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Fabrication of WO, 7,/RGO nano-composites for
enhanced photocatalysis

Bo Ma,? Erwei Huang,? Guangjun Wu,? Weili Dai,? Naijia Guan® and Landong Li*®®

WO, 7, nanoparticles with sizes below 10 nm have been synthesized via controllable alcoholysis followed by
thermal treatment. Through an in situ loading process, homogeneous composites containing WO, 7,
nanoparticles and reduced graphene oxide, i.e. WO, 7,/RGO, can be fabricated. The physico-chemical
properties of the as-prepared WO, 7, and WO, 7,/RGO composites are investigated by means of XRD,
Raman, XPS, TGA, SEM, TEM and UV-vis spectroscopy. The RGO support, as a very good electron
conductor, can efficiently transfer the photo-generated electrons formed on WO, 7, and suppress their
recombination. As a result, WO, 7,/RGO nano-composites exhibit remarkable photocatalytic activity in
both the oxygen evolution from water splitting and selective oxidation of benzyl alcohol, several times
higher than pristine WO, 7,. The better light harvesting properties of WO, 7,/RGO nano-composites than

www.rsc.org/advances

Introduction

Since Fujishima and Honda discovered photocatalytic water
splitting on a TiO, electrode in the 1970s," semiconductor
photocatalysis has received a great deal of attention due to its
promising applications in solar energy harvesting, e.g. photo-
catalytic water splitting®® and photocatalytic reduction of
carbon dioxide.**® Tungsten sub-oxides (WO;_,) with a band
gap of 2.4-3.0 eV are recognized as important n-type semi-
conductors, which have been successfully applied as gas
sensors, electrochromic devices and photocatalysts.''> Among
all the tungsten sub-oxides, monoclinic WO, ,, also expressed
as W;50,9, has received considerable attention due to its
distinctive oxygen defect structure and intense near-infrared
photo-absorption.*¢

For semiconductors, morphology control is known as an
effective strategy to modifying their photocatalytic proper-
ties."”*® Till now, WO, , samples with various morphologies,
e.g. nanowires, nanorods, nanosheets and hierarchical struc-
tures, have been successfully synthesized and applied as robust
semiconductor photocatalysts.'*"***?** Compared with bulk
materials, nanoparticles generally possess higher specific
surface areas and stronger adsorption ability toward reactants,
both of which are good for photocatalysis. Thus, it is important
to find a simple process to obtain semiconductor nanoparticles
for efficient photocatalysis.”*** However, to the best of our
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WO, 7, nanoparticles can be directly demonstrated by photocurrent response analysis.

knowledge, few researches are focused on WO, 5, nanoparticles,
especially in the sizes below 10 nanometers.

Graphene, a flat monolayer of sp> hybridized carbon atoms
arranged in a two-dimensional honeycomb lattice, with a large
specific surface area, flexible structure, high intrinsic electron
mobility, and good thermal conductivities,*>* has triggered
great research interests since graphene sheets were first sepa-
rated from graphite in 2004.%° Graphene oxide (GO) is known as
a precursor for graphene preparation and it can be produced by
the strong oxidation/intercalation of graphite, which introduces
various oxide-containing functional groups on the carbon basal
plane and edges.*” Consequently, GO can be dispersed in water
on the molecular scale.”® Based on these advantages of GO, the
efforts of utilizing GO or reduced graphene oxide (RGO) as
support material have been devoted to the fabrication of effi-
cient photocatalysts.”® Especially, composites of RGO and stoi-
chiometric tungsten oxide have been recently prepared and
applied in different fields.>*3¢

In this study, sub-10 nm WO, ,, nanoparticles are synthe-
sized via controllable alcoholysis followed by thermal treat-
ment. After compositing with RGO, the homogeneous WO, ;,/
RGO exhibits greatly enhanced photocatalytic activity than
pristine WO, ;, in both oxygen evolution from water splitting
and alcohol selective oxidation, due to the synergetic effects
between WO, 5, and RGO.

Experimental
Preparation of WO, ,, and WO, ;,/RGO composites

All the chemical reagents employed in this study are of analyt-
ical grade from Alfa Aesar and used as received without further
purification. Graphene oxide (GO) was synthesized by the

This journal is © The Royal Society of Chemistry 2017
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oxidation of natural graphite powder using Hummers method
with some modifications.’”** (NH,),WO,_, was synthesized at
the ambient atmosphere by a solvent refluxing method. In
a typical procedure, 1 g of WClg was dissolved in 31.0 mL
ethanol to get the W®" concentration of ~0.08 M, then 5 mL
ammonia solution (25 wt%) was added under vigorous stirring.
The mixture was stirred in air for 15 min, followed by refluxing
at 373 K for 3.5 h in a flask. 100 mg GO was dispersed in 100 mL
ethanol and mixed with the calculated amount of (NH4),WO;_,
and stirred for 4 h at room temperature. After solvent being
evaporated, the brown mixture was dried at 353 K overnight.
The obtained solid was further pyrolyzed under argon atmo-
sphere at the temperature of 723 K for 2 h to derive the final
product WO, ;,/RGO-x, where x represents the weight
percentage of RGO in the composite.

For reference, pure WO, ;, powders were obtained via the
same procedure but without adding GO solution and pure WO;
powders were pyrolyzed under air atmosphere instead of argon.

Sample characterization

The X-ray diffraction (XRD) patterns of samples were recorded
using a Bruker D8 advance powder diffractometer with Cu-Ka
radiation (1 = 0.1542 nm) at a scanning rate of 5° min~".

The specific surface areas of samples were determined
through N, adsorption/desorption isotherms at 77 K collected
on a Quantachrome iQ-MP gas adsorption analyzer.

The thermogravimetric analysis (TGA) of samples was per-
formed on a TA SDT Q600 analyzer in air at a heating rate of 10
K min—".

The Raman spectra of samples were recorded on a Renishaw
InVia Raman spectrometer with the green line of an Ar-ion laser
(514.53 nm) in micro-Raman configuration.

Diffuse reflectance ultraviolet-visible (UV-Vis) spectra of
samples were recorded against BaSO, on a Varian Cary 300 UV-
Vis spectrophotometer.

Scanning electron microscopy (SEM) images of samples were
taken on a field emission scanning electron microscope (FE-
SEM, Hitachi S-4800). Transmission electron microscopy
(TEM) images of samples were taken on a FEI Tecnai G* F20
electron microscope at an acceleration voltage of 200 kV.

X-ray photoelectron spectra (XPS) and ultraviolet photoelec-
tron spectra (UPS) of samples were recorded on a Thermo
Scientific ESCALAB 250Xi spectrometer, which were employed
with monochromatic exciting Al-Ka. X-ray (1486.6 eV) and He I
(21.2 eV), respectively.

Photoluminescence (PL) spectra were recorded on a Spex
FL201 fluorescence spectrophotometer. The samples were dry-
pressed into self-supporting wafers and then illuminated
by 325 nm He-Cd laser as excitation source at ambient
temperature.

Photocatalytic evaluations

Photocatalytic water oxidation reactions were performed in
a top-irradiation-type Pyrex cell connected to a closed gas
circulation and evacuation system with external light irradi-
ation. The light source was a 300 W high pressure integrated
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type xenon lamp (PLS-SXE, wavelength: 300-780 nm). In
a typical experiment, 0.1 g photocatalyst and 0.2 g AgNO; (as
sacrificing reagent) were sequentially added into 100 mL
ultra-pure water in the reactor under magnetic vigorous
stirring to obtain a well-mixed suspension. After being
evacuated for 30 min, the reactor cell was irradiated by the Xe
lamp. During the experiment, the temperature of the reactor
system was kept at 298 K by flowing temperature-controlled
cooling water. The amount of O, evolved from water split-
ting was determined by an on-line gas chromatograph (Var-
ian CP-3800, equipped with a thermal conductivity detector
and a 4 m 5A molecular sieve column; nitrogen as carrier
gas).

The photocatalytic oxidation of benzyl alcohol was per-
formed in a top-irradiation-type double-walled quartz cell
cooled by water with a Xe lamp (200 W, wavelength: 320-780
nm) as the light source. In each experiment, the catalyst of 0.1 g
was dispersed in the 60 mL benzotrifluoride solvent containing
25 mmol benzyl alcohol in the quartz cell under stirring. The
suspension was then irradiated with oxygen bubbled in at 20
mL min ', The organic products were analyzed by GC (Shi-
madzu GC-2010 Plus) and GC-MS (Shimadzu GCMS-QP2010
SE). The apparent quantum yield of benzyl alcohol oxidation
was measured under the same photocatalytic reaction condi-
tions but using 350 nm monochromatic light obtained by band-
pass filters. The light intensity is measured to be 3.2 mW c¢cm >
with an area of 7.1 cm?. The apparent quantum yield (QY) of
photocatalytic benzyl alcohol oxidation was calculated accord-
ing to the follow equations:

QY [(VO} _ Mreacted electrons % 100%

Nincident photons

Mbenzyl alcohol consumed X 2
Y x 100%

Hincident photons

The transformation of one benzyl alcohol molecule

consumes two photoelectrons:

photocatalyst

hy h* +e”

2C¢HsCH,-OH + 4h" — 2C4Hs—CHO + 4H*

4H* + 4e” + 0, — 2H,0

Electrochemical measurements

The electrochemical measurements were measured using
a three-electrode cell electrochemical workstation (IVIUM
CompactStat) in 0.5 M Na,SO, solution. The saturated Ag/AgCl
and platinum foil (1 x 2 cm®) were used as the reference elec-
trode and the counter electrode. The sample of 1 mg was
dispersed in 1 mL anhydrous ethanol and then evenly grinded
to slurry. The slurry was spread onto ITO glass and the exposed
area was kept at 0.15 cm”. The prepared ITO/samples were dried
overnight under ambient condition and then used as the
working electrode for electrochemical measurements.

RSC Adv., 2017, 7, 2606-2614 | 2607
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Results and discussion

The XRD patterns of RGO, WO, ;, and WO, ;,/RGO-5 samples
are shown in Fig. 1. All of the diffraction peaks of WO, 5, sample
can be indexed to JCPDS 36-101, indicating the formation of
pure phase of monoclinic WO, 5,.* For RGO sample, the weak
and broad diffraction peak at ~25° corresponds to the (002)
peak of graphene is observed.* For WO, ,,/RGO-5, the diffrac-
tion peaks corresponding to monoclinic WO, ,, are observed,
while the presence of the RGO support (5% weight loading)
significantly decreases the intensity of diffraction peaks. The
average crystallite size of WO, 5, in pure WO, 5, and WO, 5,/
RGO composite are calculated to be 9 and 7 nm by using the
Scherrer equation. These results indicate that the growth of
WO, ,, nanoparticles on the RGO sheets could be restricted
to some extent, in consistence with the TEM observations
(vide infra).

Raman spectroscopy is an effective means to characterize
carbon materials with usual characteristics of G and D bands.
The Raman spectra of the GO, RGO and WO, 7,/RGO are shown
in Fig. 2. In the case of GO, the G-band peak at around 1595
cm ' is attributed to a well ordered sp> carbon-type structure
and the D-band at around 1345 cm™ ' is attributed to the
structural defects of the hexagonal graphitic structure.**> The
intensity ratio D-band to G-band, i.e. In/Is, is calculated to be
1.0, indicating the existence of abundant surface defects in GO.
Upon annealing to RGO, the I,/I decreases significantly to 0.8
due to the elimination of some structural defects. While for
WO, ,,/RGO-5, a lower Ip/Ig of 0.7 is obtained, revealing that
some graphitic structure defects in RGO are further eliminated
through compositing with WO, ;,. Moreover, a noticeable shift
of D-band from 1345 to 1360 cm ' is observed due to the
interaction between WO, -, nanoparticles and defects in RGO.

XPS analysis is performed to reveal the chemical composi-
tion and the element existing states in the as-prepared WO, 5,/
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Fig. 1 XRD of RGO, WO, 7, and WO, 7,/RGO.
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Fig. 2 Raman spectra of GO, RGO and WO, 7,/RGO.

RGO. In the survey spectra of the WO, ;,/RGO, the existence
of W, O and C could be clearly identified (Fig. 3a). In the high-
resolution C 1s XPS of the WO, ;,/RGO (Fig. 3b), binding energy
values at 284.6, 285.7, 287.1 and 289.0 eV are observed. The
binding energy value at 284.6 eV is assigned to the graphitic
carbon (C-C bonds), while the another three binding energy
values at 285.7, 287.1 and 289.0 eV are assigned to C-O, C=0,
and O-C=0 bonds, respectively.* In the O 1s XPS (Fig. 3c), two
binding energy values are observed, i.e. 530.6 eV due to W-O
bonds in WO, 5, and 531.9 eV due to H-O or C-O bonds from
residual oxygen-containing groups. The C 1s and O 1s XPS
indicate the existence of a small amount of oxygen-containing
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Binding energy / eV
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Fig. 3 Survey (a), C 1s (b), O 1s (c) and W 4f (d) XPS of WO, 7,/RGO-5.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra26416f

Open Access Article. Published on 12 January 2017. Downloaded on 4/25/2026 2:58:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

carbon groups in the WO, ;,/RGO.* The core-level W 4f XPS
(Fig. 3d) show the presence of two sets of peaks at 35.7/37.8 and
35.2/37.2 eV, respectively. The strong peaks with binding energy
values of 35.7 and 37.8 eV are assigned to W 4f;,, and W 4f;,, of
the characteristic W®" oxidation state, while the small peaks at
35.2 and 37.2 eV can be assigned to W 4f;,, and W 4fs;, of W**
oxidation state in tungsten oxides.*

Fig. 4 shows the TGA curves WO, ;,/RGO composites with
different RGO loadings. The weight loss observed from 300 to
473 K from WO, 5,/RGO is mainly due to the loss of water. While
the largest weight loss occurs at temperature from 673 to 873 K
for all WO, ;,/RGO samples should be due to the oxidative
destruction of the carbon skeleton, i.e. carbon-based materials
oxidized to CO, in flowing oxygen. According to the weight loss
of WO, 7,/RGO composites, the weight loading of RGO in the
composites is determined to be 3.1, 4.7 and 6.5% for WO, 5,/
RGO-3, WO, _,,/RGO-5 and WO, 5,/RGO-7, respectively.

The SEM images of WO, 5, and WO, ,,/RGO-5 are shown in
Fig. 5. The pure WO, ,, appears as aggregation of nanoparticles
with size of ~10 nm (Fig. 5a). The uniform nanoparticles ob-
tained demonstrate that thermal decomposition of (NH,),-
WO;_, under inert atmosphere is an effective strategy to
prepare WO, 5,. For WO, 7,/RGO composite, the curled and
corrugated layered structure of RGO nanosheets with tiny
nanoparticles spread over the surface could be identified
(Fig. 5b). These tiny nanoparticles, i.e. WO, ,, are homoge-
neously distributed with sizes below 10 nm, slightly larger than
that obtained from XRD analysis (Fig. 1). Besides, the close
contact between WO, ,, nanoparticles and RGO support can be
illustrated, which is very important for the photocatalytic
performance of WO, ;,/RGO composite (vide infra).

The morphology and composition of the WO, ;,/RGO-5
composite are further characterized by TEM and the represen-
tative images as shown in Fig. 6. In the overview TEM image
(Fig. 6a), uniform WO, 5, nanoparticles, with size of 3-10 nm,
are evenly deposited on RGO nanosheets. The average particle
size is calculated to be 6.7 nm for supported WO, -, (Fig. 6b), in
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Fig. 4 TGA curves of WO, 7,/RGO with different RGO loadings.
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Distribution / %

Fig. 6 TEM image of WO, 7,/RGO (a) and WO, 7, particle size distri-
bution (b) on graphene; HR-TEM image of WO, 7,/RGO with SAED
patterns shown inset (c) and the enlarged view of lattice fringe (d) in
a single WO, 7, nanoparticle.

good agreement with XRD analysis (Fig. 1). In the preparation
process, the hydrolysis rate of tungsten salt could be well
controlled by the existence of ammonia, which releases
hydroxyl ions slowly in ethanol with increasing temperature.
Since ammonia molecules tend to strongly chelate with tung-
sten ions, they can work as capping agents to hinder the particle
growth. In the HR-TEM image of WO, ;,/RGO-5, WO, 5, parti-
cles of 5-8 nm could be clearly identified (Fig. 6¢), and the
selected area electron diffraction patterns (Fig. 6¢, inset) reveal
the good crystallinity of WO, 5, particles. For a single WO, 7,
particle on RGO (Fig. 6d), clear lattice-fringe spacing of 0.38 nm
is measured, corresponding to the (010) planes of monoclinic
WO, 7, in WO, 7,/RGO composite. The TEM analysis results
provide us with direct evidence on the formation of sub-10 nm
WO, ;, nanoparticles on the surface of RGO sheets.

Fig. 7 shows the N, adsorption-desorption isotherms of the
samples WO, 5, and WO, 5,/RGO-5. Both of the WO, ,, and
WO, 7,/RGO samples show similar adsorption isotherms of type

RSC Adv., 2017, 7, 2606-2614 | 2609
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Fig.7 Nitrogen adsorption—desorption isotherms WO, 7, and WO, 7,/
RGO-5.

IV with a hysteresis loop. The values of the BET specific surface
areas of WO, ,, and WO, 5,/RGO sample are calculated to be 58
and 76 m> g~ ', respectively. Obviously, the presence of RGO
distinctly increases the surface area of the composite due to its
intrinsic high surface area and its support effects on the
dispersion of WO, ,, area.

The UV-vis spectra of WO3, WO, ;,, RGO and WO, ;,/RGO-5
are shown in Fig. 8. Stoichiometric WO; appears as dark
yellow powder and its absorption edge occurs at ~460 nm
originated from the band-to-band transitions (band gap of
2.7 eV).? Due to the existence of a large number of oxygen
vacancies,*>*” the sub-stoichiometric WO, 5, appears as black
powder and it shows a broad absorption in the entire UV-vis
region (200-700 nm), which should be due to the formation
of new discrete energy bands below the conduction band. Under

Intensity / a.u.

0.0 : : : :
300 400 500 600 700

Wavelength / nm
Fig. 8 UV-vis spectra of RGO, WOz, WO, 7, and WO, 7,/RGO-5.
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such circumstances, it is impossible to calculate the band gap of
WO, 5, by using Kubelka-Munk equation, which is commonly
employed in the literature.”*>* While for WO, /RGO
composite, light absorption in the entire UV-vis region could be
observed, similar to the case of WO, 5,. It can be expected from
UV-vis spectra that WO, 5, and WO, ;,/RGO composite might be
good photocatalysts under UV-vis light.

For further information on the band edge positions of
WO, ;, and WO, 7,/RGO composite, UPS and Mott-Schottky
plots were performed, as shown Fig. 9. The Mott-Schottky plots
of samples show positive slopes corresponding to n-type semi-
conductors, and, under such circumstances, the conduction
band potential is very close to the flat-band potential, which can
be obtained from the x intercept of the linear region in Mott-
Schottky plots. The calculated conduction band bottoms of
WO, 7, of WO, 7,/RGO-5 are 0.22 and 0.04 eV, respectively,
versus normal hydrogen electrode (Fig. 9; left chart). From UPS,
the valence band tops of WO, 5, and WO, ;,/RGO-5 are deter-
mined to be 2.83 and 2.92 eV, respectively, versus normal
hydrogen electrode (Fig. 9; right chart). On the basis of the
results from Mott-Schottky and UPS analysis, the band gaps of
WO, 5, and WO, 5,/RGO-5 are calculated to be 2.61 and 2.88 eV,
respectively. Obviously, compositing with RGO results in
a noticeable change in the band structure of WO, ;,. Consid-
ering its band gap and band edge positions, the as-fabricated
WO, 7,/RGO-5 should be promising photocatalyst in photo-
catalytic oxidation reactions under UV light.

The light harvesting properties of WO, ;, and WO, _;,/RGO
composites are investigated in two typical photocatalytic reac-
tions, i.e. oxygen evolution from water splitting and selective
oxidation of benzyl alcohol.

As shown in Fig. 10, with AgNO; as sacrificial reagent, oxygen
evolution from water splitting could be achieved with tungsten
oxides semiconductors under irradiation. The sub-10 nm
tungsten oxides employed in this study should be more active
than their bulk counterparts because smaller particle size
generally means easier transfer of charge-carrier and higher
photocatalytic efficiency. With similar particle size, the sub-
stoichiometric WO, 5, (oxygen evolution rate: 151 umol g h™%)
is more active than stoichiometric WO; (oxygen evolution rate:
98 umol g h™') under UV-vis light since the recombination of

18+

15+

1/C2 (10° cm* F?)
Intensity / a.u.

0 [ e e ————+ + F + -
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Potential (V vs. Ag/AgCl) Binding energy / eV

Fig. 9 Mott—Schottky plots and UPS of WO, 7,/RGO-5 sample.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra26416f

Open Access Article. Published on 12 January 2017. Downloaded on 4/25/2026 2:58:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

WO, /RGO-9 +

2.72!

WO, /RGO-7 .Jr.

2.72

WO__ /RGO-5 +

2.72

WO, /RGO-3 h

2.72

WO, . /RGO-1 +

woZJZ

Photocatalyst

wo

3

RGO

0 10 20 30 40 50
Oxygen evolved / pmol b

Fig. 10 Photocatalytic O, evolution from water splitting over different
samples under UV-vis light. Reaction conditions: 0.1 g photocatalyst;
0.2 g AgNOs3 in 100 mL pure water; T = 298 K.

photogenerated electron-hole pairs can be effectively sup-
pressed upon the introduction of oxygen vacancies.*® RGO
exhibits neglectable activity in the photocatalytic oxygen
evolution, however, it can significantly promote the photo-
catalytic oxygen evolution when compositing with WO, ,,. The
promotion effects of RGO are very much dependent on its
weight loading and a volcano-shaped curve is observed. Typi-
cally, 5% weight load of RGO in WO, ;,/RGO is optimized and
an oxygen evolution of 420 umol g h™! is obtained for WO, 5,/
RGO-5, which is about 2.8 times higher than WO, ,.

With suitable incident photons, electron-hole pairs can be
created in WO, 5,, followed by the separation and migration of
photo-generated electrons and holes to the solid-solution
interface. The photo-generated holes can oxidize water to
oxygen at the interface, while the photo-generated electron
cannot reduce water to hydrogen owing to the insufficient
positive conduction band position of WO, ;,.>* With the pres-
ence of Ag' in the reaction system, the photo-generated elec-
trons can reduce Ag" to Ag at the interface, which close the cycle
and initiate the photocatalytic reaction, i.e. oxygen evolution
from water splitting with Ag" ions as sacrificial reagents. RGO,
similar to graphene, is known as a very good electron conductor.
When compositing with WO, ;,, RGO can efficiently transfer the
photo-generated electrons away from the WO, ;, to react with
electron acceptor Ag', leaving the photo-generated holes on
WO, ,, to oxidize water to oxygen. In such a way, the presence of
RGO support can efficiently suppress the recombination of
photo-generated electrons and holes, and, therefore, promote
the photocatalytic activity.>* Increasing the loading of RGO in
WO, ;,/RGO should facilitate the transfer of photo-generated
electrons, however, it would also reduce the light absorbance
due to the light shielding effect of RGO.*>** As a balance of these
two factors, an optimized RGO loading of 5% is obtained for
efficient oxygen evolution.

The photocatalytic performance of the WO;, WO, 7, and
WO, ,,/RGO composites are further evaluated in the photo-
catalytic oxidation benzyl alcohol, and the results are showed in

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 Photocatalytic oxidation of benzyl alcohol to benzaldehyde
over different samples under UV-vis light and the recycling test of
WO, 7,/RGO-5 sample. Reaction conditions: 0.1 g photocatalyst;
25 mmol benzyl alcohol in 60 mL benzotrifluoride as solvent; T =
298 K.

Fig. 11. The selective photocatalytic oxidation of benzyl alcohol
can be achieved on all WO, ;,-based catalysts with 91% selec-
tivity toward benzaldehyde (small quantities pf benzoic acid
and benzyl benzoate detected as dominating by-products,
Table 1). Similar to those observed in the photocatalytic
oxygen evolution (Fig. 10), the sub-stoichiometric WO, 5, is
exhibits slightly higher photocatalytic activity in benzyl alcohol
selective oxidation than stoichiometric WO3, and the presence
of RGO support can enhance the photocatalytic activity of
WO, 5, to a great extent. Typically, WO, ;,/RGO-5 exhibits the
highest photocatalytic activity with a benzyl alcohol conversion
rate of 10.8 mmol g, ' h™", four times higher than WO, ,,
(2.7 mmol g., ' h™"). The apparent QY for benzyl alcohol
photocatalytic oxidation over WO, ;,/RGO-5 is calculated to be
as high as 68.9% under monochromatic UV light at 350 nm. In
addition to its remarkable photocatalytic activity, WO, ;,/RGO-5
exhibits good stability in the oxidation of benzyl alcohol. As
shown in Fig. 11, no obvious activity loss can be observed in five
recycling tests, demonstrating its great potential in practical
application.

PL spectroscopy is very useful to disclose the efficiency of charge
carrier trapping, immigration and transfer in semiconductor

RSC Adv., 2017, 7, 2606-2614 | 2611
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Table 1 Photocatalytic oxidation of benzyl alcohol over WO, 7,/RGO composites®

Product selectivity (%)

Photocatalyst Benzaldehyde Benzoic acid Benzyl benzoate C balance (%)
WO, 79 6 15 91
WO, 7, 91 4 5 94
WO, 7,/RGO-1 94 2 4 93
WO, ,,/RGO-3 91 5 4 95
WO, ,,/RGO-5 92 4 4 92
WO, ,,/RGO-7 93 3 4 91
WO, 7,/RGO-9 92 3 5 92

“ Reaction conditions: 0.1 g photocatalyst, 25 mmol benzyl alcohol in 60 mL benzotrifluoride as solvent, T = 298 K, reaction time = 8 h.

materials. Generally, the PL emissions are originated from the
radiative recombination of photogenerated electrons and holes.
Room temperature emission PL spectra of WO, ,, and WO, ;,/RGO
samples are measured and shown in Fig. 12. For all samples, PL
signals at the wavelength of 400-700 nm are observed, due to the
surface and bulk irradiative recombination.>** It is observed that
compositing with RGO significantly decreases the PL intensity of
WO, 7,, confirming the role of RGO in promoting the separation of
photogenerated electron-hole pairs on WO, 5,. For WO, ;,/RGO
composites with different RGO loadings, the normalized PL
intensity are relevant with the photocatalytic activity (Fig. 10 and
11). That is, the lower PL intensity, the higher photocatalytic
intensity.

The light harvesting properties of WO, ,, and WO, ;,/RGO-
5 are finally examined by means of photocurrent responses,
and the results are shown in Fig. 13. Pure WO, ;, show
significant current responses at bias of 0.2-1.0 eV (vs. Ag/AgCl)
under UV-vis light. WO, ;,/RGO-5 shows significant current
responses at bias of —0.1-1.0 eV, which are several times
higher than WO, ;,. The presence of 5% RGO support can
greatly improve the separation of photo-generated electrons
and holes, and accordingly lead to enhanced photocurrent

WO__ /RGO-3
2.72

WO__ /RGO-7

2.72

Normalized Intensity

t t
600 650

t t
450 500

400 550 700

Wavelength / nm

Fig. 12 PL spectra of WO, 7, and WO, 7,/RGO composites.
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Fig. 13 Photocurrent responses of WO, 7, and WO, 7,/RGO-5 under
UV-vis light.

responses (Fig. 13) and photocatalytic activity in different
reactions (Fig. 10 and 11).

Conclusions

In this study, sub-10 nm WO, 5, particles have been prepared
via a controllable alcoholysis route followed by thermal treat-
ment under inert atmosphere. With the in situ addition of GO
solution, WO, 7,/RGO nano-composites containing WO, ;,
nanoparticles and RGO nanosheets in close contact can be
successfully fabricated. This is a very simple and reproducible
strategy that can be extended to other nano-composite systems.

The as-prepared WO, ;,/RGO nano-composites with
different RGO loadings are well characterized by a series of
techniques and applied as photocatalysts in two typical reac-
tions, i.e. oxygen evolution from water splitting and selective
oxidation of benzyl alcohol. With the existence of RGO support
as a good electron conductor, the photo-generated electrons on
WO, ,, can be transferred to RGO, and, therefore, the recom-
bination of photo-generated electrons and holes can be sup-
pressed to a great extent. Accordingly, WO, ;,/RGO nano-

This journal is © The Royal Society of Chemistry 2017
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composites exhibit greatly enhanced photocatalytic activity
than pristine WO, ;, in both the oxygen evolution from water
splitting and selective oxidation of benzyl alcohol. The promo-
tion effects of RGO support are dependent on RGO loadings and
the optimized RGO loading is determined to be 5% in WO, 7,/
RGO nano-composite. For WO, ;,/RGO with RGO weight
loading of 5%, oxygen evolution rate of 420 pmol g h™*! and
benzyl alcohol oxidation rate of 10.8 mmol g., " h™" can be
obtained under UV-vis light, namely 2.8 and 4.0 times higher
than pristine WO, 5, nanoparticles, respectively. The concept of
using RGO as a support with good electron conducting prop-
erties should be a general strategy to the fabrication of efficient
compositing photocatalysts.
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