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We reported a facile solvothermal strategy for hierarchical architectures of WO; nanosheets with WO; nanorod branches

standing orderly on nanosheets. An enhanced photoelectrochemical activity is achieved, attributable to the highly porosity
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provided by the hierarchical architecture. The novel 3D nanostructure holds great potentials in photocatalysis, concurrent
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1. Introduction

Photocatalytic technology based on semiconductor materials
has been considered as an important route for energy
conversion and water purification since the pioneer work on
TiOZ.1 Over the past two decades, various TiO, nano-
architectures have been designed and used for photocatalysis,
photovoltaics, water purification etc.”’ Among the reported
novel fabrications, the hierarchical assembly of nanocrystals
with different dimensions are of great significance and have
received extensive attention because of their desirable
functionalities and great potential. For example, hierarchical
nanostructures of ZnO, MnO,, Fe,0; and CeO,, have been
successfully prepared by different methodologies of solution
based, template assisted and electrochemical synthesis
method.®™

Different from TiO, absorbing only UV light, tungsten
trioxide (WQO3) is regarded as one of the best candidates for
visible light driven photocatalytic application. To date, WO;-
based hierarchical nanostructures have drawn much attention
as a multifunctional material in a broader field. Flower-like and
microsphere-like hierarchical WO; architectures have been
designed and fabricated for ion storage, photocatalysis and gas
sensing.lz"15 Rod/wire-like hierarchical WO; architectures, such
as coaxial nanowire heterojunctions,16 epitaxial
heterostructures and homojunction”'18 were also reported for
their applications in electrochromic devices, field-emission
devices and photocatalysis.

Yet there are few reports on synthesis of sheet-like
hierarchical architectures formed by assembly of 1D/2D
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filtration, water purification and chemical sensing.

nanostructures. Zheng et al. have reported a solution-process
synthesis of 2D TiO, nanosheets coated with well-aligned 1D
ZnO nanorod arrays, which showed an enhanced PEC
performance.19 Similar hierarchical of homogenous ZnO
nanowire-nanosheet architectures have been fabricated by a
two-step method combined electrodeposition with aqueous
chemical growth by Xu et al.®In addition, hydrated tungsten
trioxide with various hierarchical architectures including flakes
architectures on conductive substrate has been
successfully fabricated by a zinc substrate-induced method.”
Self-assembly of K,WO; nanosheet consisting of superfine
nanowires was synthesized by Jia et al?? via a vapor-solid
mechanism in ambient air with W foil as W source. There is no

zinc

doubt that direct fabrication of hierarchical structures on
conductive substrates is gaining increasing attention.

Herein, we for the first time have synthesized a hierarchical
self-assembly of WO; nanorod/nanosheet on the FTO
substrate by a simple solvothermal growth and annealing
route. The mechanism for formation of the 3D hydrated
tungsten trioxide architectures was explored and the
photoelectrochemical performance of the obtained
hierarchical WO; was evaluated.

2. Experimental
2.1 Methods

Similar to our previous report23, tungstic acid precursor
solution was prepared by dissolving 2.5 g of H,WO, into a
mixed-solution containing 50 mL H,0 and 50mL 30 wt % H,0,
and then heated at 98 °C in a water bath with stirring. The
resulting clear solution was diluted using deionized water to
100 mL with a molar concentration of 0.1M. In a typical
process, 2.0 mmol ammonium oxalates were dissolved into
50ml mixed-solvent containing 30ml ethanol and 20ml
deionized water under vigorous stirring; then the concentrated
hydrochloric acid was applied to adjust the acidity of precursor

CrystEngComm | 1



HEEerystEnagComn. 2l

Paper

solution and 5ml prepared tungstic acid precursor with
concentration of 0.1M as added to the reaction solution. After
30min’s stirring, the obtained homogeneous solution was
transferred into a Teflon-lined stainless steel autoclave.
Subsequently, a FTO-glass substrate (coated with a WO; seed
layer) was obliquely placed against on the inner wall of Teflon-
lined and completely immersed in solution. Then, the Teflon-
lined stainless steel autoclave was sealed and placed in an
oven which was maintained at 200°C for 5h. After the
autoclave was cooled down naturally to room temperature,
the substrate was taken out and rinsed with deionized water
and ethanol and then dried in air at room temperature. The as-
prepared samples were further annealed at 400°C, 500°C or
600°C in air for 2h with a heating rate of 3.3°C /min and the
final obtained products were labeled as W400, W500 and
W600, respectively.

2.2 Characterization

The morphological, structural and optical properties of the
hierarchical WO5(H,0), and WOj; films were characterized by
X-ray diffraction technique (XRD, CuK, , 40KV, 40mA,
PANalytical Corp), scanning electron microscope (SEM, model
JSM-7800F) and transmission electron microscope(TEM, FEI
Tecnai G2 F30), UV-Vis spectrophotometer (HITACHI U-4100)
and thermal analyzer (STA 449C). Photocurrent densities were
measured by a CHI 760D scanning potentiostat (CH
Instruments). The scanning rate was 10mV/s, and the scanning
direction was from low to high potential. A 500W xenon lamp
coupled with an AM1.5 filter was used as the light source. The
light intensity was set at 100mW/cm?. The
photoelectrochemical testing system in this paper was
examined using three-electrode cells (Pt/(Ag/AgCl)/WO;-FTO),
WO; films grown on FTO substrate was used as working
electrode; platinum and Ag/AgCl electrode were used as
counter and reference electrodes, respectively. 0.5M Na,SO,
aqueous solution was taken as electrolyte.

3. Results and discussion

Fig.1 Top-view and Cross-sectional view SEM images of as-prepared hierarchical
WO3(H,0)x (a, b) and W500 (c, d) samples. The digital picture of W500 sample (2

cm x 4 cm) is shown in the up right corner of (d).
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Fig.1a-d show the SEM top-views and cross-views of the as-
prepared hierarchical WO3(H,0), and its corresponding
hierarchical WO3; nanostructure (W500) after annealing at
500°C for 2h under air atmosphere. Clearly, the as-prepared
WOj3(H,0), hierarchical architectures were constructed of
triangular sheet with side lengths of ~6-7um and thickness of
~150 nm and flat plates with thickness of 20nm and length of
~100-500nm as branches attached on the sheet with an angle
of ~72°(the inset of Fig.1b). After calcinations, the smooth
sheet surface turn rough and the flat sticks on the sheet were
transformed to rods according to the magnified SEM images
(the inset of Fig.1a and 1c), indicating a partial morphological
change during the WO;(H,0), decomposition.

The hierarchical morphology was further analyzed by TEM.
Fig.2a shows a low-magnification transmission electron
microscopy (TEM) image of an as-prepared WO;(H,0), flake,
which demonstrated a typical hierarchical architectures
consisted of triangular sheet and flat sticks attached on the
sheet, forming an integrated nanorod-nanosheet structure.
Close TEM observation (Fig.2b) of sheet edge (marked with
rectangle b in Fig.2a) reveals that the sheet was constructed
from parallel aggregated nanorods with diameter of ~15nm.
The HR-TEM analyses were carried out on the flat stick
(marked with rectangle c in Fig.2a) and the nanorod at the
edge region of sheet (marked with rectangle d in Fig.2b) as
shown in Fig.2c and Fig.2d respectively. A fringe spacing of
0.238nm can be attributed to (240) lattice plane in the flat
stick. The (002) lattice crystal plane with a fringe spacing of

Fig.2 Low-magnification TEM images (a and e) and high-resolution TEM images (b,
¢, d, fand g) of the pristine hierarchical WO3(H,0)x and W500 sample.

This journal is © The Royal Society of Chemistry 20xx
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Fig.3 Schematic illustration of (a) self-assembly growth process of sheet-like hierarchical hydrated tungsten trioxide;(b) view from c-axis showing how the nanorods

binding together; (c) profile atomic model of nanosheet; (d) profile atomic model of flat sticks as branches standing on the nanosheet.

0.385 nm indicates its growth direction along [002] for each
single rod in the nanosheets. Fig.2e shows the TEM image of
the obtained hierarchical WO3 nanostructures. It can be found
that the surface of the sheet became rugged and porous which
could be a result of dehydration and aggregation of nanorods
during process of calcinations. The high-resolution TEM images
in Fig.2f and Fig.2g revealed different crystallographic plane
orientations for the nanorod and sheet with lattice fringe of
0.262nm (202), 0.343nm (012) and 0.385 (002), indicating a
polycrystalline nature of hierarchical WO; structure with high
crystalline quality.

The plausible formation process of hierarchical WO3(H,0),
structure is shown schematically in Fig.3a. The beginning is
nucleating and initial growth of aligned nanorods along [002].
Further growth of more nanorods induces a subsequent
binding of nanorods, result in the formation of a sheet-like

W500: Monoclinic WO3

Ref.pattern: 01-083-0950

(111)

as-prepared WO3(H50),

Ref.pattern:01-072-0199

50 60 70 80

e

40
20/°

10 20 30

Fig.4 XRD patterns of the as-prepared hierarchical WO3(H,0)x and W500 samples.
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architecture. Fig.3b showed the atomic model for how the
nanorods binding together with a view from c-axis. Upon the
nanosheet flat sticks as branches grew along the [240]
direction, forming a typical angle of 72° between the
nanosheet and flat stick, as shown in Fig. 3d. The exposed
facet of the nanosheets and flat sticks are (240) and (114) facet,
respectively.

To further confirm the structure of the as-synthesized
pristine sample and corresponding hierarchical WO; nano-
structures after annealing, X-ray diffraction (XRD) patterns
were conducted and shown in Fig.4. All the peaks of the
pattern shown in the lower part of Fig.4 could be indexed to
the orthorhombic phase of tungsten trioxide hydrate (JCPDS
01-072-0199, a=7.3590, b=12.5130, c=7.7040) and a

1.4
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Fig.5 The photoelectrochemical performance of the as-prepared hierarchical
WO3(H,0), sample and the obtained W400, W500 and W600 samples.

CrystEngComm | 3



CrystEngComm
CrystEngComm
—— b CPE, CPE, than that of hexagonal WO; obtained by annealing
Eiweco m temperature of 400°C. The highest photocurrent density of
Ry 4 B 1.25mA/cm2 at 1.3V versus Ag/AgCl was obtained for 500°C
c 2 3 calcination sample (W500). Electrochemical impedance
samples R,(Q) R(Q)  Ry(Q) spectroscopy (EIS) measurements were carried out to study
W400 5848 11640 1559.00 the interface charge transport behaviour for the obtained WO;
o ﬁﬁﬂ ::;i :;fi Zf,j‘;g nanostructures (Fig.6). A smaller arc radius under illumination

0 100 200 300 400 500 600 700
Z'lohm

Fig.6 Electrochemical impedance spectroscopy of the WO; photoanodes
measured at 0.5 V (vs. Ag/AgCl) in 0.5 M Na,SO, solution. (a) Nyquist plots of the
measured (plot) and fitted (line) impedance spectra. (b) The equivalent circuit for
the photoanodes. (c) The fitted values of EIS parameters derived using the

equivalent circuit model.

monoclinic structure (JCPDS 01-083-0950, a=7.3008, b
=7.5389, ¢ =7.6896, B = 90.8920°) was obtained after annealing
the as-prepared sample at 500 °C, which was shown in the
upper part of Fig.4. The TG-DSC plot recorded for the as-
prepared hierarchical WO3(H,0), under air atmosphere at a
heating rate of 10°C/min was shown in Fig.S1. The first weight
loss of ~1.2% at around 300 °C is attributed to the loss of
structural water in the WO; hydrate. Two following sharp
weight losses of ~1.6% and ~1.0% at range 300 from 440°C
and 440 from 500°C, respectively, with a increasing velocity
could be due to the departure of residual NH," incorporated in
the WO3(H,0), phase, and further release of H,0.

To further investigate the influence of annealing
temperature on the phase transformation of hydrated
tungsten oxide and their photoelectrochemical performance,
XRD, Raman spectra and electrochemical impedance
spectroscopy (EIS) behaviours for samples obtained by
annealing the as-prepared hydrated tungsten oxide at
different temperatures were measured. Different from that
annealed at 500°C, a lower annealing temperature of 400°C
resulted in a hexagonal (h-WQO3) phase with the same
hierarchical structures as the unanealed sample and a higher
temperature of 600°C gives a monoclinic (m-WQj3) phase and
a morphology of WOj3 sheet with branches collapsed, as shown
in Fig.S2 and Fig.S3. The Raman spectroscopy of as-prepared
WO0;3(H,0), and the obtained hexagonal and monoclinic WO;
annealed at different temperature were performed and shown
in Fig.S4. The weak peaks at 686, 796 and 912cm™ for the as-
prepared sample can attributed to the characteristic peaks of
WO;(H,0),. After calcinations at 400°C, clear peaks at 248, 686
and 812 cm™ were observed, which indicating a hexagonal
WO; phase. With the increase of annealing temperature to
500°C and 600°C, characteristic peaks for the monoclinic WO;
phase24 at 128, 267, 321, 713 and 802 cm™ were observed.

Fig.5 displays the photoelectrochemical performance of the
as-prepared hierarchical sample and W400, W500 and W600
samples obtained by annealing at different temperatures:
400°C, 500°C and 600°C, respectively. There is no
photocurrent response for the as-prepared WO3(H,0), and
photocurrent response are significantly enhanced after
annealed. The monoclinic WO; showed a better PEC activity

4 | CrystEngComm

was found for the sample W500 as compared to the W400 and
W600 (Fig.6a), indicating a fast interfacial charge transfer and
this is in accordance with different photocurrent performances
of the three samples. Which reflected by the minimum fitted
values of R (Fig.6c) calculated using the equivalent circuit
model shown in Fig.6b.

The growth behaviour of the hierarchical WO;3(H,0), and
corresponding WO; was influenced by the experimental
parameters used. Two of the most important factors for
formation of hierarchical structures were found to be the
acidity of precursor solution and the amount of capping agent
in precursor solution. Fig.S5 shows the SEM images the WO;
samples obtained with different volumes (2ml-8ml) of
concentrated hydrochloric acid added in the precursor and all
the samples have been annealed with 500°C under air
condition. It can be seen that only the sample synthesized with
4ml HCI solution added possesses hierarchical architectures
composed of sheet and nanorods as branches. With 2ml HCI
solution added in the precursor, nanograins with diameter of
~150nm were grown. While with 6ml or 8ml HCl solution
added, small double-layer nanoflakes array with width of
500nm and thickness of 100nm were formed. All of these
three types of WO; structure showed a lower photocurrent
compared to the hierarchical WO; grown with 4ml HCI solution
added as shown in Fig.S6. The amount of capping agent in
precursor has been adjusted to disclose the effect of capping
agent amount on the morphology of the obtained WO;
structures. Fig.S7 shows the SEM images the WO; samples
obtained with different amount of capping agent of (a)
0.5mmol, (b) 1.0mmol, (c) 2.0mmol or (d) 3.0mmol added in
the precursor. (All the samples have been annealed with 500°C
under air condition). It was found that only with 2.0mmol
capping agent added into the precursor hierarchical WO;
structure can be obtained. When the capping agent was
increased to 3.0mmol, irregular WO; wires/flakes were
deposited. Notablely, when with 1.0mmol or 0.5mmol capping
agent was added in precursor for solvothermal synthesis, rod-
like WO; array was fabricated. The PEC performance shown in
Fig.S8 indicated that similar photocurrents were obtained for
samples with more than 0.5mmol capping agent added in the
precursor.

4. Conclusions

In summary, a novel hierarchical WO;3(H,0), structure,
constructed with nanosheet as stem and plate-like nanorods
as branches, was synthesized with a simple solvothermal
method. Detailed investigation of its structural and
morphological properties indicates that the growth

mechanism is a self-assembly attachment process of fine

This journal is © The Royal Society of Chemistry 20xx
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nanorods onto nanosheets along [240] direction. With a
heating treatment under air atmosphere, preserved triangular
hierarchical WO; structures were obtained. Annealing at
different temperatures was carried out to witness a phase
transformation from orthorhombic tungsten trioxide hydrate
to hexagonal WO; at 400°C and finally to monoclinic WO; at
500°C. The experimental parameters of acidity of precursor
and amount of capping agent added in the precursor were
found exerting a strong effect on the growth of hierarchical
WOj; architectures.
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