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In this letter, we report a novel hierarchically structured
WO3-0.33H,0 “snowflakes” that were successfully synthesized
by a template-free and microwave-assisted hydrothermal method
for the first time. Combining the characterization results and its
crystal structure together reveals the WO5-0.33H,0 particles
have an oriented growth along six equivalent (100) directions in
(001) plane to form the novel snowflakelike microstructure,
which is significantly different from the sample prepared at
conventional hydrothermal conditions. Moreover, microwave
heating is considered to accelerate the oriented crystal growth
along (100) directions.

Hierarchical nanostructured materials with specific sizes and
shapes have attracted great interests in various fields over recent
decades. Syntheses of hierarchically assembled nanostructures,
including nanowires,'? nanosponges,® nanorods,*> and nano-
sheets,® are believed to be one of the most promising aspects of
nanoscience due to their vast potential applications. Thus, a
number of methods have been used for the assembly of many
low-dimensional nanostructured materials to obtain controlled
morphologies, architectures, and sizes, such as ZnO,” Al,03,
CuS,’ Fe,03,'% and WO3,'! However, as the difficulties in crystal
nucleation and crystallization remain, it is still of great
significance to synthesize the 3D architectures from nanobuild-
ing blocks.

Recently, tungsten oxide hydrates (WO3-nH,0, n = 0-2)
are of particular interest in various fields such as supercapaci-
tors,'? gas sensors,'? photocatalysts,'* electrochromic devices,'”
and solar energy devices.'® Among these applications, WO;-
nH,0 crystallites with controlled morphology, especially with
hierarchical structures, showed profound significance due to
their novel three-dimensional microstructures.!”° Nevertheless,
“soft” templates or “hard” templates are often necessary to
maintain the specific architectures, resulting in problems of
contamination in the particles and the economical efficiency
of practical applications. Thus, research on the synthesis of
tungsten oxide hydrates by template-free methods has made
great achievements'>!72! but still have deficiencies in acquiring
controlled morphologies, which involves either long reactions
times, 192! extremely poisonous starting materials,'” or ex-
pensive W sources like WClg!® and W(CO).!” Peroxo-poly-
tungstic acid is a tungsten-based water-soluble precursor, which
can be obtained by simply mixing tungsten powder and
hydrogen peroxide solutions together. This acid has been found
to prepare nanosized tungsten oxide hydrate materials before,?’
but few reports of microwave-irradiated synthesis using this acid
have been published yet.
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Microwave-assisted hydrothermal method has been consid-
ered a good approach to synthesize tungsten oxide hydrate
particles. Many researchers have reported this method recent-
ly,2%* introducing a facile, clean, and low-cost approach to
synthesize tungsten oxide hydrates in liquid phases. However,
few of their results exhibit well-defined shapes and uniform
morphologies. This could be attributed to the difficulties in
controlling the simultaneous growth of the crystal, which is
extremely accelerated by the microwave heating.?> Therefore,
syntheses of well-shaped WO3;-nH,0 particles by microwave-
assisted hydrothermal method, especially without any additives,
is expected to widely facilitate the utilization of tungsten oxide
hydrates in various applications. In this paper, we report a
template-free and microwave-assisted hydrothermal synthesis
of hierarchically structured WO5-0.33H,0 particles with well-
defined snowflakelike shapes. Peroxo-polytungstic acid was first
used as precursor under microwave-assisted conditions to obtain
uniformly shaped tungsten oxide hydrate particles. An explan-
ation of the interesting morphology is given according to the
crystal structure and microwave-assisted growth habits of
crystalline WO;3-0.33H,0.

The WO;5-0.33H,0 snowflakelike particles were synthe-
sized by a microwave-assisted hydrothermal reaction using
peroxo-polytungstic acid as precursor. In a typical synthesis,
finely powdered tungsten (4 g) was slowly added to hydrogen
peroxide (20mL, 30wt %) in a cold water bath (10°C) to
stabilize the reaction temperature below 40 °C. This produced a
clear and colorless peroxo-polytungstic acid solution.

The as-synthesized solution was then diluted with deionized
water to obtain a tungsten concentration of 0.127 molL~!. The
diluted solution was then transferred into a Teflon-lined
autoclave (100 mL, filling ratio 60%), the autoclave was treated
at 180°C for 60 min under the temperature-controlled mode of
a MDS-8 microwave-assisted hydrothermal (MH) system
(Shanghai Sineo Microwave Chemistry Technology Co., Ltd.
(China)). The operating power was set to 300 W; heating from
room temperature to 180 °C took 15min, and then the temper-
ature was maintained for one hour. Afterward, the as-prepared
white precipitates were isolated by centrifugation and washed
with absolute ethanol (20mL) four times. Finally, the white
precipitates were dried at 40 °C in a drying cabinet for 1 h.

The sample phase was characterized via X-ray powder
diffraction (XRD) on a D/MAX-2200PC X-ray diffractometer
(Rigaku, Japan) with CuKa radiation (4 = 0.15406 nm) at a
scanning rate of 8°min~' in the 20 range from 5 to 70°. The
XRD peak intensities were measured by using Jade 5 software to
calculate the relative intensity between peaks. A JSM-6700F
field-emission scanning electron microscope was used for field
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Figure 1. XRD pattern (a) and FESEM images (b, c) of the WO3-0.33H,0 particles by microwave hydrothermal treatment (Inset in

Figure 1b is the size distribution of 46 particles in Figure 1b).

emission scanning electron microscopic (FESEM) images.
Transmission electron microscopic (TEM) images, high-resolu-
tion transmission electron microscopic (HRTEM) images, and
selected area electron diffractions (SAED) were taken on a JEM-
3010 high-resolution transmission electron microscope operated
at 300kV.

The as-prepared particles are shown by powder XRD pattern
(Figure 1a) to consist of the pure orthorhombic WO3-0.33H,0
phase with a space group of Fmm?2 (Joint Committee on Powder
Diffraction Standards, JCPDS Card No. 87-1203). Comparing
XRD pattern in JCPDS Card No. 87-1203 to the obtained
pattern from the product indicates the relative intensity of the
200 peak to 020 peak increases from 0.26 (JCPDS card) to 0.63
(sample), implying a preferential growth along the [100]
direction.

The typical FESEM images of the as-prepared orthorhombic
WO3-:0.33H,0 powders are shown in Figures 1b and lc. The
low-magnification image in Figure 1b shows that the product
consists almost entirely of hexagonal snowflakelike shape with
an average size of ca. 1.95 um. This indicates the high yield and
good uniformity achieved with microwave-assisted approach.
The magnified image in Figure 1c shows the morphology of a
snowflake growing in six hexasymmetric directions. It presents a
clear and well-defined snowflakelike structure with multilayered
branches consisting intersection angles of 60°.

Detailed information of this hierarchical structure is shown
in Figure 2. The TEM image in Figure 2a shows a typical
particle that has a similar hexagonal outline to the particles in
FESEM images. It exhibits various shades on the edge of the
particle that suggest a multilayer structure with several thin
sheets in the “snowflake.” For further structural characterization,
the HRTEM image and the related fast Fourier transformation
pattern were taken from one of the sheets in Figure 2a, as shown
in Figure 2b. They all exhibit clear lattice fringes that suggest
the sheet has a single-crystal structure. The interplanar distances
of 0.63 nm between adjacent lattice planes are accord with the
distance between two (020) crystal planes. The SAED pattern
(Figure 2c) taken from Figure 2b shows the [001] zone axis with
diffraction spots along the [010] and [310] directions. This
reveals that the sheet is exposed with (110), (001), (110), and
(010) faces and that it has a preferential growth along the [100]
direction, which corresponds to the XRD results. Furthermore,
combining the FESEM and HRTEM results together reveals the
multilayered sheets are oriented along [001] with branchlike
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Figure 2. TEM, HRTEM, and SAED results of one hexagonal
snowflakelike particle: (a) TEM image of a hexagonal snow-
flakelike particle, (b) HRTEM image recorded on the marked
edge of the particle in Figure 2a (Inset: a calculated FFT pattern
from the selected area), (c) SAED pattern of the sheet-
like structure in (b), and (d) illustration of the branchlike
structures.

structure growing along [100], [110], and [110] directions. Thus,
the snowflakelike structures are resulting from the growth
along six directions, +[100], +[110], and £[110], to form a
hexagonally shaped outline (Figure 2d).

The crystal structure of WO3-0.33H,0 is thought to be a
fundamental factor to maintain the snowflakelike microstructure
in this research. In the WO;-0.33H,0 crystal structure, [WOg]
octahedra are connected by corner sharing to form an infinite
layer in {001} planes. This layer is presented by the graphical
representation of the projection along [001] direction in
Figure 3a. The projection exhibits three equivalent interplanar
distances in the (001) plane in Figure 3b, suggesting a
hexasymmetric structure with six equivalent directions of
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Figure 3. Schematic illustration of the hexasymmetric ortho-
rhombic WO3-0.33H,0 structure viewing along [001] (each
small tetragon stands for a [WOQg] octahedra): (a) Standard
layout of the WO3-0.33H,0 structure with a unit cell marked by
the rectangle. (b) WO3-0.33H,0 structure with three equivalent
interplanar spaces. (c) Schematic view of snowflakelike structure
with preferential growth in three directions. (d) The illustration
of the WO5:0.33H,0 crystal growth of one nanosheet in the
“snowflake” (Inset in Figure 3d: A snowflakelike particle with
several edge-marked nanosheets).

(100) in the (001) plane. If the crystal growth along (100)
directions initiates faster than (010) and (001) directions, a
hexasymmetric shape would form in the (001) plane, as is shown
in Figure 3c. This hexasymmetric structure will grow at various
positions when the origin site and initial time of crystal growth
differs, which would form hierarchical branching structures
along six equivalent (100) directions.

As for why the growth along six crystallographic (100)
directions is faster than other directions, the discussions of the
crystal growth habits and the microwave heating method are
necessary. It is well known that under equilibrium conditions,
crystal growth along the direction perpendicular to the face with
the highest surface energy possesses the fastest growth rate,
leading to an elimination of faces with higher surface free
energy and exposure of the lower-energy faces.”® In the
orthorhombic WO;-0.33H,0 structure, the surface energy of
different faces have the order of {100} > {010} > {001}.2° This
results in the fastest and slowest crystal growth along [100] and
[001] direction, respectively, as is shown in Figure 3d. How-
ever, note that such morphology was not maintained under the
same condition by conventional hydrothermal method.? There-
fore, microwave heating is believed to be an essential factor for
the formation of the “snowflakes.” It may further accelerates the
crystal growth along (100) directions and finally maintains the
snowflakelike WO3-0.33H,0 particles. This deduction consists
well with our previous research,?’ in which the key role of the
microwave heating is highlighted to explain the evolution of the
complex ZnO morphologies. Likewise, the snowflakelike
structure of the orthorhombic WOj3-0.33H,0 particles in this
research could be attribute to the irradiation of microwave
though the specific mechanism of microwave heating needs
more research in the future.
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In summary, we have successfully synthesized regularly
shaped snowflakelike WO3-0.33H,0 particles by using peroxo-
polytungstic acid under a microwave-assisted hydrothermal
condition. It is found that besides the intrinsic crystal nature of
the WO;3-0.33H,0 particles, microwave heating also plays an
important role to form the multilayered snowflakelike micro-
structures, indicating that the microwave heating may have
special influences on the crystal growth of the particles under
hydrothermal conditions. Our research provides a facile,
template-free approach for the synthesis of hierarchically
structured crystal of tungsten oxide hydrates at low temperature
with short reaction time. This approach may be applicable in
large-scale and green syntheses of various tungsten oxide
hydrates and other oxide materials that requiring well-defined
shapes and hierarchical structures through facile processes.
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