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a b s t r a c t

Plasmonic catalyst Ag2WO4/AgCl nanorods have been synthesized successfully by a hydrothermal

method. The as-prepared product was investigated by X-ray diffraction (XRD), field-emission scanning

electron microscopy (FESEM) and transmission electron microscopy (TEM), respectively. The morphol-

ogy and size of the as-prepared samples can be adjusted by varying the amount of NaCl. The as-

prepared Ag2WO4/AgCl nanorods exhibit excellent photodegradation of Rhodamine (RhB) under visible

light irradiation due to the surface plasmon resonance (SPR) absorption of Ag nanocrystals and

remarkable photocatalytic activity by converting some Ag ions to Ag0 species via visible light

irradiation.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Noble metal nanoparticles have attracted much interest
because of their unique properties, including large optical field
enhancements resulting in the strong scattering and absorption of
light; which has been widely applied in optical and imaging fields,
photothermal cancer therapy and high electro-oxidation activity
etc. [1–4]. Colloidal metal nanoparticles are emerging as key
materials for catalysis, plasmonics, sensing, and spectroscopy
[5,6]. Plasmonic photocatalysts are promising candidates for the
development of highly efficient and stable photocatalysts active
under visible light. Over the past decade, many efforts have been
paid to the development of different methods for the synthesis of
noble metal nanostructures with well controlled size and
morphologies, e.g. chemical reduction, [7,8] sonochemical reduc-
tion, [9] polyol process [10] and microbial synthesis [11] etc. Ag
nanoparticles are more resistive against degradation and exhibit
high absorption coefficients in a broad UV–visible-NIR spectral
range due to their strong surface plasmon resonance (SPR).
Recently, plasmonic photocatalyst AgCl/Ag has attracted much
attention due to their stability and excellent photodegradation
towards organic dyes [12–20]. However, it is highly desirable to
have fast nucleation and growth occur in a very short period of
time owing to lower solubility product equilibrium constant (Ksp)
for AgCl resulting into the formation of AgCl particles with bigger
sizes. Up to date, the plasmonic catalyst AgCl/Ag with well
controlled morphologies and sizes have not been achieved so far.
All rights reserved.
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Herein, a facile chemical solution process has been proposed to
synthesize plasmonic photocatalyst Ag2WO4/AgCl nanorods.
Ag2WO4 has a highly anisotropic growth tendency to form
nanowires or nanorods under hydrothermal condition according
to the previous literature reported [21]; and Ag2WO4/AgCl nanor-
ods could be formed via WO4

2� exchange with Cl ions in presence
of the formed Ag2WO4 nanorods. Finally, Ag nanoparticles could
form in situ on the backbone of the Ag2WO4/AgCl nanorods by
converting some Ag ions to Ag0 species via visible light irradia-
tion. The total synthetic process and the mechanism for the
formation of the plasmonic photocatalyst were shown in Fig. 1.
2. Experimental

Materials: All chemicals are of analytic grade and used as
received.

Sample preparation: Synthesis of Ag2WO4/AgCl nanorods. In a
typical experimental process, 0.7541 g Na2WO4 �H2O (2.3 mmol)
was dissolved with 24 ml double distilled water with vigorous
magnetic stirring and form clear solution, 0.1 g poly vinyl pyrro-
lidone (PVP), 0.3907 g AgNO3 (2.3 mmol) were added into the
Na2WO4 solution, respectively; and subsequently, a suspension
solution was formed. The pH value of the mixed solution was
adjusted to 9.0 using 1.0 M NaOH aqueous solution. Then,
0.0585 g NaCl was added into the previous suspension solution.
The final suspension solution was transferred to a Teflon-lined
stainless steel autoclave (30 ml in total volume), sealed and
maintained at 140 1C for 24 h. Finally, it was allowed to cool to
room temperature naturally, and the product in grey color was
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collected by centrifugation, washed with distilled water and
absolute ethanol for three times, and dried at 60 1C for 4 h.

The photocatalytic experiments. The degradation of Rhodamine
(RhB) was carried out in a 100 mL beaker containing 50 mL RhB
with a concentration of 1�10�5 mol/L (4.8 mg/L) and 40 mg of
Fig. 1. Schematic illustration of formation of Ag2WO4/AgCl nanorods and the

plasmonic photocatalyst.

Fig. 2. XRD patterns of the as-prepared samples obtained from 2.3 mmol of AgNO3

and Na2WO4, given amount of NaCl in presence of 0.1 g poly vinyl pyrrolidone

(PVP) at 140 1C for 12 h; (a) 0 mmol NaCl; (b) 1 mmol NaCl; (c) 2.3 mmol NaCl

(m-Ag phase;*-Ag2WO4 phase) and other conditions were kept at the same.

Fig. 3. (a–b) FESEM images of as-prepared samples obtained from 2.3 mmol of AgNO

(a) 0 mmol NaCl; (b) 0.2 mmol; (c) 0.6 mmol NaCl; (d) 2.3 mmol NaCl. The pH value o
the as-prepared Ag2WO4/AgCl nanorods with vigorous magnetic
stirring at room temperature under visible light irradiation
of a 300 W Xe lamp. The concentration of RhB was measured
by UV–visible spectrophotometer at given intervals during the
degradation process of RhB.

Measurements: The phase of the as-prepared product was
characterized by X-ray power diffraction (XRD) analyses, which
was carried out on a Philips X’Pert PRO SUPER X-ray diffractometer
equipped with graphite monochromatized Cu Ka radiation and the
operation voltage and current were maintained at 40 kV and
40 mA, respectively. The morphology and size of the samples were
investigated by field-emission scanning electron microscopy
(FESEM, JEOL-6700F) and transmission electron microscopy (TEM,
JEOL 3010) and UV–vis spectroscopy was recorded on Shimadzu
spectrophotometer (2501 PC model, Kyoto, Japan), respectively.
3. Results and discussion

The phase of the as-prepared product was investigated by
X-ray diffraction (XRD) analyses. Fig. 1 show the XRD patterns of the
as-prepared samples obtained from 2.3 mmol of AgNO3 and Na2WO4,
given amount of NaCl. As shown in Fig. 2a, all the peaks can be readily
indexed to the hexagonal Ag2WO4 (JCPDS no. 33-1195) with a cell
constant a¼11.09 Å, c¼7.542 Å and without impurity peaks [21].
Fig. 2b shows that the XRD pattern of the as-prepared samples
obtained from 2.3 mmol of AgNO3, 2.3 mmol Na2WO4 and 1 mmol
NaCl; in which the cubic AgCl (JCPDS no. 31-1238) with a cell
constant a¼5.549 Å and hexagonal Ag2WO4 (JCPDS no. 33-1195)
were also clearly observed. As shown in Fig. 3c, the cubic AgCl (JCPDS
no. 31-1238) was clearly observed, and the peaks located at 38.11,
44.21, 64.41 could be indexed to the cubic Ag (JCPDS no. 87-0597)
with a cell constant a¼4.086 Å which was derived from decomposi-
tion of AgCl under hydrothermal condition.

Fig. 3a shows that the FESEM image of the as-prepared sample
obtained from 2.3 mmol of AgNO3 and Na2WO4 at 140 1C for 12 h
consisted of uniform nanorods with 20 nm in diameter and 100 nm
in length. PVP, as a polymer surfactant, has been proved to play an
important role in the synthesis of one-dimensional nanorods and
nanowires of tellurium [22]. Amount of NaCl play a key role in
formation of the samples with different nanostructures, component
3 and Na2WO4, given amount of NaCl in presence of 0.1 g PVP at 140 1C for 12 h;

f the solutions was kept at 9.0.
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and phase of the as-prepared samples. When the amount of NaCl was
increased to 0.2 mmol, the as-obtained sample consisted of nanorods
with similar size (Fig. 3b). When the amount of NaCl was increased to
0.6, 1.0 mmol, the FESEM images of the as-prepared samples have
been shown in Fig. 3c and Fig. 4a,b; in which the morphologies of the
samples obtained were not changed. However, some irregular micro-
particles of AgCl were observed when the amount of NaCl was
increased to 2.3 mmol (shown in Fig. 3d), which would limit the
photocatalysis towards RhB dye. For comparison, only irregular
microparticles of AgCl with 5–10 um in diameter were achieved
when the experiment was carried out for the synthesis of the sample
obtained from AgNO3 and NaCl in absence of Na2WO4 and other
conditions were kept the same (shown in Fig. 4c,d).

Fig. 5 displayed the photodegradation behaviors of RhB in
solution (4.8 mg/L, 50 mL) over the various photocatalysts under
visible light irradiation. The characterized peak located at 553 nm
for RhB dye in UV–vis spectra was used to evaluate their
photodegradation at given time intervals. The complete photo-
degradation of RhB solution (4.8 mg/L, 50 mL) only requires
Fig. 4. FESEM images of as-prepared samples obtained from 1 mmol NaCl, 2.3 mmol of

pH value of the solutions was kept at 9.0.

Fig. 5. UV–vis spectra showing photodecomposition of RhB dye in solution (4.8 mg

irradiation and the relationship of degradation rate of RhB with the irradiation time.
50 min over the as-prepared Ag2WO4/AgCl, suggesting the as-
prepared Ag2WO4/AgCl photocatalyst have excellent catalytic
performance toward the RhB solution. In contrast, the complete
photodegradation of RhB solution (4.8 mg/L, 50 mL) requires
more than 60 min for the AgCl microparticles (shown in
Fig. 5b), and only 65% of RhB solution (4.8 mg/L, 50 mL) could
be degraded in 60 min for the Ag2WO4 nanorods under visible
light irradiation. The as-prepared Ag2WO4/AgCl photocatalyst
have remarkable photocatalytic activity by converting some Ag
ions to Ag0 species via visible light irradiation [12,19]; which is in
good agreement with the phase and morphology analysis of the
photocatalyst after photoirradiation as shown in Supporting
Information (Figs. S1 and S2).
4. Conclusion

In summary, plasmonic photocatalyst Ag2WO4/AgCl nanorods
have been synthesized successfully by a hydrothermal method.
AgNO3 and Na2WO4 (a,b) and 2.3 mmol of AgNO3 and NaCl at 140 1C for 12 h. The

/L, 50 mL) over as-prepared Ag2WO4/AgCl nanorods (40 mg) under visible light
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The morphology and size of the as-prepared samples can be
adjusted by varying the amount of NaCl. The as-prepared
Ag2WO4/AgCl nanorods exhibit excellent photodegradation of
RhB dye under visible light irradiation due to the surface plasmon
resonance (SPR) absorption of the new Ag species and remarkable
photocatalytic activity; which was derived from photodecompo-
sition of AgCl by photoirradiation. The as-prepared photocatalyst
will be of great importance due to potential applications in
optical and imaging fields, photothermal cancer therapy and high
electro-oxidation activity etc.
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