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In  this  work,  metal/WO2.72/rGO  ternary  nanocomposites  were  constructed  by a  two-step  in situ  load-
ing  process.  The  binary  WO2.72/rGO nanocomposite  was  first  prepared  by  in situ  growth  of  ultrathin
WO2.72 nanowires  on rGO  nanosheets  via  a  solvothermal  reaction,  and  the  plasmonic  metal  (Ag  and  Au)
nanoparticles  were  subsequently  loaded  on  the  WO2.72/rGO  nanocomposite  by an  in  situ  redox.  For  com-
parison,  a series  of  nanomaterials  including  the  WO2.72 nanowires,  WO2.72/rGO,  Ag/WO2.72, Au/WO2.72,
Ag/WO2.72/rGO,  and  Au/WO2.72/rGO,  were  prepared  and  characterized  in  detail.  These  WO2.72-containing
materials  showed  very  high  adsorption  capacities  to the  cationic  dye  of  methylene  blue  (MB)  because  of
the negatively  charged  surface  of  WO2.72 nanowires.  For  the  photocatalytic  degradation  of  MB,  each  of the
three  components  specifically  contributes  to  the  performance  of  the  ternary  nanocomposite  photocat-
alysts.  The  WO2.72 nanowires  provide  high  adsorption  of  the  target  molecules.  The  metal  nanoparticles
extend  the  visible  light  response  range  due  to  their  SPR  effect  and  increase  the lifetime  of  the  photo-
generated  electron–hole  pairs as  well.  The  rGO  nanosheets  further  increase  the  adsorption  and  offer  a
rapid  transferring  path  for the  photogenerated  electrons,  achieving  an  efficient  charge  separation.  The

ternary  nanocomposites  showed  the  highest  photocatalytic  activity  towards  degradation  of  MB  and  the
highest  photocurrent  when  served  as  photoelectrode  materials.  The  electrochemical  impedance  spectra
(EIS)  Nyquist  plots  also  confirmed  the highest  charge  transfer  efficiency  of  the  metal/WO2.72/rGO  ternary
nanocomposites.  Therefore,  the  integration  of  the  three  components  could  achieve  collective  effect  to
greatly  increase  the  efficiency  of visible-light  conversion.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Solar energy conversion by photocatalysis has been attracting
uch interest as a promising technology for solving the grow-

ng threat from both energy shortage and environmental pollution
1–3]. Semiconductor photocatalytic technique has been widely
nvestigated as one of the most important strategies for fuel produc-
ion [4], chemical synthesis [5] and environmental remediation [6].
he design of materials with new and improved properties in terms
f efficient solar energy conversion is one of the great challenges in
aterials science and technology. Like in other fields of materials
hemistry, developing photocatalysts with optimized performance
enerally follow the two strategies: (i) the discovery of completely

∗ Corresponding author.
E-mail address: libx@mail.ustc.edu.cn (B. Li).

ttp://dx.doi.org/10.1016/j.apcatb.2016.06.001
926-3373/© 2016 Elsevier B.V. All rights reserved.
new materials, or (ii) the combination of available materials with
additive or synergistic properties [7,8].

Among the available semiconductor photocatalysts, tungsten
oxide (WO3-x) has presented many merits such as the visible light
response because of its narrow band gap of 2.4–2.8 eV, a high
resistance to photocorrosion, a deep valence band (+3.1 eV) favor-
ing oxidation reactions, which make it a promising alternative to
TiO2 photocatalysts [9–11]. However, like many simple metal oxide
semiconductors, a main drawback of WO3-x hinders its application
as a practical photocatalyst. The potential of the conduction band of
WO3-x (ca. +0.5 VNHE at pH 0) limits the photogenerated electrons
to react with electron acceptors and facilitates the recombina-
tion of photogenerated electron–hole pairs [12]. Developing more
efficient means for electron–hole separation is of crucial impor-
tance for achieving higher efficiency conversion of solar energy

in photovoltaic and photocatalytic devices. Therefore, one of the
important principles to improve the photocatalytic efficiency of
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O3-x is to boost the separation and transfer of the electron–hole
airs [13–15].

Loading noble metal nanoparticles on the semiconductor pho-
ocatalysts has been proved as an effectual approach [16–18].
ilver and gold are of special interest for constructing noble
etal–semiconductor composite photocatalysts not only because

f their electronic effect promoting the separation and migration
rocess of the photogenerated carriers in metal–semiconductor

nterface [19], but also due to their unique surface plasmon reso-
ance (SPR) effect which can dramatically enhance the visible-light
arvesting of photocatalysts [20,21]. Popularly, the Ag and Au
anoparticles have been loaded on some wide band-gap semicon-
uctors such as cerium(IV) oxide (CeO2) [22,23], titanium(IV) oxide
TiO2) [24,25], and zinc oxide (ZnO) [26], resulting remarkable visi-
le light response photocatalysis due to surface plasmon resonance
SPR). In these plasmonic metal/semiconductors photocatalysts,
he wide band-gap semiconductors only work as an electron trans-
erring material under visible light irradiation because they only
esponds to UV light. However, if WO3-x is used as a plasmonic

etal-supporting material, a broaden visible light response would
e achieved because of the two absorption bands from the band-
ap excitation of WO3-x ( < 450 nm)  and SPR of metal nanoparticles
450−650 nm), which is very beneficial to the effective utilization
f solar light [12]. However, in binary plasmonic photocatalysts of
etal/WO3-x, if electrons are transferred from metal nanoparticles

o the conduction band of WO3-x through SPR, the recombination
f electron and hole pairs is inescapable. Therefore, the third com-
onent with excellent ability for transferring electrons is requisite
o further improve the separation of electron-hole pairs. Graphene
nd its analogs (reduced graphene oxide, rGO) are deemed as
deal supports of photocatalysts because their perfect electrical
nd redox properties, unique 2-D sp2 hybrid carbon network
tructure, and other excellent attributes, such as the large spe-
ific surface area and long term stability which can endure the
xidative radical attack during exposure to light [27,28]. Fabrica-
ion of graphene-based materials has been known as one of the

ost feasible strategies to improve the photocatalytic performance
29,30]. As a consequence, an efficient charge separation can be
xpected by construction of the ternary nanocomposites consisting
f plasmonic metal nanoparticles and tungsten oxide nanostruc-
ures supported on rGO sheets.

Here we report a preparation of the metal/WO2.72/rGO ternary
anocomposites consisting of plasmonic metal (Ag and Au)
anoparticles and ultrathin WO2.72 nanowires supported on
GO nanosheets. Each of these three components specifically
ontributes to the performance of the nanocomposite as a photo-
atalyst. The tungsten oxide nanowires provide high adsorption of
he target molecules, and the metal nanoparticles extend the visible
ight response range due to their SPR effect and increase the life-
ime of the photogenerated electron−hole pairs as well. The rGO
anosheets offer a rapid transferring path for the photogenerated
lectrons, achieving an efficient charge separation during the pho-
ocatalytic process. The metal/WO2.72/rGO ternary nanocomposites
howed the highest photocatalytic activity towards degradation of
B and the largest photocurrent when served as a photoelectrode
aterial. The electrochemical impedance spectra (EIS) Nyquist

lots also confirmed the highest charge transfer efficiency of the
etal/WO2.72/rGO ternary nanocomposites.

. Experimental
.1. Materials

All the chemicals are analytical reagents and are used as received
ithout further purification. Anhydrous tungsten hexachloride
onmental 198 (2016) 325–333

(WCl6), silver nitrate (AgNO3), chloroauric acid tetrahydrate
(HAuCl4·4H2O), cetyl-trimethyl ammonium bromide (CTAB), con-
centrated hydrochloric acid (HCl, 37 wt.%), graphite powder,
concentrated sulfuric acid (H2SO4, 98 wt.%), hydrogen perox-
ide aqueous solution (H2O2, 30 wt.%), potassium permanganate
(KMnO4), and absolute alcohol (C2H5OH, EtOH) were commer-
cially obtained from Shanghai Sinopharm Chemical Reagent Co.,
Ltd. Deionized water was used throughout this work.

2.2. Preparation of WO2.72 nanowires and WO2.72/rGO
nanocomposites

The rGO nanosheets used in our experiments were synthe-
sized by an improved Hummers’ method [31]. The as-prepared
rGO was  dispersed in absolute alcohol by ultrasonic to form a sus-
pension with rGO concentration of 5 mg/mL. The ultrathin WO2.72
nanowires with high aspect ratios were prepared by a modified
solvothermal method [32]. In our work, 0.03 g of WCl6 and 0.1 mg  of
CTAB were dissolved in 40 mL  of absolute ethanol by magnetic stir-
ring, forming a homogeneous solution. The solution was  transferred
into a 50 mL  Teflon-lined stainless steel autoclave which was  closed
and then maintained at 180 ◦C for 18 h. After that, the autoclave was
cooled to room temperature naturally. The formed blue precipitate
was collected by centrifugation and washed with absolute alcohol
and distilled water to remove the residual surfactants.

For the preparation of WO2.72/rGO nanocomposite, 0.378 mL  of
the rGO suspension (5 mg/mL) was added into the 40 mL  solution
with 0.03 g of WCl6 and 0.1 mg  of CTAB. The other processing proce-
dures are the same as that for the preparation of WO2.72 nanowires.
The as-obtained WO2.72/rGO nanocomposite has a theoretical con-
tent of rGO about 10 wt.%.

2.3. Preparation of metal/WO2.72 and metal/WO2.72/rGO
nanocomposites

The plasmonic metal (Ag and Au) nanoparticles were loaded on
the as-prepared WO2.72 nanowires and WO2.72/rGO nanocompos-
ite, respectively, by an in situ redox [33]. The above-mentioned
as-prepared WO2.72 nanowires or WO2.72/rGO nanocomposite
were dispersed in 15 mL  of distilled water to form a suspension
under magnetic stirring. During the reaction, 56 �L of the metal
precursor (AgNO3 or HAuCl4) solution (0.01 M)  was added drop-
wise into the suspension every 4 h in dark and room temperature.
After 170 �L of the metal precursor was added, the suspension was
stirred unceasingly for 12 h in dark and room temperature. After the
reaction, the product was  collected by centrifugation and washed
with absolute alcohol and deionized water, and then dried in a
vacuum oven at 60 ◦C.

2.4. Characterizations

The field emission scanning electron microscopy (FESEM)
images were obtained on a JEOL JSM–6700 F (Japan) at an accel-
erating voltage of 20 kV. The X-ray diffraction (XRD) patterns
were recorded on a Japan Shimadzu XRD-6000 with graphite
monochromatized high-intensity Cu K� radiation (� = 1.542 Å), and
operated at 40 kV voltage and 30 mA  current. Transmission elec-
tron microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) images associated with the energy-dispersive
X-ray (EDX) spectra were obtained on TEM JEOL-2010 (Japan).
X-ray photoelectron spectroscopy (XPS) measurements were per-
formed on a VGESCALAB MKII X-ray photoelectron spectrometer

with an exciting source of Mg  K�. Thermal gravimetric anal-
ysis (TGA) for every sample was carried out on a SDT-2960
thermal analyzer at a heating rate of 10 ◦C/min from room tem-
perature to 800 ◦C in air. The pH values and Zeta potential of
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the tungsten oxide nanowires belong to the monoclinic structure
type WO2.72 (JCPDS no. 65-1291). SEM and TEM images in Fig. 2a
and b reveal the morphology of the as-obtained WO2.72/rGO binary
nanocomposite. A layer of tungsten oxide nanowires are attached
B. Li et al. / Applied Catalysis B:

he WO2.72 suspension (0.5 wt.% WO2.72), which was  prepared
y dispersing the as-prepared WO2.72 nanowires in deionized
ater, were determined on a Colloidal Dynamics Zeta Probe (USA).

he UV–vis absorption spectra of the as-obtained nanomaterials
ere measured on Shimadzu UV-2600 UV–vis spectrophotome-

er, by dispersing the powder samples in deionized water. The
pecific surface areas of the samples were determined by the
runauer-Emmett-Teller (BET) nitrogen adsorption method using

 Micromeritics ASAP 2020 V4.01 (V4.01 E) analyzer (USA).

.5. The adsorption property and adsorption capacity tests

The adsorption property of the as-prepared photocatalysts was
ested by adsorbing cationic organic dye of methylene blue (MB),
nionic organic dye of methyl orange (MO), and their mixture
rom water in dark, respectively. For determining the adsorption
apacity (C) of each photocatalyst, 5 mg  of the photocatalyst was
ispersed into 50 mL  of MB  aqueous solution (5 × 10−5 mol/L), and
ake 1 mL  of the solution as a sample after stirring for 2 h and 6 h in
ark, respectively. The sampled solutions were analyzed by their
V–vis absorption spectra recorded on a Shimadzu UV-2600 spec-

rophotometer. The specific absorption capacity (C, �mol/g) was
alculated by Eq. (1):

 = I0 − I6
I0

× c0 × V

m
(1)

here I0 is the initial absorbance, I6 is the absorbance after stir-
ing for 6 h, c0 is the initial concentration (5 × 10−5 mol/L), V
s the solution volume (50 mL), and m is the mass of photo-
atalyst (5 mg). For the selective adsorption test, 25 mL  of MB
queous solution (1 × 10−4 mol/L) and 25 mL  of MO  aqueous solu-
ion (1 × 10−4 mol/L) were mixed, and 5 mg  of the photocatalyst
as dispersed in the mixed solution. 1 mL  of the solution was  sam-

led after stirring for 2 h and 6 h in dark, respectively. The sampled
olutions were analyzed by their UV–vis absorption spectra.

.6. Visible light photocatalytic degradation of organic dyes

The photocatalytic property of the as-prepared materials was
valuated by the photodegradation of organic dyes in water. The
hotocatalytic degradation was carried out under visible light
� ≥ 420 nm), which was provided using a 300 W Xe lamp (CEL-
XF300, Beijing China Education Au-light Co., Ltd) equipped with

 420 nm cutoff filter. The light source was positioned approxi-
ately 10 cm from the top of the beaker, which was fan-cooled

uring the experiment. For each test in this work, the illumina-
ion intensity was measured to ensure that the light source output
as almost unchanged. The optical power density on the reaction

olution is measured to be ∼72.66 mW/cm2. In a typical experi-
ent, the photocatalyst (5 mg)  was dispersed into 50 mL  of MB or
O aqueous solution (5 × 10−5 mol/L) in a Pyrex beaker at room

emperature under air. Before the light was turned on, the sus-
ension was continuously stirred for 2 h in dark to achieve an
dsorption–desorption equilibrium between the photocatalyst and
he dye molecules. The concentration of dye during the degra-
ation process was monitored using a UV–vis spectrophotometer
Shimadzu UV-2600).

.7. Photoelectrochemical measurements

Photocurrent measurements were performed using a
hree-electrode configuration, with the as-prepared nanoma-

erials (WO2.72 nanowires, WO2.72/rGO, Ag/WO2.72, Au/WO2.72,
g/WO2.72/rGO, and Au/WO2.72/rGO,) as working electrodes,
aturated Ag/AgCl as the reference electrode, and a platinum wire
s counter electrode. A 1.0 M KOH aqueous solution was used as
onmental 198 (2016) 325–333 327

the electrolyte. For preparing the working electrode, 5 mg of the
photocatalyst was grinded in an agate mortar and then dispersed
in 0.5 mL  of ethanol. The mixtures were ultrasonically scattered for
30 min  to form a suspension. Then, the suspension was spin-coated
on an indium tin oxide (ITO) glass (2 × 4 cm). After the natural
drying in air for 12 h, the catalyst film on ITO glass was dried at
120 ◦C for 5 h, and then used as the working electrode. The ITO
glass was  firstly ultrasonically cleaned with detergent for 30 min,
washed by ultrapure water, and then boiled for 1 h in an aqueous
solution of hydrogen peroxide (30 mL), ammonium hydroxide
(30 mL)  and ultrapure water (180 mL). The ITO glass was soaked
into ethanol for use after the final washing with ultrapure water.
Before used, the ITO glass was  further sterilized with a 254 nm
UV light irradiation. An electrochemical workstation (CHI 660D,
Shanghai Chenhua, China) was  used to measure current–voltage
(I–V) characteristics of the electrode. The light irradiation is the
same as that used in the photocatalytic degradation of MB. Before
photocurrent measurements, the electrolyte was  purged with
N2 for 1 h to remove the oxygen in the electrolyte. Impedance
measurements were performed in the dark and under the visible
light illumination in 0.05 M Na2SO4 solution at open circuit voltage.

3. Results and discussion

3.1. Synthesis and characterizations of materials

The procedures for preparations of the various materials
including WO2.72 nanowires, WO2.72/rGO, Ag/WO2.72, Au/WO2.72,
Ag/WO2.72/rGO, and Au/WO2.72/rGO in the present experiments are
illustrated in Scheme 1. The WO2.72/rGO binary nanocomposite was
prepared by the alcohothermal deposition of WO2.72 nanowires
on rGO nanosheets. Then, the noble metal precursor (AgNO3 and
HAuCl4) solutions were injected into the suspensions of the WO2.72
nanowires and the WO2.72/rGO nanocomposite, respectively, by a
multi-step injection process. The noble metal (Ag and Au) nanopar-
ticles were loaded on the WO2.72 nanowires and the WO2.72/rGO
nanocomposite, respectively, through an in situ redox reaction
between weakly reductive WO2.72 and oxidative metal salt pre-
cursors in aqueous solution [33], to obtain the metal/WO2.72 and
the metal/WO2.72/rGO nanocomposites.

The SEM and TEM images shown in Fig. 1 demonstrate that
the as-prepared tungsten oxide nanowires have uniform one-
dimensional structures and very high aspect ratio, with diameters
of ∼10 nm and length up to several micrometers. The nanowires are
composed of many individual, thinner nanowires. The dispersion of
the tungsten oxide nanowires in water shows a blue color (inset in
Fig. 1a). The XRD pattern (Fig. S1, Supporting Information) confirms
Scheme 1. Illustration of the procedures for preparations of the materials in our
experiments.
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Fig. 1. (a, b) SEM images, and (c, d) TEM images of the WO2.72 nanowires with
different magnifications. Inset is a photograph of the WO2.72 nanowires dispersed
in  water.

Fig. 2. (a) SEM image, (b) TEM image, and (c) XRD pattern of the WO2.72/rGO
b
n
i

o
r
s
n
n
b
n
r
W

cle loading on WO nanowire. The EDX spectra recorded on the
inary nanocomposite. (d) TGA curves of pure WO2.72 nanowires and the WO2.72/rGO
anocomposite. Inset is a photograph of the WO2.72/rGO nanocomposite dispersed

n  water.

n rGO nanosheets. The nanowires layer remains tightly on the
GO nanosheets after the ultrasonic treatment for SEM and TEM
ample preparations, suggesting the strong combination between
anowires and rGO nanosheets. The dispersion of the WO2.72/rGO
anocomposite in water presents a black color (inset in Fig. 2a)
ecause of the incorporation of rGO. XRD pattern (Fig. 2c) of the

anocomposite presents mainly two intense diffraction peaks, cor-
esponding to the (010) and (020) crystal faces of the monoclinic

O2.72 (JCPDS no. 65-1291). Thermogravimetric analysis was  used
onmental 198 (2016) 325–333

to determine the content of rGO in the binary nanocomposite.
The TGA curves of pure WO2.72 nanowires and the WO2.72/rGO
nanocomposite are shown in Fig. 2d. The total weight loss of the
pure WO2.72 nanowires is about 3.7% up to 500 ◦C in air, due to the
removal of absorbed water and some surface hydroxyls. The total
weight loss of the WO2.72/rGO nanocomposite is about 19.9% up to
700 ◦C in air, which is attributed to the combustion of rGO com-
ponent as well as the removal of absorbed water. The rGO content
percent (M)  in the nanocomposite was calculated to be 16.2 wt.%
according to the residual weight percent of the composite (W)  and
pure WO2.72 nanowires (n), by using the following Eq. (2) [34]

(2) (1 − M)  × n = W

Subsequently, the plasmonic metal (Ag and Au) nanoparticles
were loaded on both the WO2.72 nanowires and the WO2.72/rGO
nanocomposite, respectively, through the in situ redox reaction
between WO2.72 and metal salt precursors in aqueous solution
at room temperature. The metal/WO2.72 binary nanocomposites
(Fig. 3) and the metal/WO2.72/rGO ternary nanocomposites (Fig. 4)
were obtained respectively. In the SEM images of the metal/WO2.72
binary nanocomposites shown in Fig. 3a and d, some bright white
particles with sizes of 10–30 nm are attached on the nanowires.
The TEM images (Fig. 3b and e) further confirm the loading of
metal nanoparticles on tungsten oxide nanowires. The XRD pat-
terns shown in Fig. 3c and f are the same as that of the WO2.72
nanowires except the presence of the (111) crystal faces of the cubic
phase of metallic Ag (JCPDS No. 89-3722) and metallic Au (JCPDS
No. 89-3697), respectively, which confirm these as-obtained binary
nanocomposites are Ag/WO2.72 and Au/WO2.72. Due to the loading
of metal nanoparticles, the Ag/WO2.72 and Au/WO2.72 nanocom-
posites dispersed in water present brown (the inset in Fig. 3c) and
light magenta (the inset in Fig. 3f), respectively.

Fig. 4 demonstrates the microstructures and components of the
metal/WO2.72/rGO ternary nanocomposites. The morphologies of
the ternary nanocomposites are similar to those of the WO2.72/rGO
binary nanocomposites. Lots of WO2.72 nanowires are attached on
rGO nanosheets and interlaced with each other. Besides, numerous
nanoparticles are clearly observed on both WO2.72 nanowires and
rGO nanosheets, and they should be the loaded metal nanoparti-
cles. The metal nanoparticles have small sizes and a very narrow
size distribution. Moreover, the Ag nanoparticles in Fig. 4a and b
present a smaller size of ∼30 nm than that of Au nanoparticles
(∼50 nm)  in Fig. 4d and e. XRD patterns (Fig. 4c and f) show the
presences of the monoclinic WO2.72 as well as the cubic Ag or Au
metal. The diffraction intensity of Au particles in Au/WO2.72/rGO
nanocomposite is stronger, may  because of the larger size of Au
nanoparticles. Both of Ag/WO2.72/rGO and Au/WO2.72/rGO sam-
ples dispersed in water present black color due to the existence
of rGO. More detailed information was typically obtained from
HRTEM images and energy-dispersive X-ray spectra (EDX) of
the Au/WO2.72/rGO ternary nanocomposite, as shown in Fig. 5.
The low-magnification TEM image in Fig. 5a shows the metal-
nanoparticles-loading nanowires supported on rGO nanosheets.
The HRTEM image (Fig. 5b) recorded on a nanowire in Fig. 5a
exhibits well-resolved lattice fringe with the spacing of 0.376 nm,
corresponding to the interplanar spacing of (010) lattice plane of
the monoclinic WO2.72. The other HRTEM image (Fig. 5c) recorded
on a nanoparticle in Fig. 5a exhibits well-resolved lattice fringe with
the spacing of 0.235 nm,  corresponding to the interplanar spac-
ing of (111) lattice plane of the cubic Au metal. Moreover, the
HRTEM image shown in Fig. 5d demonstrates the Au nanoparti-
2.72
nanowire area (Fig. 5e) and the nanoparticle area (Fig. 5f) further
confirm their corresponding components of tungsten oxide and Au,
respectively. The elemental compositions and chemical states of
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Fig. 3. (a–c) Ag/WO2.72 binary nanocomposites: (a) SEM image, (b) TEM image, (c) XRD pattern, and the inset of c is a photograph of this sample dispersed in water. (d-f)
Au/WO2.72 binary nanocomposite: (d) SEM image, (e) TEM image, (f) XRD pattern, and the inset of f is a photograph of this sample dispersed in water.

Fig. 4. (a–c) Ag/WO2.72/rGO ternary nanocomposites: (a) SEM image, (b) TEM image, (c) XRD pattern, and the inset of c is a photograph of this sample dispersed in water.
(d–f)  Au/WO2.72/rGO ternary nanocomposite: (d) SEM image, (e) TEM image, (f) XRD pattern, and the inset of f is a photograph of this sample dispersed in water.

Fig. 5. Au/WO2.72/rGO ternary nanocomposite. (a) A low-magnification TEM image, (b) HRTEM image of a WO2.72 nanowire, (c) HRTEM image of Au nanoparticle, (d) HRTEM
image of the interface between Au nanoparticle and WO2.72 nanowire, (e) EDX spectrum recorded on the nanowire area, (f) EDX spectrum recorded on the nanoparticle area.
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Fig. 6. XPS spectra of the Au/WO2.72/rGO ternary nanocomposite. (a) Survey spec-
trum, (b) W 4f peaks, (c) Au 4f peaks, and (d) C 1s peak.

Fig. 7. UV–vis absorption spectra of the different samples dispersed in water. (a-i)
WO2.72 nanowires, (a-ii) Au/WO2.72 nanocomposite, (a-iii) Ag/WO2.72 nanocompos-
ite;  (b-i) WO /rGO nanocomposite, (b-ii) Au/WO /rGO nanocomposite, (b-iii)
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Fig. 8. (a) Specific adsorption capacities of various photocatalysts: 1. �-MoO3

nanowires in Ref. [52], 2. WO nanowires, 3. Ag/WO ,  4. Au/WO , 5.

The WO2.72/rGO and metal/WO2.72/rGO nanocomposites possess
2.72 2.72

g/WO2.72/rGO nanocomposite. The inserts are the enlarged observation of the
ramework-marked area, respectively.

he Au/WO2.72/rGO ternary nanocomposite were typically investi-
ated by XPS characterization. The XPS survey spectrum (Fig. 6a)
hows the presence of W,  O, Au and C elements. No other impu-
ity element exists. The high resolution spectrum (Fig. 6b) of W
f with specific peaks at 36.51 eV and 38.58 eV for 4f7/2 and 4f5/2,
espectively, indicates the dominating oxidation state of surface
tomic W is W6+ [32]. Fig. 6c shows the high resolution Au 4f spec-
rum of the Au nanoparticles in the nanocomposite, presenting two
ndividual peaks at 84.51 eV for Au 4f7/2 and at 88.20 eV for Au
f5/2, which confirms the formation of metallic Au0 [35]. The C1s
pectrum (Fig. 6d) of rGO in this nanocomposite indicates that the
arbon atoms have three combination states, the dominating non-
xygenated C C bond (284.79 eV), a small quantity of the epoxy
nd hydroxyl (C O, 286.6 eV) and the carbonyl C O (288.54 eV)
36].

Fig. 7 shows the UV–vis absorption spectra of the different sam-
les dispersed in water, including WO2.72 nanowires, Au/WO2.72,
g/WO2.72, WO2.72/rGO, Au/WO2.72/rGO, and Ag/WO2.72/rGO. The

nserts are the enlarged observation of the framework-marked
reas. By comparison, the pure WO2.72 nanowires and the

O2.72/rGO nanocomposite present similar light absorption fea-
ure. They have a strong absorption in 200–380 nm wavelength

ue to the inter-band absorbance and a weak absorption in near-

nfrared region (>800 nm)  due to the charge transfer between
he defect states (W+5 → W+6, O → W+5/W+6) [37]. While both the
2.72 2.72 2.72

WO2.72/rGO, 6. Ag/WO2.72/rGO, 7. Au/WO2.72/rGO. (b) Schematic presentation of the
negative surface charges of WO2.72 nanowires.

metal/WO2.72 and metal/WO2.72/rGO nanocomposites also present
a weak absorption in the range of 450–600 nm,  which result
from the localized surface plasmon resonance (LSPR) of Au or Ag
nanoparticles loaded in the nanocomposites. The LSPR peaks of the
metal nanoparticles in these nanocomposites broaden obviously
because the metal nanoparticles have a wide particle size distri-
bution [38]. Besides, the band gaps of these WO2.72-containing
nanomaterials were attempted to determine by their UV–vis dif-
fuse reflection spectra. The results obtained from the plots of (�h�)2

versus photon energy (h�) are shown in Fig. S2 (Supporting Infor-
mation). The band gaps (2.83 ± 1 eV) of the nanocomposites mainly
correspond to that of the WO2.72 component. The incorporation of
metal nanoparticles and rGO in the nanocomposites could extend
the visible light absorption range but not change much the band
gap of the WO2.72 component.

3.2. Selective adsorption and photocatalytic degradation of
organic dyes

For practical large-scale applications of semiconductor photo-
catalysis in hazardous pollutant removal under natural sunlight,
the high adsorption capability of the photocatalyst is important
because it can enable the photocatalyst to behave as a collec-
tor to gather the pollutants when the sun is not shining [39].
Moreover, the preliminary adsorption of pollutant molecules is
prerequisite for efficient surface photocatalytic degradation reac-
tions. To verify the adsorption capacity of our as-prepared various
WO2.72-containing nanomaterials, we  tested the adsorption to the
typical cationic organic dye of methylene blue (MB), anionic organic
dye of methyl orange (MO), and their mixture over the various
materials, respectively. The model pollutants were all dissolved in
water to form an aqueous solution with an initial concentration
of 5 × 10−5 mol/L. The �-MoO3 nanowires with a high adsorption
to organic dye reported previously [40] was used as reference for
comparison. When only 5 mg  of the photocatalyst was  dispersed
into 50 mL of MB  aqueous solution in dark, an obvious decrease
in the MB  concentration was  observed (Fig. S3, Supporting Infor-
mation). From 2 h to 6 h, the MB  concentration decreased very
slowly. The adsorption of the photocatalyst at 6 h can be assumed
to be saturated. Therefore, the specific adsorption capacity of each
photocatalyst was calculated, as shown in Fig. 8a. The WO2.72
nanowires and metal/WO2.72 nanocomposites have approximate
adsorption capacities about 132 �mol/g. Incorporation of rGO
could further increase the adsorption capacity of the materials.
approximate adsorption capacities about 220 �mol/g for adsorb-
ing MB.  The results indicate that these WO2.72-containing materials
present very high adsorption capacity to the cationic dye of MB,
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Fig. 9. (a) The concentration changes and (b) the kinetic linear simulation curves of
photocatalytic degrading MB in water under visible light over different photocata-
B. Li et al. / Applied Catalysis B:

uch larger than that of the �-MoO3 nanowires reported in our
revious work. Moreover, the specific surface areas of pure WO2.72
anowires, Ag/WO2.72, Au/WO2.72, WO2.72/rGO, Ag/WO2.72/rGO,
nd Au/WO2.72/rGO nanocomposites are determined to be 65.66,
2.26, 61.32, 105.66, 103.15, and 101.69 m2/g, respectively. The
dsorption capacity of the WO2.72-containing materials is almost
roportional to their specific surface areas. However, these WO2.72-
ontaining materials present very little adsorption towards the
nionic dye of methylene orange (Fig. S4, Supporting Information).
uch a selective adsorption property can be used to separate the
olecules or ions with different charges from aqueous solution.
hen 5 mg  of the photocatalyst was dispersed into 50 mL  of MB

nd MO mixed aqueous solution, in which the initial concentra-
ions of both MB and MO are 5 × 10−5 mol/L, the characteristic
bsorption intensity of MB  at 660 nm dropped dramatically, but
hat of MO at 465 nm increased a little instead (Fig. S5, Support-
ng Information). Moreover, the color of the solution changed from
lue to greenish orange, suggesting the selective adsorption to the
ationic dye. The high adsorption capacity of the WO2.72-containing
anomaterials towards the cationic dye of MB  is a result of the
ighly negative surface charges of WO2.72 nanowires, as shown

n Fig. 8b. The Zeta potential was tested in a WO2.72 nanowires
uspension (0.5 wt.%, pH = 4.69) to be −2.82 eV, showing that the

O2.72 nanowires present negative surface charge even in acidic
olution. The negative charges of WO2.72 nanowires are from the
bundant oxygen-containing groups on the surface, such as W = O
nd −O−, which played a key role in the removal of cationic dye.
he integration of high adsorption capacity towards cationic dye
nd the photocatalytic nature of tungsten oxide will endow the

O2.72-containing nanomaterials a strong candidate for subse-
uent photodegradation of adsorbed MB  in water.

To examine the photocatalytic performance of these WO2.72-
ontaining nanomaterials for degrading organic dyes, the photocat-
lytic degradation of MB  was carried out firstly. The photocatalytic
eactions were carried out under a visible light (� ≥ 420 nm)  from

 Xe lamp equipped with a 420 nm cutoff filter. Fig. S6 (Support-
ng Information) shows the time-dependent absorption spectra of

B solution in the presence of different photocatalysts, where
he time “−120 min” means the dark treatment to reach the
dsorption–desorption equilibrium between the photocatalyst and
B molecules. The results of the MB degradation in a series of

xperimental conditions are summarized in Fig. 9a, where C0 and
t are the initial concentration after the equilibrium adsorption
nd the residual concentration of MB,  respectively. The degrada-
ion of MB  in the presence of WO2.72 nanowires is 86.1% after
20 min  of irradiation. The WO2.72 nanowires loaded with metal
anoparticles exhibit higher photocatalytic efficiencies. Moreover,
he photocatalytic efficiency could be further improved by intro-
ucing rGO nanosheets in the nanocomposites. 99.9% of MB  was
hotodegraded over the metal/WO2.72/rGO tannery nanocompos-

tes after 120 min  of visible-light irradiation. The initial pH value of
he MB  solution before exposing irradiation is 5.39, approximate to
hat of the deionized water (5.60) used in our experiments. After
he degradation, the pH value of the solution declined to 4.17, pre-
enting weak acidic due to the acidic degradation products. Fig. 9b
hows the kinetic linear fitting curves of photocatalytic degradation
f MB  under different conditions. It is clear that the curves with

rradiation time as abscissa and ln(Ct/C0) as the vertical ordinate
re linear. The reaction rate constant (k) values corresponding to
arious WO2.72-containing photocatalysts are listed in Table 1. As a
esult, the ternary nanocomposites of metal/WO2.72/rGO showed
he highest photocatalytic activity towards degradation of MB.

n addition, the photocatalytic activity of the present photocata-
ysts towards degradation of MO was also tested. The results (Fig.
7, Supporting Information) indicate that all of the photocatalysts
re photocatalytically inactive for degradation of MO,  validating
lysts, where WO is abbreviation of WO2.72 nanowires, and rG is abbreviation of rGO,
respectively. (c) Schematic mechanism of the photocatalytic degradation of MB over
the metal/WO2.72/rGO ternary nanocomposite under visible light.

that the adsorption of dye molecules on photocatalyst is a pre-
requisite for photodegradation. That is, the selective adsorption
property of these WO2.72-containing photocatalysts results in their
selective photocatalysis for degrading organic dyes. In the photo-
catalytic degradation of MB,  the enhanced photocatalysis of the
ternary nanocomposites can be attributed to the synergistic effect
of the three components. Each of these three components specifi-
cally contributes to the performance of the nanocomposite. Firstly,
both the WO2.72 nanowires and the rGO nanosheets provide high
adsorption to MB  molecules. Then, the photogenerated carriers
were formed through the excitations of both the band-gap tran-
sition of WO2.72 nanowires and the SPR of metal nanoparticles
upon the visible light irradiation. The metal nanoparticles enhanced
the visible light harvesting due to their SPR properties. The rGO
nanosheets offered a rapid transferring path for the photogener-
ated electrons, achieving an efficient charge separation during the
photocatalytic process. The injected electrons in rGO sheets can
be subsequently captured by the absorbed O2 and H2O to produce
the reactive oxygen species such as •O2

− and •OH [41]. Besides,
valence band holes (h+) of WO2.72 can work for the oxidation of the
adsorbed MB  molecules. Alternatively, h+ can also oxidize surface
H2O to form reactive •OH, which subsequently oxidize adsorbed
organics [13,42]. Therefore, the reactive oxidation species including
•O2

−, •OH, and h+ participated in degrading MB molecules. Based on
the above discussions, a possible mechanism for the photocatalytic
degradation of MB  over the metal/WO2.72/rGO ternary nanocom-
posite under visible light irradiation was illustrated in Fig. 9c.

3.3. Photoelectrochemical measurements

Photoelectrochemical performances of different WO2.72-
containing nanomaterials have been compared using
chronoamperometric technique in a fixed +0.5 V potential
under the intermittent visible light. Fig. 10a and 10b show the
photocurrent of the various WO2.72-containing samples tested

under on–off cycle illumination conditions. The photocurrent
of pure WO2.72 nanowires (0.005 A/m2) is very low, hinting the
low photon-to-current conversion efficiency of this sample. The
photocurrent was  improved to different degrees by introducing
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Table 1
The reaction rate constant (k) values of the MB photodegradation over various WO2.72-containing photocatalysts.

Photocatalyst WO2.72 Ag/WO2.72 Au/WO2.72

k (min−1) 0.012 0.018 0.017 

Fig. 10. (a, b) I–t curves of the different samples at an applied potential of 0.5 V vs.
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(2010) 427–433.
g/AgCl under the illumination of visible light with wavelength � ≥ 420 nm with
n/off cycles; (c, d) Nyquist plots of electrochemical impedance spectra of the dif-
erent samples irradiated by a visible light.

GO nanosheets or plasmonic metal (Ag and Au) nanoparticles.
pon illumination, the WO2.72/rGO, Ag/WO2.72 and Au/WO2.72
inary nanocomposites present higher photocurrents of 0.033,
.054, and 0.053 A/m2, respectively. Furthermore, the ternary
anocomposites of metal/WO2.72/rGO, Ag/WO2.72/rGO in particu-

ar, show the highest photocurrent of 0.082 A/m2 under the visible
ight illumination. The photocurrents of these nanomaterials under
llumination increases with the following sequence order: WO2.72
anowires < WO2.72/rGO < Ag/WO2.72 ≈ Au/WO2.72 < Au/WO2.72/rGO

 Ag/WO2.72/rGO. The results are almost in agreement
ith their photocatalytic performance, confirming that the
etal/WO2.72/rGO ternary nanocomposites possess highest

isible light conversion efficiency. The interfacial proper-
ies between the photoelectrode and the electrolyte have
een further probed. Fig. 10c and d display the Nyquist
lot of electrochemical impedance spectroscopy (EIS). In the
yquist plot, a semicircle at high frequency represents the

harge-transfer process, and the diameter of the semicircle
eflects the charge-transfer resistance [43]. Obviously, the
emicircle diameters of the present nanomaterials under the
isible light illumination follow the sequence order: WO2.72
anowires > WO2.72/rGO > Ag/WO2.72 ≈ Au/WO2.72 > Au/WO2.72/rGO

 Ag/WO2.72/rGO. The diameters of the semicircles for the
etal/WO2.72/rGO ternary nanocomposites, Ag/WO2.72/rGO in

articular, are much smaller than those of the other samples,
ndicating the ternary nanocomposites have highest electron

obility. By comparison, the photoelectrochemical performances
urther confirm the synergistic effect of the three components
n metal/WO2.72/rGO which specifically contributes to the
hotocatalytic performance.
. Conclusions

In summary, we have synthesized the metal/WO2.72/rGO
ernary nanocomposites by in situ loading the plasmonic metal (Ag

[
[

[

WO2.72/rGO Ag/WO2.72/rGO Au/WO2.72/rGO

0.025 0.038 0.035

and Au) nanoparticles on the WO2.72/rGO nanocomposite which
was first prepared by growth of ultrathin WO2.72 nanowires on
rGO via a solvothermal reaction. For comparison, a series of nano-
materials including WO2.72 nanowires, WO2.72/rGO, Ag/WO2.72,
Au/WO2.72, Ag/WO2.72/rGO, and Au/WO2.72/rGO, were prepared
and characterized. The WO2.72-containing materials showed selec-
tive adsorption and photocatalysis for removal of the cationic dye
because of the negatively charged surface of WO2.72 nanowires.
Moreover, the ternary nanocomposites of metal/WO2.72/rGO
showed the highest photocatalytic activity towards degradation
of MB  and the highest photocurrent when served as photo-
electrode materials. The electrochemical impedance spectra (EIS)
Nyquist plots also revealed the highest electron mobility of the
metal/WO2.72/rGO ternary nanocomposites. In metal/WO2.72/rGO
nanocomposites, each of the three components specifically con-
tributes to the performance of the ternary nanocomposites as a
photocatalyst. The WO2.72 nanowires provide high adsorption of
the target molecules, and the metal nanoparticles extend the vis-
ible light response range due to their SPR effect and increase the
lifetime of the photogenerated electron−hole pairs as well. The rGO
nanosheets offer a rapid transferring path for the photogenerated
electrons, achieving an efficient charge separation. Therefore, the
integration of the three components could achieve collective effect
to greatly increase the efficiency of visible-light conversion. The
results obtained in this study can be widely applied to design of
high efficiency photocatalysts.
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