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Summary: Herein, WO; nanoplate was synthesized via a top-down route. A single crystal with
monoclinic structure of WO; nanoplate was confirmed by X-ray diffraction (XRD) and transmission
electron microscopy (TEM). The activity of photocatalytic degradation Rhodamine B (RhB) over the
WOs; nanoplate increased by about 1.4 times, when compared with that of bulk WOs. The enhancement
of activity was attributed to the unique two-dimension (2D) structure leading to an effective separation
of carriers, which was further verified via steady and time-solution fluorescence spectra (PL),
photocurrent and electrochemical impedance spectra (EIS).
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Introduction

With the development of society, energy and
environment issues have become the main factors
impacting sustainable development of human beings
[1]. Photocatalysis is a technology that semiconductor
materials under excited by solar energy produce
photogenerated carriers to directly or indirectly trigger
chemical redox reactions, which has been regarded as
an emerging technology for solving energy and
environmental problems [2, 3].

Among many photocatalysts, WO; shows a
promising  application in  organic  pollutants
degradation because of its suitable energy band
structure, non-toxicity, stability, et al [4, 5]. Generally,
WO; has a band-gap of 2.6 eV with a conduction and
valence band edge locating at 0.2 eV and 2.8 eV (vs.
NHE, pH=0), respectively, which endows WO3 with
an excellent photocatalytic degradation performance
under visible light. While, bulk WO; photocatalysts
are limited by carriers separataion efficiency, poor
active sites and small specific surface area. In view of
these drawbacks of bulk WO3, regulating the structure
of WOs via crystal engineering has been considered as
a facile way to improve its photocatalytic performance.

As well known, photocatalytic reaction
generally includes three main processes: (1) the
semiconductor material generates photo-generated
charge carriers under photo-excitation; (2)
photogenerated carriers are effectively separated and
transferred to the active site on the surface of the

materials; (3) Under the allowance of thermodynamic
conditions, photogenerated carriers undergo desirable
redox reactions on the catalyst surface [6]. An ideal
photocatalyst is one in which the surface and interior
of the crystal are free of defects, the recombination of
the photogenerated carriers can be effectively
inhibited and a very short distance needs to be
transported before participating the surface catalytic
reaction. Hence, constructing nanocrystals into
ultrathin nanosheets with two-dimensional (2D)
structures can achieve rapid carrier separation and
greatly shorten the migration distance [7, 8]. Unique
two-dimensional plate structure can be modified or
grafted various photocatalytic cocatalysts to promote
catalytic reaction kinetics [9]. Thus, two-dimensional
semiconductor are very promising materials for
improving the quantum efficiency of photocatalysis
[10].

Herein, two-dimensional (2D) WO;
nanoplate was synthesized through a top-down
approach. Compared with B-WQO3;, WOs nanoplate
showed an enhanced RhB degradation activity, about
2.4 times of B-WOs. The enhanced photocatalytic
activity of WO; nanoplate was attributed to the
repression of photo-generated carriers recombination,
which was further verified via steady and time-
solution PL spectra, photocurrent and EIS spectra.
This work will show a positive effect of the 2D WO3
nanoplate on the photocatalytic performance due to an
enhanced carrier separation efficacy and increasing
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surface active sites. We believe the present work will
shed lights on the research of 2D nanosheets for
photocatalysis.

Experimental

Materials

All the analytical grade materials were
purchased from Sinopharm Chemical Reagent Co.
and used directly. Octylamine (CgN), heptane (Cy,),
tungsten trioxide (WO3), bismuth trioxide (Biz2O3),
hydrochloric acid (HCI, 36-38 wt.%), nitric acid
(HNO3, 65-68 wt.%), rhodamine b (RhB), home-made
deionized water.

Preparation details for photocatalysts

Bi.W,09 was synthesized by calcinations of
stoichiometric mixtures of tungsten trioxide (WO3)
and bismuth trioxide (Bi,Os) at 800 °C for 20 h with a
heating rate of 3 °C/min. H,W,0; was obtained by
etching of Bi,W>09 with HCI (6 M), refreshing every
2 days for 3 times. Then, H,W,0O7 sample was obtained
by centrifugation and washed with deionized water
until pH=7. Inorganic—organic hybrid of CsN*/W,0;
was prepared via dispersion of 4 g HyW,07 into the
mixture solution of CsN (33 mL) and C7 (165 mL).
After stirring for 3 days, CsN'/W,07 was obtained by
centrifugation, washing with C; and drying at 60 °C in
a vacuum oven [11]. H;WO, was prepared via etching
of CsN"/W,0; by using 7 M HNO; for 3 days and then
washing with deionized water. WO; nanoplate was
prepared via calcination of HoWO, at 450 °C for 2 h
under air condition [12, 13]. Bulk WO3 (B-WOs) was
obtained via calcination of HoW»07 at 450 °C for 2 h
under air condition.

Characterization

The structures of the as-prepared samples
were analysed by X-ray diffractometer (XRD,
Bruker D8 Advance with Cu Ka radiation). The
morphologies were observed via Field-emission
scanning electron microscopy (FESEM, Hitachi
SUB000 and S4800) and Transmission electron
microscopy images (TEM, FEI Tecnai 20).
Valence band X-ray photoelectron spectroscopy
(XPS) was used to Figure out the energy band
position of the samples, which was performed on
a ThermoFischer system with a monochromatic Al
Ko source. C15=284.8 eV was used as the reference
date for calibration. To analyse the optical
absorption properties of samples, UV-vis
absorption spectra (Uv-vis abs) were collected via
a UV-vis spectrophotometer (Varian Cary 500).
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For unravelling the carrier dynamics, photocurrent
response  and  electrochemical  impedance
spectroscopy (EIS) were performed on CHI660E
electrochemical work station with a conventional
three-electrode electrochemical cell. A home-
made FTO electrode, platinum foil and Ag/AgCl
electrode were used as the working electrode,
counter electrode and reference electrode,
respectively. The electrolyte was 0.2 M Na;SOq
agueous solution. Photocurrent tests were carried
out under A 300 W Xenon lamp as the light source.
EIS experiments were carried out under a bias
voltage of 5 mV with frequencies ranging from 4
MHz to 0.1 Hz. The working electrodes were
prepared via dropping the samples onto the
conductive fluorine-doped tin oxide glass.
Typically, 8 mg sample was well dispersed in 0.5
mL N,N-dimethylformamide via ultrasound and
then 15 uL sample was dropped on the clean FTO
with a 0.25 cm?. The work electrode was dried at
120 °C for 2 h before use. A fluorescene
spectrometer (Edinburgh FLS1000) was used for
steady-state and time-resolution
photoluminescenece (PL) tests under the 397 nm
laser as exciting light. The average lifetime of
carriers was evaluated by the equation of
=t1*Rel1%+t,*Rel,%. A TriStar Il Plus apparatus
(Micromeritics Instrument Corp) was used for
testing the N adsorption Brunauer—Emmett—
Teller (BET) surface areas and pore distribution

curves. Micro-confocal Raman spectroscopy
(Renishaw Co.) was carried out at room
temperature using the 532 nm laser, for

investigating the structure of the samples.
Photocatalytic tests

In a 100 mL bottle, 50 mg photocatalyst was
dispersed well in 40 mL RhB aqueous solution (20
ppm) with ultrasound. Before photocatalytic reaction,
an adsorption—desorption equilibrium was established
via stirring the mixture solution in the dark for 30 min.
For photocatalytic reaction, the dispersion solution
was irradiated with a xenon light. Along with the
progress of the reaction, 1.5 mL of the suspension was
taken out and centrifuged for analysis via UV-vis
spectrophotometer at certain intervals [14].

Results and Discussion
Structures and Morphologies

Fig. 1A-B showed the XRD diffraction dates
for each intermediate product during sample
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preparation. Fig. 1A demonstrated the diffraction
peaks of the as-prepared Bi,W>0y matched well with
the reported data (PDF#33-0221), indicating that high-
quality BioW»0¢ was obtained. After corrosion by
hydrochloric acid, Bi,W>0y was transformed into
H,W,07-nH,O (H,W,07-air ) due to the replacement
of Bi0,*" layer by H;O*[11, 15]. While, the interlayer
H,O of HyW,07-nH,O was able to be removed via
heat-treatment of H,W>07nH,O under 80 °C
(H2W»07-80 °C). As shown, compared with HyW>0--
air, the XRD diffraction peaks of HyW,07,-80 °C
shifted to higher diffraction angles, because the loss of

interlayer H,O lead to a smaller interlayer spacing [13].

Furthermore, the (00/) (=2, 4, 6) diffraction peaks of
H,W»07 shifted to lower angles with the insertion of
octylamine into interlayers of HW,07, which resulted
in the formation of organic-inorganic hybrid
(CsN*/W»07) [16]. Moreover, H; WO, formed after
CsN*/W,0; hybrid was etched by HNOs. As shown,
the XRD diffraction patterns of H,WOs was
coincident with the reference (PDF#43-0679). Finally,
after calcination of HyWOy at 450 °C for 2 h, WO;
nanoplates were obtained. XRD diffraction patterns in
Fig. 1B of both WO; nanoplate and Bulk WO;
matched well with that of monoclinic WO3 (PDF#43-
1035) [17]. However, compared with bulk WO3, WO;
nanoplate had a lower XRD diffraction peak strength
of (002), meaning a relative poor crystallinity in [002]
direction. As well known, the [002] direction was the
stacking direction of W-O layer for both H;W,07 and
HoWO,. Since WO3 nanoplate and bulk WO3 were
obtained via interlayer dehydration of H;WO, and
HoW,07 respectively, a lower diffraction peak
intensity of (002) meant a thinner layer. Additionally,
Raman spectra have been widely used in the structural
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analysis of materials. Fig. 1C showed bulk WO3 and
WO; nanoplate had same Raman spectra, but Raman
peak strength of WOs nanoplate was weaker than that
of bulk WOs, indicating WOj3 nanoplate had the same
structure with bulk WOj;but a relatively poor
crystallinity, which corresponded to the XRD analysis
results [7]. The three major Raman peaks at 270, 715
and 805 cm? were attributed to O-W-O bending
vibration and W-O-W stretching vibration of
monoclinic WO3, respectively [18, 19].

For observation the morphologies of the
samples, scanning electron microscopy and
transmission electron microscopy were used. As
shown in Fig. 2, Bi,W20y was a kind of blocky
materials. H;W>07 had an obvious layered structure
resulted from the elimination of Bi,0,2" layer in
Bi,W>09 by HCI corrosion. CsN*/W>05 hybrid had a
fibrous-like morphology due to the curling of W>0,*
layer caused by the insertion of octylamine [20].
H,WO4 presented a nanoplate-like morphology,
because organic matter in the CsN*/W,07 hybrid was
removed under strong acid condition, and W-O layer
was rearranged to form H, WO, nanoplate. Bulk WO;
and WOs nanoplate both maintained the morphology
of their precursor, displaying a blocky and nanoplate-
like morphology, respectively. TEM was further used
for confirming the morphology and crystal structure of
WO; nanoplate (Fig. 3A). As shown, WOj3 nanoplate
with different sizes stacked together, and the high-
resolution transmission electron microscopy (HRTEM)
image (Fig. 3B) showed WO; nanoplate had distinct
lattice fringes with spacing of 0.364 nm and 0.373 nm,
corresponding to the (200) and (020) crystal faces of
monoclinic WOs, respectively [21].
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Fig. 3 A) TEM and B) HRTEM images of WO; nanoplate
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Surface areas, optical absorption properties and charge
Separation.

Fig. 4A showed the N, adsorption-desorption
curve of the samples. The specific surface areas of B-WO;
and WO; nanoplate were 1.4 m’g! and 122 m’g!
respectively, indicating that the 2D planar structure of the
WOs nanoplate effectively increased the specific surface
area. Generally, photocatalysts with large specific surface
area could provide more reactive sites, thus enhancing the
photocatalytic reaction activity. The pore size distribution
curves in Fig. 4B demonstrated B-WO; had no obvious
pores, while WO; nanoplate exhibited pores with average
size about 50 nm. The pores in WO; nanoplate existed
among the restacked WO; nanoplates. Additionally, UV-vis
absorption spectra in Fig. 4C showed bulk B-WO; and WO;
nanoplate respectively had absorption edges (Aawbs) at about
480 and 465 nm. Compared with B-WOs3, a blue shift of 15
nm of the Aps of WO3 nanoplate was ascribed to the quantum
size effect [21]. Additionally, based on empirical formula of
E~1240/Aas (Eg is bandgap), the Eg of B-WO; and WO3
nanoplate were 2.58 and 2.67 eV, respectively [22].
Additionally, valence band X-ray photoelectron
spectroscopy (XPS) in Fig. 4D further revealed the AE
between the valence band maximum (E.) and Fermi level
(Er) were around 2.18 eV for WO; nanoplate and 2.38 eV
for bulk WO;. Based on the differences in E, and Evs
between WO; nanoplate and B-WOs, their band alignments
were given in Fig. 4E. Furthermore, the conduction band
(Ew) and Ey, were -0.79 and 1.88 V for WOs nanoplate, -
0.50 and 2.08 V for bulk WO; respectively, due to Ee= Ew-
Eg and E4=AE+®-E,;c. Evac and work function @ were 4.5
and 4.2 eV, respectively.

Fluorescence technique (PL) is an effective method
to study the photo-generated carrier separation efficiency.
Usually, after the semiconductor is excited, the
recombination of photo-generated carriers will be
manifested in the form of fluorescence. A stronger intensity
of fluorescence indicates a higher recombination rate [23].
Fig. 5A showed the PL intensity of WO; nanoplate was
weaker than that of B-WOs3, indicating WOs nanoplate had
a more efficient separation [24]. Additionally, the decay PL
spectra displayed in Fig. SB further verified the photo-
induced carriers of WO; nanoplate had a more prolonged
average lifetime than bulk WOs3, 9.7 and 20.1 ns for B-WOs
and WOs nanoplate respectively. The increased carriers
lifetime was of importance for promoting photo-induced
carriers taking part in photocatalytic redox reaction before
recombination [25]. Furthermore, the photocurrent response
(Fig. 5C) and electrochemical impedance spectroscopy (Fig.
5D) demonstrated WO; nanoplate had an enhanced
photocurrent and a lower impedance compared with B-WOs,
further verifying WO; nanoplate had a more rapid separation
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efficiency and charge mobility of photogenerated carriers
[26, 27]. Therefore, it was inferred that the unique two-
dimensional structure of WO; nanoplate could effectively
accelerate the separation and migration of photo-induced
carriers, which predicted WO; nanoplate would have a
better photocatalytic activity than B-WOs,

Photocatalytic activity

The photocatalytic degradation of RhB was used to
investigate the photocatalytic performance of WOs
nanoplate and bulk WO;. Fig. 6A exhibited the changes of
the absorption spectra of RhB along with the photocatalytic
reaction process over WO; nanoplate. Additionally, the RhB
solution after photocatalytic reaction was colorless (inset in
Fig. 6A). As reported, if the characteristic absorption of RhB
solution in Uv-vis absorption spectra decreased to about zero
directly without a significant shift, it demonstrated
degradation of RhB suffered from mineralization via
cleavage of the whole conjugated chromophore structure of
RhB [28-30]. Fig. 6B demonstrated the degradation rate of
RhB reached 96 % after 6 h illumination, while only about
40 % was degraded over B-WO; under the same conditions.
Considering that the adsorption quantities over B-WO; and
WO; nanoplate after adsorption—desorption equilibrium in
dark were both only about 5% (Fig. 6C), and trace
degradation for RhB solution without catalyst, the decreases
in RhB concentration over B-WO; and WO; nanoplate were
certainly ascribed to photocatalysis. Obviously, the
photocatalytic activity of WOs nanoplate was higher than
that of B-WOs3, which arose from the more rapid separation
efficiency and charge mobility of photogenerated carriers
over WO; nanoplate. Furthermore, according to the
literature, at pH=7, the potential for oxygen to be reduced to
superoxide radical was -0.28 eV (0»/0;"), and the potential
for water molecules to be oxidized to hydroxyl radical is
+2.27 eV (*OH/H,0) [31]. while, the oxidation potential of
RhB was 0.95 V [32, 33]. Based on the previous energy
band analysis of WOs, it indicated that WO; nanoplate and
bulk WOs both had a powerful enough conduction band for
producing O,", but their valence bands were unable to
generate *OH. Hence, the photocatalytic mechanism for
RhB oxidation over WO; was deduced as follows: WO3 was
excited for generation of photo-induced electrons and holes;
the electrons were used to reduce the O, into O,”, which led
to the decomposition of RhB, while holes oxidized RhB
directly. Moreover, the photocatalytic RhB degradation
activity of WOs nanoplate did not decrease significantly in 4
cycle tests (Fig. 6D). Additionally, the XRD diffraction
patterns of the WO; nanoplate after 4 runs reaction (Fig. 6E)
did not have obvious variations, indicating that WOs
nanoplate was a stable photocatalyst for RhB degradation.
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Fig. 6:  A) The temporal evolution curve of Uv-vis absorption spectra of RhB aqueous solution over
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Conclusions

In  summary, WO; nanoplate were
synthesized via a top-down method. XRD and TEM
analysis demonstrated WO3 nanoplate had a
monoclinic monocrystal structure. Compared with B-
WO;, WO; nanoplate showed an enhanced
photocatalytic activity for RhB degradation, about 2.4
times of bulk WOs. PL spectra, photocurrent and EIS
spectra all demonstrated WOj3; nanoplate had a better
carrier separation efficacy than B-WOs, which was
ascribed to the main factor for the enhanced
photocatalytic activity.
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