained with a pho-
toreduction time of 5 min. Therefore, we conclude that the 
improvement of the Ag/AgCl@Zn3V2O8 photocatalyst in 
photodegradating organic pollutants under visible-light 
irradiation is partly resulted from the enhancement in the 
visible-light absorbance. A 3D PL spectrum (Fig. 12(c)) of the 
Ag/AgCl@Zn3V2O8 sample does not show any fluorescence 
effect. The PL technique can only probe the emissive part, 
while the energy arising from the recombination between the 
charge carriers can be released by photons (emissive part) or 
heat (non-emissive). Therefore, the above PL result suggests 
that the energy arising from the recombination of electrons 
and holes may be released in a non-emissive manner [41,45].

The stability of a photocatalyst is another important 
aspect in practical applications. Fig. 13 shows the RhB-
photodegradation performance of the Ag/AgCl@Zn3V2O8 
(S12 in Table 1) in the recycling use under the visible-light 
irradiation. It can be seen that its activity reduces slightly 
after four cycles’ RhB-photodegradation reaction, but it 
still kept at a relatively high level. Eighty percentage of the 
RhB dye is photodegradated in 30 min, confirming that the 
Ag/AgCl@Zn3V2O8 nanocomposites are relatively stable 
during the photodegradation process.

To further confirm the active species (h+, •OH or •O2
–) 

during the RhB-photodegradation, we designed a series of 
experiments by introducing different scavengers: H2O2 (an 

electron scavenger) and ethylenediaminetetraacetic acid 
disodium salt (EDTA-2Na, a hole scavenger) [47]. Fig. 14 
shows the typical RhB-photodegradation curves (C/C0 – t) 
with or without scavengers. As Figs. 14(a) and (b) show, 
the photodegradation ability sharply drops when the scav-
enger of H2O2 or EDTA-2Na was introduced. Without any 
scavenger (Fig. 14(c)), the photodegradation rate constant (k) 
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Fig. 12. (a) UV–vis DR spectra and (b) the corresponding plots of 
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is 0.04 min–1, whereas the k is 0.004 min–1 when the elec-
tron (•OH and •O2

–) scavenger (H2O2, Fig. 14(a)) is used, 
and the k is 0.010 min–1 in the case of the hole (h+) scaven-
ger (EDTA-2Na, Fig. 14(b)). Because both electron and hole 
scavengers depress the RhB-photodegradation activity of the 
Ag/AgCl@Zn3V2O8 nanocomposites, both the electron (•OH 
and •O2

–) and hole (h+) in this system are active species in 
photodegradating RhB dye under the visible-light irradia-
tion. With the support of some similar references [48,49], we 
can further confirm that •O2

– and h+ are the major reactive 
species in the photocatalytic process. The electron–hole pairs 
can be separated well in the hierarchical Ag/AgCl@Zn3V2O8 
photocatalyst, and the efficient electron–hole separation 
enhances its photocatalytic ability.

Before understanding the photocatalytic mechanism, it is 
essential to figure out the positions of conduction band (CB) 

and valence band (VB) of the components in energy bands, 
based on the following equations [50,51]:

E X E Ee
gCB = − − 0 5.  (5)

E E EgVB CB= +  (6)

where Ee stands for the electron free energy which is about 
4.5 eV (vs. hydrogen); X is the electronegativity of the tar-
get semiconductor. For the compound of AaBbCc, X can be 
obtained via the following equation [50,51]:

X x A x B x Ca b c a b c= + +[ ( ) ( ) ( ) ] /( )1  (7)

where the x(I) stands for the atomic absolute electronega- 
tivity of element I.

For Zn3V2O8, the Eg can be determined by its UV–vis DR 
spectrum (Fig. 12) to be 3.17 eV, X(Zn3V2O8) is calculated to 
be 5.96 eV according to Eq. (7); so the ECB(Zn3V2O8) = –0.12 eV, 
EVB(Zn3V2O8) = 3.05 eV. Similarly, the ECB and EVB of AgCl can 
be calculated to be –0.06 and 3.19 eV, respectively, according 
to Eqs. (5)–(7) and the data reported previously [49].

Fig. 15 schematically illustrated the possible mechanism 
for the photocatalytic degradation of organic pollutants 
according to the above discussion. As Fig. 15(a) shows, the 
semiconductors of AgCl and Zn3V2O8 can form a tandem 
heterojunction for charge separation, but their bandgaps are 
larger than 2.95 eV and the incident visible light in the case of 
l ≥ 420 nm cannot be absorbed. Therefore, we thought that the 
localized surface plasmon resonance (LSPR) effect of Ag spe-
cies should play a key role in the dye photodegaradation, and 
the possible degradation mechanism is shown in Fig. 15(b).

First, the metal Ag species absorb visible light due to the 
LSPR effect, and photogenerated electron–hole pairs under 
visible-light irradiation (Eq. (8)). The Cl– ions on the surface 
of AgCl particles are negatively charged, and the photo-
generated holes can transfer to AgCl surface to oxidize Cl– 
to Cl0 atoms, which can oxidize organic pollutants and then 
regenerate Cl– ions [43]. In this process, AgCl particles fail 
to absorb visible light (l > 420 nm) and keep stable, due to 
their large bandgaps (i.e., a direct bandgap of ~5.0 eV and an 
indirect bandgap of ~3.5 eV). Also, the photogenerated holes 
can react with OH– ions to form •OH radicals, which can oxi-
dize organic pollutants. On the other hand, to minimize their 
active energy, the photogenerated electrons transfer to the CB 
of the zinc vanadate (Zn3V2O8) semiconductor, where these 
electrons react with O2 molecules dissolved in the solution 
and form superoxide ions (•O2

–). Some superoxide ions can 
undergo a protonation reaction with H3O+ ions to generate 
•OOH radicals, which then react with excess photogenerated 
electrons to produce H2O2, accompanying with the forma-
tion of •OH radicals. Various active species, including •O2

–, 
•OOH, H2O2 and •OH, can degradate organic pollutants in 
the presence of the hierarchical Ag/AgCl@Zn3V2O8 photocat-
alyst [44,45,52]. The possible reactions can be described as 
Eqs. (9)–(17).

Ag h+ → + ++ −ν Ag h e  (8)

e Zn V O Zn V O3 2 8 3 2 8
− + → −  (9)
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Zn V O O Zn V O O3 2 8 2 3 2 8 2
− −+ → + •  (10)

• + → • ++O H O OOH H O2 3 2
−  (11)

• + + → +− +OOH Zn V O H O H O Zn V O3 2 8 3 2 2 3 2 8  (12)

H O Zn V O OH OH Zn V O2 2 3 2 8 3 2 8+ → • + +− −  (13)

h Cl Cl+ −+ → 0  (14)

h+ −+ → •OH OH  (15)

Cl OP CO H O Cl0
2 2+ → + + −  (16)

• • + → +

( )
−O / OH OP CO H O
OP  Organic pollutants

2 2 2

:  (17)

4. Conclusions

Two-dimensional Zn3V2O8 nanoplates (~10 nm in thick-
ness) were synthesized by topochemically transforming 
flower-like Zn3(OH)2V2O7•2H2O spheres at 300°C–450°C 
in air, and the as-obtained Zn3V2O8 nanoplates were then 
used as substrates to construct hierarchical Ag/AgCl@
Zn3V2O8 nanocomposites via an in situ growth process. The 
Ag/AgCl@Zn3V2O8 nanocomposites obtained under optimum 
conditions (RAg/Zn = ~0.23, photoreduction time = 1 min, calci-
nation temperature = 400°C) are of highly enhanced efficient 
performance in photodegradating RhB dye and isopropanol 
under the visible-light irradiation. The efficient separation of 
active species (h+, •OH and •O2

–) and high absorption of visi-
ble light are the key reasons for enhancing their photocatalytic 
performance. This work provides an alternative strategy to 
design and synthesize high-performance visible-light-driven 
photocatalysts for environmental applications.
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