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The hierarchical photocatalysts of Ag/AgCl@plate–WO3 have been synthesized by anchoring Ag/AgCl

nanocrystals on the surfaces of single-crystalline WO3 nanoplates that were obtained via an

intercalation and topochemical approach. The heterogeneous precipitation process of the PVP–Ag+–

WO3 suspensions with a Cl� solution added drop-wise was developed to synthesize AgCl@WO3

composites, which were then photoreduced to form Ag/AgCl@WO3 nanostructures in situ. WO3

nanocrystals with various shapes (i.e., nanoplates, nanorods, and nanoparticles) were used as the

substrates to synthesize Ag/AgCl@WO3 photocatalysts, and the effects of the WO3 contents and

photoreduction times on their visible-light-driven photocatalytic performance were investigated. The

techniques of TEM, SEM, XPS, EDS, XRD, N2 adsorption–desorption and UV-vis DR spectra were

used to characterize the compositions, phases and microstructures of the samples. The RhB aqueous

solutions were used as the model system to estimate the photocatalytic performance of the as-obtained

Ag/AgCl@WO3 nanostructures under visible light (l$ 420 nm) and sunlight. The results indicated that

the hierarchical Ag/AgCl@plate–WO3 photocatalyst has a higher photodegradation rate than Ag/

AgCl, AgCl, AgCl@WO3 and TiO2 (P25). The contents and morphologies of the WO3 substrates in the

Ag/AgCl@plate–WO3 photocatalysts have important effects on their photocatalytic performance. The

related mechanisms for the enhancement in visible-light-driven photodegradation of RhB molecules

were analyzed.
Introduction

Environmental purification and energy conversion on the basis

of highly efficient photocatalysts and solar energy attract more

and more attention.1 As a typical photocatalyst, TiO2 nano-

crystals have been extensively studied, but the large energy band

gaps restrict their wide applications in visible-light or sunlight.2,3

Seeking new photocatalysts with suitable energy gaps or modi-

fying TiO2 with various doping elements (i.e., S, N, Fe, etc.) has
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been a hot topic in recent decades.4–6 In the most recent years, the

surface plasmon resonance (SPR) of metal nanoparticles has

been introduced to photocatalysts, because of the enhanced

absorption in the visible light region.7–9 The typical plasmonic

photocatalysts include (Ag,Au)/TiO2,
9–12 Ag/AgX (X ¼ Cl,

Br, I),13–19 Ag/C20 and their analogous systems.

Constructing hierarchical nanostructures for photocatalytic

applications by anchoring functional species on semiconductors

or even insulators is a novel strategy to improve their perfor-

mance.21–23 For plasmonic photocatalysts, there are a number of

reports on hierarchical nanostructures, including Ag3PO4/

TiO2,
24 Ag/AgBr/TiO2,

25–29 Ag/AgX/GO (X ¼ Cl, Br),30,31 AgX/

Ag3PO4 (X ¼ Cl, Br, I),32 Ag8W4O16/AgCl,33 AgI/AgCl/TiO2,
34

Ag–AgI/Fe3O4@SiO2,
35 Ag/AgBr/BiOBr36 and Ag–AgI/Al2O3.

37

For Ag/AgCl plasmonic photocatalysts, Long et al.38 devel-

oped Ag–AgCl/BiVO4 photocatalysts for MO (10 mg L�1, in

�60 min, l$ 400 nm) photodegradation, and claimed that_O2
� is

the main active species in the degradation reaction. Dai et al.39

precipitated Ag/AgCl on P25 to synthesize Ag/AgCl/TiO2 pho-

tocatalysts for visible-light-driven photoreduction of Cr(VI) and

organic dyes. An et al.40 reported a magnetic visible-light-driven

plasmonic Fe3O4@SiO2@AgCl:Ag photocatalyst. Quan et al.41

reported Ag@AgCl/RGO hybrid photocatalysts. Other systems,
Nanoscale, 2012, 4, 5431–5439 | 5431
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including Ag/AgCl/ZnO,42 Ag/AgCl/BiOCl,43 Ag/AgCl/titanate

honeycomb,44 Ag/AgCl/TNT,45 and Ag/AgCl/polyacrylonitrile

fibers,46 have also been investigated. These hierarchically

composite photocatalysts usually take on enhanced performance

in many cases when compared with their separate compositions,

but the well-controlled substrates on a larger scale are not

available.

Tungsten oxide (WO3) is generally more positive (+0.5 V vs.

NHE) than the reduction potentials of O2 due to the deeply

positive level of the band value (mainly consisting of O 2p

orbitals), which makes WO3 unsuitable for achieving the efficient

oxidative decomposition of organic compounds in air.6 WO3 is

seldom studied as a photocatalyst for the oxidative decomposi-

tion of organic compounds,47 butWO3-based nanostructures can

be used as substrates to construct composite photocatalysts, such

as AgBr/WO3,
48 AgBr/H2WO4,

49 Ag/AgBr/WO3$H2O,50 and Ag/

AgCl/W18O49 or Ag/AgCl/WO3.
51 However, the morphologies of

these WO3 or WO3$H2O nanostructures are not well controlled,

and their influencing effects on the photocatalytic performance

are not clear.

We recently developed an efficient and robust method to

synthesize WO3 nanoplates on the basis of intercalation and

topochemical conversion.52–55 The as-obtained WO3 nanoplates

are of a high diameter-to-thickness ratio and single-crystalline

structure, having a specific surface area larger than 150 m2 g�1.54

This kind of two-dimensional WO3 nanoplate is suitable as an

efficient substrate to design hierarchical composite photo-

catalysts. In addition, we developed a sonochemical route to

synthesize Ag/AgCl nanocubes with unique photodegradation

performance for organic dyes under visible-light irradiation.56

We here present a hierarchically plasmonic photocatalyst of

Ag/AgCl@plate–WO3 by anchoring Ag/AgCl nanoparticles on

the surfaces of ultrathin, single-crystalline WO3 nanoplates for

the first time. The WO3 nanoplates with small thicknesses

(�10 nm) and high specific surface areas were used as the

substrates. The Ag/AgCl nanoparticles with a size of �100 nm

were formed in situ through a precipitation reaction, followed by

a photoreduction process. Other WO3 powders with various

morphologies (i.e., nanorods and nanoparticulates) were also

used as the substrates to fabricate Ag/AgCl@WO3 photo-

catalysts for a comparative study. The compositions, micro-

structures and photocatalytic properties of the as-obtained

hierarchical photocatalysts were carefully investigated. The

effects of the contents of WO3 nanoplates, photoreduction times

and the morphologies of the WO3 substrates on the photo-

catalytic performance of the Ag/AgCl@WO3 photocatalysts

were studied. The possible mechanisms for the formation of

photocatalysts and their enhanced photocatalytic properties

were investigated.
Experimental

Materials

Tungsten trioxide (WO3, analytically pure), tungstic acid

(H2WO4, analytically pure), n-octylamine (chemically pure),

polyvinylpyrrolidone K30 (PVP), and ammonium metatungstate

((NH4)6H2W12O40$xH2O, analytically pure) were purchased

from Sinopharm Chemical Reagent Co. Ltd. Silver nitride
5432 | Nanoscale, 2012, 4, 5431–5439
(AgNO3, analytically pure) and heptane (analytically pure) were

purchased from Tianjing Kermel Chemical Reagent Co. Ltd.

Sodium chloride (NaCl, analytically pure) and hydrochloric acid

(HCl, 36 wt%, analytically pure) were purchased from Luoyang

Chemical Reagent Plant. Ethanol (analytically pure) was

purchased from Anhui Ante Biochemical Co., Ltd. All the

reagents were used as received without further purification.

Distilled water was used in the experiments unless otherwise

specifically stated.
Synthesis of ultrathin single-crystalline WO3 nanoplates

WO3 nanoplates were synthesized using an intercalation-top-

ochemical approach according to our previous reports with some

modification.52,54 Typically, tungstic acid (18 g, 72 mmol) was

dispersed in a mixture of n-octylamine (60 mL) and heptane

(480 mL) at room temperature, and kept magnetically stirring for

72 h. A milky colloid was finally formed. The solid species were

collected by filtration, washed using ethanol several times, and

then air-dried at room temperature. The as-obtained product

was tungstate-based inorganic–organic hybrids, which was used

as the starting material for the synthesis of the WO3 nanoplates.

The as-obtained tungstate-based inorganic–organic hybrids

(10 g) ware dispersed in an HNO3 aqueous solution (�3 mol L�1,

500 mL), and magnetically stirred for 48 h. The yellowish solid

species were collected by filtration, washed with water and

ethanol, and dried at 120 �C. The dried product was H2WO4

nanoplates. The as-obtained H2WO4 nanoplates were calcined at

500 �C for 1 h to form WO3 nanoplates with a similar

morphology. The as-obtained WO3 nanoplates were then used as

the substrate to fabricate Ag/AgCl@plate–WO3 composite

photocatalysts.
Synthesis of hierarchical Ag/AgCl@WO3 composite

photocatalysts

The Ag/AgCl@WO3 composite photocatalysts were synthesized

via a two-step approach, including a heterogeneous precipitation

of AgCl nanocrystals on the WO3 nanoplates, followed by a

photoreducing reaction to form in situ a small amount of Ag

species on the AgCl nanoparticles (Fig. S1, ESI†). Typically,

1.0 mmol of AgNO3 was added to a water (30 mL)/ethanol

(50 mL) mixture, containing 200 mg of WO3 nanoplates and

0.111 g of PVP under magnetic stirring; then a Cl� aqueous

solution (20 mL) containing 0.5 mmol of NaCl and 0.086 mL of

HCl aq. solution (36 wt%) was added drop-wise into the above

WO3–Ag+ mixture (pH z 2), and kept magnetically stirring for

24 h in the dark. The as-obtained milky suspension was then

irradiated for 5 min using a 300 W Xe lamp with an ultraviolet

cut-off filter (UV-cut 420) and turned darker and darker in color.

The solid species were finally collected by centrifugation, and

washed three times using water and ethanol, respectively. The

above solid was then dried at 50 �C and used as a photocatalyst,

which was marked as AA200pW5. Various amounts of WO3

nanoplates and various photoreduction times were used to

synthesize a series of Ag/AgCl@WO3 composite photocatalysts

under the same conditions. The details of these samples are listed

in Table S1, ESI†.
This journal is ª The Royal Society of Chemistry 2012
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For the purposes of comparison, WO3 nanocrystals with other

morphologies, i.e., hydrothermal WO3 nanorods and commer-

cially available WO3 nanoparticles, were also used to synthesize

Ag/AgCl@WO3 composite photocatalysts under similar condi-

tions, and the samples were marked as AA200rW5 and

AA200cW5, respectively (see Table S1, ESI†). The WO3 nano-

rods were synthesized by hydrothermally treating a 0.1 mol L�1

ammonium metatungstate aqueous solution with a pH value of 2

(adjusted using HNO3) at 180
�C for 24 h.
Characterization of compositions and microstructures

The phase compositions of the Ag/AgCl@WO3 samples were

determined by X-ray diffraction (XRD) performed on an XD-3

X-ray diffractometer (Beijing Purkinje General Instrument Co.,

Ltd., China) with Cu Ka irradiation (l ¼ 0.15406 nm). The

morphologies and microstructures of the samples were observed

using a field-emission electron scanning microscope (FE-SEM,

JEOL 7500F), and a field-emission transmission electron

microscope (FE-TEM, Tecnai G2 F20, accelerating voltage of

200 kV, Philips) with an attachment of energy dispersive analysis

of X-rays (EDAX). The X-ray photoelectron spectroscopy (XPS)

spectra were recorded on a multi purpose X-ray photoelectron

spectroscope (Sigma Probe, Thermo VG Scientific) with a micro-

focused monochromatic X-ray source (Al Ka), using adventi-

tious carbon (C 1s ¼ 284.6 eV) as the calibration reference. The

UV-vis diffuse reflectance (DR) spectra were recorded on a

Perkin-Elmer spectrometer (Lambda 950, Walthan, MA) in a

wavelength range of 250–800 nm. The Brunauer–Emmett–Teller

(BET) N2 adsorption analysis was conducted on an ASAP 2020

physisorption analyzer (USA) with a pretreating temperature

of 200 �C.
Fig. 1 Typical XRD patterns of (a) WO3 nanoplates, (b) Ag/AgCl

nanoparticles and (c) their composite photocatalyst of Ag/AgCl@plate–

WO3 (AA200pW5).
Measurement of photocatalytic activity

The photocatalytic properties of the as-obtained Ag/AgCl@WO3

samples were tested using a home-made system equipped with an

Xe lamp (NBeT, HSX-UV300) and an ultraviolet cut-off filter

(UV-cut 420), providing a visible-light source (l $ 420 nm). The

aqueous solutions of Rhodamine B (RhB) and methyl orange

(MO) were used as the target pollutants to evaluate the visible-

light-driven photocatalytic performance of these samples. All the

experiments were conducted in ambient conditions. Typically,

30 mg of photocatalysts were firstly dispersed in a 100 mL beaker

with a diameter of 60 mm, containing 30 mL of 10 mg L�1 RhB

(or MO) aq. solutions under magnetic stirring in the dark. The

distance between the bottom surface of the Xe lamp and the top

surface of the beaker was kept at a constant of 160 mm. The

above suspensions with dye molecules were kept stirring in the

dark for 30 min to reach an adsorption–desorption equilibrium

of dye molecules on the photocatalysts. Then, the suspensions

with photocatalysts and dye molecules were exposed to the

visible light irradiation. Aliquots of solutions (3 mL) were drawn

out from the reaction system at given degradation durations (i.e.,

1 min). The suspensions sampled were centrifuged twice at 10 000

rpm for 10 min to separate the solid photocatalyst particles

completely, and the top transparent solutions obtained were then

transferred to a quartz cuvette to measure their absorption

spectra in a wavelength range of 250–800 nm. The relative
This journal is ª The Royal Society of Chemistry 2012
concentrations (C/C0) of the RhB and MO aq. solutions were

determined by the absorbance (A/A0) at 554 nm and 464 nm,

respectively, because of the relationship of C ¼ k0A. Here, k0 is a
constant, A is the absorbance of the dye aqueous solution at time

t and A0 is the absorbance at the beginning of the visible-light

irradiation. Similarly, 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. For the photocatalytic experiments

using sunlight, the conducting parameters were the same as those

under visible light irradiation.
Results and discussion

Phases, compositions, morphologies and photocatalytic

properties of typical hierarchical Ag/AgCl@plate–WO3

nanostructures

Fig. 1 shows the typical XRD patterns of WO3 nanoplates, Ag/

AgCl nanoparticles and their composite species of Ag/AgCl@-

plate–WO3 (AA200pW5) obtained by photo-reducing AgCl@-

plate-WO3 for 5 min. As Fig. 1a shows, the WO3 nanoplates,

synthesized via the route of intercalation and topochemical

conversion, can be indexed to a triclinicWO3 phase (space group:

P1 [1]) according to the JCPDS card no. 32-1395.55 The Ag/AgCl

sample, obtained by photo-reducing AgCl in UV-visible light for

5 min, shows three major diffraction peaks at 28.06�, 32.48� and
46.54� in the 2q range of 20–50�, which can be indexed to the
Nanoscale, 2012, 4, 5431–5439 | 5433
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(111), (200) and (220) reflections of a cubic silver chloride phase

(space group: Fm3m [225]) according to the JCPDS card no. 31-

1238. The XRD pattern of the Ag/AgCl@plate–WO3

(AA200pW5) sample, as shown as Fig. 1c, can be seen as the

superimposition of the XRD patterns of WO3 nanoplates and

Ag/AgCl nanoparticles. Though the photoreduction conditions

are the same (irradiation for 5 min under visible light), the Ag/

AgCl sample does not show any obvious reflections belonging to

metal Ag species, while the Ag/AgCl@plate–WO3 sample shows

a recognizable reflection at 2q � 38.1� (marked with an arrow in

Fig. 1c) belonging to the metal Ag species in their XRD patterns.

The possible explanation is that the amount of the Ag species

photo-induced is too small to detect by the XRD method for the

Ag/AgCl sample, and some similar results can be found in recent

references.56 For the Ag/AgCl@plate–WO3 sample, WO3 nano-

plates, having a smaller band energy gap than that of AgCl,54,57

can absorb more visible light (l $ 420 nm), which photo-

generates more electrons to improve the photoreduction

reaction.

Typical FE-SEM and TEM observations of the WO3 nano-

plates and Ag/AgCl@plate–WO3 nanostructures are shown in

Fig. 2. As Fig. 2a–c show, the WO3 nanoplates of large surface

areas ($120 m2 g�1) and small thicknesses (�10 nm) are single-

crystalline, and these plate-like particles are loosely assembled
Fig. 2 (a) FE-SEM, (b) TEM and (c) HRTEM images of WO3 nano-

plates obtained via the intercalation and topochemical conversion

process; (d) FE-SEM image, (e) TEM image and (f) EDS spectrum of the

Ag/AgCl@plate–WO3 (AA200pW5) photocatalyst obtained using WO3

nanoplates as substrates.

5434 | Nanoscale, 2012, 4, 5431–5439
into a typical ‘‘house-of-cards’’ structure, which effectively

overcomes the agglomeration of nanocrystals and then provides

large surface areas toward outer environments. The FE-SEM

image of Ag/AgCl@plate–WO3 nanostructures is shown in

Fig. 2d, which indicates that the Ag/AgCl nanoparticles are

uniformly anchored on the surfaces of the WO3 nanoplates.

The TEM image of the Ag/AgCl@plate–WO3 sample in

Fig. 2e confirms that the AgCl nanoparticles are firmly attached

on the surfaces of the WO3 nanoplates. The corresponding EDS

spectrum (Fig. 2f) obtained in the TEM observation shows that

the Ag/AgCl@plate–WO3 sample consists of W, Ag, O, and Cl as

the major elements. The element Cu belongs to the C-coated Cu

grid used in the TEM observation, and the element C comes from

the C-coated Cu grid and the organic PVP molecules adsorbed

on the Ag/AgCl@plate–WO3 sample. It should be noted that the

Ag-to-Cl ratio obtained from the EDS measurement in the TEM

observation is not the actual composition because the AgCl

species is so sensitive to electrons that most of the AgCl species

are transformed to metal Ag species while the Cl species are

released upon exposure to the electron beam.56 From the SEM

and TEM observations, one can confirm that the zero-dimen-

sional Ag/AgCl nanoparticles are uniformly anchored onto the

surfaces of the two-dimensional WO3 nanoplates, forming a

hierarchical Ag/AgCl@plate–WO3 nanostructure with profuse

outer surfaces and interfaces. This hierarchical nanostructure is

especially favorable for photocatalytic applications because of

not only the high surface areas, but also the enhanced stability of

the loosely assembled functional nanocrystals.
Fig. 3 Typical XPS spectra of the Ag/AgCl@plate–WO3 (AA200pW5)

photocatalyst: (a) a wide survey scan, (b) W 4f & 5p, (c) Ag 3d, (d) O 1s,

(e) Cl 2p and (f) C 1s.

This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2nr31030a


Fig. 4 Typical UV-vis spectral changes of (a) RhB and (b) MO aq.

solutions (10 mg L�1) in the presence of the Ag/AgCl@plate–WO3

(AA200pW5) photocatalyst (1.0 g L�1) under various visible-light (l $

420 nm) irradiation times; (c) Plots ofA/A0 vs. the irradiation time for (A)

RhB in the dark, (B) MO under visible light, and (C) RhB under visible

light; (d) Plots of ln(A/A0) vs. the irradiation time for (A) RhB in the dark,

(B) MO under visible light, and (C) RhB under visible light; (e) The UV-

vis spectra of RhB aq. solutions (10 mg L�1) in the presence of the Ag/

AgCl@plate–WO3 (AA200pW5) photocatalyst (1.0 g L�1) under sunlight

light at various irradiation times, and (f) the corresponding plots of A/A0

and ln(A/A0) vs. the irradiation time.

Fig. 5 Recycling properties of the as-obtained Ag/AgCl@plate–WO3

(AA200pW5) photocatalyst for the photodegradation of RhB aq. solu-

tions under visible-light irradiation (l $ 420 nm).
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The chemical compositions of the hierarchical Ag/AgCl@-

plate–WO3 nanostructures with a 5 min photoreducing reaction

were characterized by XPS spectra, as shown in Fig. 3. The

survey-scan spectrum in Fig. 3a indicates that the sample

consists mainly of the elements W, Ag, O, Cl and C, besides a

small amount of N. According to the synthetic and measuring

processes, the peak of N 1s indicates that there is a trace

amount of PVP molecules adsorbed on the surfaces of the Ag/

AgCl@plate–WO3 sample; the obvious C 1s peak mainly

belongs to the PVP molecules and the carbon tape used to

attach the sample powders during the XPS measurement; the

W, Ag, O and Cl should belong to the Ag/AgCl@plate–WO3

sample. The W 4f spectrum shown in Fig. 3b has two obvious

peaks at 35.2 and 37.4 eV, belonging to W 4f7/2 and W 4f5/2 of

WO3, respectively. Fig. 3c shows the Ag 3d spectrum, which

consists of two sets of peaks: one is the strong set with two

peaks at 372.8 and 366.8 eV, which corresponds to the binding

energies of Ag 3d3/2 and Ag 3d5/2 of AgCl, respectively; the

other is the weak one with two peaks at 373.8 and 367.8 eV,

which should be attributed to the binding energies of Ag 3d3/2
and Ag 3d5/2 of metal Ag, respectively.30,31,36 The XPS results of

Ag 3d confirm the existence of metal Ag species, agreeing with

the XRD result (Fig. 1c). The molar ratio of metal Ag species to

total Ag can be calculated to be �27% according to the heights

of the Ag 3d5/2 peaks. The O 1s spectrum in Fig. 3d can be well

fitted by two peaks centered at 530.1 and 531.3 eV, which

should belong to the WO3 and PVP molecules, respectively.

Fig. 3e shows two peaks at �198.7 eV and �197.0 eV, belonging

to the Cl 2p1/2 and Cl 2p3/2 spectra of AgCl, respectively, with a

doublet separation of 1.7 eV. Fig. 3f shows the high-resolution

scan of C 1s, of which the weak peak with a binding energy of

286.4 eV belongs to the adsorbed PVP molecules and the strong

peak at 284.6 eV should belong to the inorganic C from the

carbon tape. The XPS spectra re-confirm that the hierarchical

Ag/AgCl@plate–WO3 nanostructures consist of WO3, AgCl

and metal Ag, besides a small amount of adsorbed PVP

molecules.

The sunlight-driven photodegradation performance of the Ag/

AgCl@plate–WO3 nanostructures was also examined, and the

typical results are shown in Fig. 4e and f. One can find that the

RhB aq. solution can be decomposed completely in 18 min under

sunlight (Fig. 4e). The corresponding ln(A/A0) � t plot has a

good linearity (Fig. 4f), indicating that the sunlight-driven pho-

todegradation of RhB aq. solutions in the presence of Ag/

AgCl@plate–WO3 also follows the first-order kinetics. The

simulated rate constant (k) under sunlight is 0.150(7) min�1, less

than that (0.58(3) min�1) under the home-made visible light. A

possible reason for this could be that the energy intensity of

sunlight is less than that of the home-made visible light.

Fig. 5 shows the recycling properties of the hierarchical Ag/

AgCl@plate–WO3 photocatalyst for RhB aq. solutions under

visible-light irradiation (l$ 420 nm). As the figure shows, the as-

obtained Ag/AgCl@plate–WO3 nanostructures show a fairly

stable photocatalytic performance for RhB photodegradation.

After a recycling application of three times, the photodegrading

performance of the Ag/AgCl@plate–WO3 photocatalyst slightly

decreases, and its complete degradation time increases from 5

min for the first cycle to 8 min for the third one. The XRD

pattern of the Ag/AgCl@plate–WO3 sample after the recycling
This journal is ª The Royal Society of Chemistry 2012 Nanoscale, 2012, 4, 5431–5439 | 5435
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use indicates that the Ag content slightly increases but the major

phases are still the AgCl and WO3 phases (Fig. S2, ESI†). The

morphology of the Ag/AgCl@plate–WO3 photocatalyst before

and after the RhB degradation is not obviously changed

according to the SEM images (Fig. 2 and S3, ESI†).
Effects of the amount of WO3 nanoplates, WO3 morphologies

and photoreduction times on the photocatalytic properties of the

Ag/AgCl@WO3 nanostructures

To understand the effect of the amount of WO3 nanoplates, we

synthesized a series of Ag/AgCl@plate–WO3 photocatalysts with

various amounts of WO3 nanoplates under similar conditions,

i.e., the values of RW/(W+Ag) in mole ranging from 18% to 63%

(Table S1, ESI†).

Fig. 6a–c shows the typical FE-SEM images of the Ag/

AgCl@plate–WO3 samples with RW/(W+Ag) values of 18%

(Fig. 6a), 30% (Fig. 6b) and 63% (Fig. 6c), respectively. As the

figures show, the Ag/AgCl nanoparticles with an apparent size of

about 100 nm obtained by a 5 min photoreducing reaction are

uniformly anchored between the WO3 nanoplates, forming

hierarchically assembled Ag/AgCl@plate–WO3 composite

nanostructures. The Ag/AgCl nanoparticles reduce the possi-

bility of self-agglomeration as the amount of WO3 nanoplates

increases from 18% to 63%, largely enhancing the number of

interfacial junctions between the zero-dimensional Ag/AgCl
Fig. 6 (a–c) FE-SEM images of Ag/AgCl@plate–WO3 photocatalysts

with various amounts of WO3 nanoplates: (a) AA50pW5 (18%W), (b)

AA100pW5 (30%W) and (c) AA400pW5 (63%W); (d) plots of A/A0 for

RhB aqueous solutions vs. the reaction time in the presence of the as-

obtained Ag/AgCl@plate–WO3 photocatalysts with various amounts of

WO3 nanoplates under visible-light irradiation (l $ 420 nm); (e) the

effect of the WO3 nanoplate content on the degradation rates of RhB

aqueous solutions under visible-light irradiation (l $ 420 nm).

5436 | Nanoscale, 2012, 4, 5431–5439
nanoparticles and the two-dimensional WO3 nanoplates. Fig. 6d

shows the typical photodegradation curves of RhB aq. solutions

in the presence of Ag/AgCl@plate–WO3 photocatalysts with

various amounts of WO3 nanoplates under visible-light irradia-

tion (l $ 420 nm). It was found that the amount of WO3

nanoplates in the Ag/AgCl@plate–WO3 photocatalysts have an

obvious effect on their performance in decomposing RhB dye

molecules. Fig. 6e shows a plot of the rate constant k (min�1) as a

function of the molar ratio ofRW/(W+Ag). The k value increases as

the molar ratio of RW/(W+Ag) increases from 0 to about 50%,

followed by a sharp reduction when the amount of WO3 nano-

plates increases further.

We also checked the effect of the morphologies of the WO3

substrates on the photocatalytic performance of the Ag/

AgCl@WO3 photocatalysts. Fig. 7a shows the typical FE-SEM

image of WO3 nanorods obtained by hydrothermally treating a

tungsten ammonium aqueous solution at 180 �C for 24 h, and the

FE-SEM image of the corresponding Ag/AgCl@rod-WO3

(AA200rW5) nanostructures is shown in Fig. 7b. One can see
Fig. 7 (a–d) FE-SEM images of (a) WO3 nanorods and (b) their cor-

responding Ag/AgCl@rod–WO3 (AA200rW5), (c) commercially avail-

able WO3 nanoparticles and (d) their corresponding Ag/

AgCl@commercial–WO3 (AA200cW5); (e) plots of A/A0 for RhB aq.

solutions vs. the reaction time in the presence of various photocatalysts:

(A) commercial WO3 nanoparticles, (B) WO3 nanoplates, (C) Ag/

AgCl@rod–WO3 (AA200rW5), (D) Ag/AgCl@commercial–WO3

(AA200cW5), and Ag/AgCl@plate–WO3 (AA200pW5) photocatalysts

under visible-light irradiation (l $ 420 nm); (f) the comparison of the

RhB degradation rates of the Ag/AgCl@WO3 photocatalysts consisting

of WO3 substrates with various morphologies under visible-light

irradiation.

This journal is ª The Royal Society of Chemistry 2012
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that the Ag/AgCl nanoparticles are dispersed in the void spaces

between theWO3 nanorods. For the purposes of comparison, the

commercially available WO3 nanoparticles (�100 nm) with an

agglomeration morphology (Fig. 7c) were also used as the

substrates to synthesize Ag/AgCl@commercial-WO3

(AA200cW5) nanostructures (Fig. 7d) under the same condi-

tions. When comparing Fig. 7c and d, it was found that the

combination of Ag/AgCl nanocrystals on the WO3 nanoparticles

improves the dispersibility of the AA200cW5 photocatalyst.

Fig. 7e shows the plots of A/A0 for RhB aq. solutions vs. the

reaction time in the presence of Ag/AgCl@WO3 photocatalysts

containing WO3 substrates (RW/(W+Ag) ¼ 46%) with various

morphologies (i.e., nanoplates, nanorods and nanoparticles).

The performance of the as-obtained Ag/AgCl@rod–WO3 and

Ag/AgCl@commercial–WO3 is similar, but much lower than

that of the Ag/AgCl@plate–WO3 photocatalyst in photo-

degrading RhB dyes. As Fig. 7f shows, the rate constant (k) of

the Ag/AgCl@plate–WO3 photocatalyst in degrading RhB is

almost three times higher than those of the Ag/AgCl@rod–WO3

and Ag/AgCl@commercial–WO3 photocatalysts. A possible

explanation could be that the substrate of the WO3 nanoplates is

capable of providing higher surface areas and more interfacial

active sites for photocatalysis than those of the WO3 rods or

particles. Actually, the BET surface areas of the Ag/AgCl@-

plate–WO3 (AA200pW5) and Ag/AgCl@rod–WO3 (AA200rW5)

photocatalysts are 12.98 m2 g�1 and 0.93 m2 g�1, respectively

(Fig. S4, ESI†).

In addition, we investigated the effect of photoreduction times

during the synthesis of the Ag/AgCl@plate–WO3 photocatalysts

with the same molar ratio of RW/(W+Ag) ¼ 46% on their photo-

catalytic performance in visible-light-driven decomposing RhB

dye molecules. Fig. 8a shows the plots of A/A0 for RhB aq.

solutions as a function of the irradiation times of visible light in

the presence of Ag/AgCl@plate–WO3 photocatalysts synthesized

with various photoreduction times (0–30 min). Fig. 8b gives the

comparison results of the rate constant k of the RhB degradation

rates under visible-light irradiation of the Ag/AgCl@WO3 pho-

tocatalysts obtained with various photoreduction times. It was

found that the Ag/AgCl@plate–WO3 sample with a photore-

duction time of 5 min has the highest photodegradation rate, and
Fig. 8 (a) Plots of A/A0 for RhB aq. solutions vs. the irradiation time of

visible light (l $ 420 nm) in the presence of Ag/AgCl@plate–WO3

photocatalysts with various photoreduction times: (A) 0 min

(AA200pW0), (B) 5 min (AA200pW5), (C) 10 min (AA200pW10), and

(D) 30 min (AA200pW30); (b) the comparison of the RhB degradation

rates of the Ag/AgCl@WO3 photocatalysts obtained with various

photoreduction times under visible-light irradiation (l $ 420 nm).

This journal is ª The Royal Society of Chemistry 2012
the photodegradation rate decreases as the photoreduction time

increases from 5 min to 10 min and then up to 30 min, as shown

in Fig. 8b. To test whether the photoreduction time is directly

proportional to the amount of the metal Ag species generated in

the Ag/AgCl@plate–WO3 photocatalysts, we synthesized Ag/

AgCl@plate–WO3 samples with a longer photoreduction time of

80 min under similar conditions. It is worth noting that there is

no obvious increase in the amount of Ag according to the XRD

patterns (Fig. S5, ESI†). The present results shown in Fig. 8 and

S5† indicate that the most important factor is not the amount of

the metal Ag species, but their microstructures (such as sizes and

shapes) that influence the photocatalytic performance of the Ag/

AgCl@plate–WO3 samples in decomposing RhB dye molecules.

This may relate to the surface plasmon resonance (SPR) effect of

metal Ag species, usually influenced by the sizes and shapes of the

Ag nanoparticles,7 but more investigation is required to improve

this understanding.
Mechanisms for the photocatalytic performance enhancement of

the Ag/AgCl@plate–WO3 nanostructures

To further understand the mechanism for the remarkably

enhanced photocatalytic performance of the Ag/AgCl@plate–

WO3 photocatalysts, we compared the as-obtained Ag/AgCl@-

plate–WO3 photocatalyst (AA200pW5) with WO3 nanoplates,

TiO2 (P25) nanocrystals, Ag/AgCl (AA5) nanocrystals and

AgCl@plate–WO3 (AA200pW0) in decomposing RhB aq. solu-

tions under similar visible-light conditions. The typical results

are shown in Fig. 9. One can see that the decreasing order in

visible-light-driven photo-decomposing RhB dye molecules of

these photocatalysts is Ag/AgCl@plate–WO3 [ AgCl@plate–

WO3 > Ag/AgCl > TiO2 (P25) > WO3 nanoplates, and the

photocatalytic activity of the Ag/AgCl@plate–WO3 sample is

much higher than those of the separate Ag/AgCl and WO3

nanoplates.

Fig. 10 shows the typical UV-vis diffuse reflectance spectra of

(a) WO3 nanoplates, (b) AgCl, (c) Ag/AgCl (AA5) and (d) Ag/

AgCl@plate–WO3 (AA200pW5). The absorption edges of the

WO3 nanoplates and AgCl sample obtained here are about

480 nm and 409 nm (Fig. 10a and b). The corresponding energy
Fig. 9 Plots of A/A0 for RhB aq. solutions vs. the reaction time in

the presence of various photocatalysts under visible-light irradiation

(l $ 420 nm): (a) WO3 nanoplates, (b) TiO2 (P25) nanocrystals, (c) Ag/

AgCl (AA5) nanocrystals, (d) AgCl@plate–WO3 (AA200pW0) and

(e) Ag/AgCl@plate–WO3 (AA200pW5).

Nanoscale, 2012, 4, 5431–5439 | 5437
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Fig. 10 UV-vis diffuse reflectance spectra of (a) WO3 nanoplates, (b)

AgCl, (c) Ag/AgCl (AA5) and (d) Ag/AgCl@plate–WO3 (AA200pW5).

Fig. 11 (a) A schematic for the surface plasmon resonance (SPR) effect

of Ag nanoparticles; (b) a schematic of an energy diagram and charge

separation in the hierarchical Ag/AgCl@plate–WO3 photocatalysts.
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band gaps of the WO3 nanoplates and AgCl sample were

determined to be 2.57 eV and 3.03 eV, respectively, according to

their plots of (ahn)1/2 vs. hn (Fig. S6, ESI†). The sample of Ag/

AgCl obtained by photoreducing AgCl under visible light irra-

diation for 5 min shows a high and wide absorption band in the

wavelength range of 420–800 nm (Fig. 10c), and this strong

absorption should be attributed to the SPR effect of the Ag

species formed in situ on the surfaces of the AgCl nanoparticles.58

The absorbance of the Ag/AgCl@plate–WO3 is located in the

middle of the Ag/AgCl and WO3 nanoplates (Fig. 10d), and can

be thought to be the superimposition of the spectra from Ag/

AgCl and WO3 nanoplates. Considering Fig. 9 and 10, one can

easily find that the photocatalytic activity of the Ag/AgCl sample

is much lower than that of the Ag/AgCl@plate–WO3 photo-

catalyst, though the absorbance of the former is much higher

than that of the latter in the experimental wavelength range of l

> 420 nm. This point indicates that the photocatalytic activity of

a photocatalyst is not only relative to its absorption of light, but

also other factors, such as the separation efficiency of photo-

generated electron–hole pairs, and the number of the effectively

active sites for photodegradation.

The remarkably enhanced photocatalytic performance of the

Ag/AgCl@plate–WO3 photocatalysts can be understood from

the following aspects. Firstly, the assemblage of Ag/AgCl

nanoparticles on the surfaces of the WO3 nanoplates forms a

uniquely hierarchical nanostructure, which provides a high

surface area and a large number of interfaces between the Ag/

AgCl and WO3 species. The high surface areas and profuse

interfaces are accessible to the outer environment, and provide

numerous active sites for the photodegradation of dye molecules.

Secondly, the metal Ag clusters formed in situ on the semi-

conductors AgCl and the WO3 nanocrystals remarkably enhance

the absorption in the visible light region because of the surface

plasmonic resonance (SPR) effect (Fig. 11a), which photo-

generates transient holes that can oxidize the dye mole-

cules.9,56,59–61 Thirdly, the positively synergistic effects of the

coupling of Ag/AgCl and the WO3 nanocrystals improve the

effective separation of the photo-generated electron–hole pairs,

and then enhance the photocatalytic performance of the Ag/

AgCl@plate–WO3 photocatalyst.
61 The possible transfer routes

of the photo-generated electrons and holes are shown in Fig. 11b,

but some details need further investigation.58–61
5438 | Nanoscale, 2012, 4, 5431–5439
Conclusions

We have developed a highly efficient visible-light-driven photo-

catalyst of Ag/AgCl@plate–WO3 with a hierarchical micro-

structure by assembling Ag/AgCl nanocrystals on the surfaces of

two-dimensional WO3 nanoplates. The WO3 nanoplates were

synthesized via an intercalation and topochemical approach, and

the Ag/AgCl@plate–WO3 photocatalysts were formed through a

heterogeneous precipitation process, followed by a photoreduc-

tion reaction. The morphologies and contents of the WO3

substrates, together with the photoreduction times, have appre-

ciable effects on their photocatalytic performance. The Ag/

AgCl@plate–WO3 photocatalyst with a RAg/(Ag+W) molar ratio

of 46% and a photoreduction time of 5 min displayed the highest

photocatalytic activity, finishing decomposing a 10 mg L�1 RhB

aq. solution in 5 min with a rate of k ¼ 0.52 min�1. We attribute

the enhanced photocatalytic performance of the as-obtained Ag/

AgCl@plate–WO3 photocatalyst to (i) the hierarchical micro-

structures with high opening surface areas and profuse interfacial

active sites, (ii) the enhanced absorption of visible light due to the

SPR effects of Ag nanoclusters formed in situ, and (iii) the

positively synergistic effects of the AgCl and WO3 substrates in

effective separation of photo-generated electrons and holes.

Anchoring zero-dimensional functional nanoparticles on two-

dimensional nanoplates to construct hierarchical composite

nanostructures proposed here open a cost-effective and facile

way to achieve highly efficient photocatalysts with promising
This journal is ª The Royal Society of Chemistry 2012
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applications in environmental purification and energy

conversion.
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