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Facile synthesis of WO3'H,0O square nanoplates
via a mild aging of ion-exchanged precursor
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A facile method to synthesize WO;-H,0O square nanoplates via a mild aging (50°C) of ion-exchanged precursor was developed.
The ion-exchanged precursor was prepared by passing the sodium tungstate solution (Na,WQ,) through a protonated cation-
exchange resin, and used as impurity-free acidified solution (H;WOy) for synthesizing WO3-H,O nanoplates. No shape-directing
additive was employed. It was observed that the yellow particles were precipitated under aging at 50°C. After aging for 8 h, the
precipitated particles were characterized as the WO;-H,O nanoplates, and their morphological evolution to square platelet
proceeded with an increase of aging time. After aging for 24 h, the WO;-H,O square nanoplates were predominantly synthesized.
The square nanoplates consisted of a few or several stacked thin layers (thickness, ~10 nm/layer), and provided the well-defined
{010} facet for two dominantly exposed surfaces and {101} side facets. Their lateral dimension reached several hundreds of
nanometers. It is thus demonstrated that the mild aging (50°C) of the ion-exchanged precursor is a simple and impurity-free
synthetic route for WO3-H,0O square nanoplates. In addition, the monoclinic WO; nanoplates were successfully obtained by

dehydration-induced topochemical transformation of the WO;5-H,O nanoplates.
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1. Introduction

Tungsten hydrous oxides (WO3nH,0) are the term applied
to various solids precipitated by strong acids from a sodium
tungstate solution (Na,WOy); different crystalline structures as
well as morphologies may occur, depending on the processing
conditions.” Recently, synthetic strategy for nanostructures of
WO;-nH,0 and their dehydrated WO; has been a focused subject
due to the interest in both fundamental science and technological
applications.? Among various nanostructures, two-dimensional
nanoplates have received much attention, because the nanoplates
not only can provide active sites for catalysis and sensors>"
but also can be used as building blocks to construct complex
nanostructures.? To date, hydrothermal treatment of the acidified
precursor with assistance of shape-directing additives has been
widely investigated for synthesizing the nanoplates.”-*'2 How-
ever, under the utilization of the acidified precursor, the unavoid-
ably contaminated cations such as Na* in the final products may
result in negative effects on the performances of materials.'3-4)

An ion-exchanged precursor is an alternative acidified pre-
cursor,’” which is prepared by acidification only through a
protonated cation-exchange resin. It contains intrinsically negli-
gible amount of by-product ions such as Na' and Cl-, and
therefore can be used as impurity-free precursor.'®>!” It can be
also expected that the crystalline WO5;-nH,0 such as WO;-2H,0
and WO5;-H,O would be formed with platelet-morphologies,
according to the two-dimensional condensation reaction in the
acidified solution (HyWOy).">1819 Nevertheless, there are only
a few papers reported on the formation of WO3-nH,0 nanoplates
in the ion-exchanged precursor. Choi et al.'” reported that the
ion-exchanged precursor became rapidly turbid, then a gel was
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formed and transformed into precipitated WO;3-2H,0O nanoparti-
cles (about 30 nm in diameter) after three days at room temper-
ature. They found that the precipitates further grew up to be
nanoplate morphology by the post-treatments of centrifuging,?”
ultrasonic agitation'” and mixing polyethylene glycol as a shape-
director additive.?) However, their process needs long route
to obtain the nanoplates, and the effect of the process conditions
on the morphological evolution has still remained unclear. On
the other hand, the hydrothermal treatment (>100°C) promoted
rather one-dimensional products like nanorods.?? To our knowl-
edge, there have been few efforts to investigate the effect of inter-
mediate or mild aging condition on morphology and structure of
WO;-nH,0 precipitated in the ion-exchanged precursor.

In this paper, we present a facile and one-pot route to syn-
thesize the square nanoplates of tungsten monohydrous oxide
(WO3-H,0) via a mild aging of the ion-exchanged precursor at
50°C, without any shape-directing additives. We expect that the
synthetic strategy with such a low temperature will receive some
benefits as inexpensive and versatile techniques. By using this
route, the effect of aging time on the morphological and structural
evolution of WO3-H,O nanoplates was investigated. In addition,
the WO3H,0 nanoplates were converted to WO; particles by
annealing, and their morphology and structure were evaluated.

2. Experimental

2.1 Materials

Sodium tungstate dehydrate (Na, WO42H,0, >99%) was pur-
chased from Kanto Chemicals Co. (Japan) and were used without
further purification. Strong acid type of Diaion PK228LH cation
exchange resin (ion-exchange capacity >2.05 meq/ml) was sup-
plied from Mitsubishi Chemical Co. (Japan). Deionized water
(18.2M Qcm) from Sartorius-arium® 61316 system (Germany)
was used throughout the experiments.
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A glass column with height of 150 mm and 24.6 mm in diam-
eter was used for the ion-exchange process. The glass column
was packed with 30 mL of the ion-exchange resin, and then 10
mL of water was passed through the column to wash the resin.
This washing step was repeated five times before the experiment.

2.2 Sample preparations

0.5M Na,WO4 solution was prepared by dissolving Na, WOy
2H,0 powder into deionized water. Then, a 10 mL of the solution
was loaded on the glass column, and the acidified tungstic acid
(H,WO,) solution was recovered from the column by elution
with deionized water. The resulting HyWO, solution was yellow-
ish and transparent. The concentration of HyWO,4 was determined
to be 0.23M by X-ray fluorescence spectroscopy (EDX-800,
Shimazu, Japan).

The solution was aged at 50°C by employing four different
aging times of 8, 16, 24 and 168 h. No additive was used in this
experiment. After aging, the precipitated powder was collected
for morphological and structural examinations. Furthermore,
WOj3; nanoparticles were synthesized by annealing the WO5-H,O
samples at 350°C in air for 1h.

2.3 Characterizations

The crystallographic phase of the samples was determined
by powder X-ray diffraction (XRD; Ultima IV, Rigaku, Japan,
Cu-Ko radiation). Their morphology were examined by scanning
electron microscopy (SEM; JSM 6010LA, JEOL, Japan) and
atomic force microscopy (AFM; NanoNavi Station, SII, Japan).
Their microstructures were also observed by transmission elec-
tron microscopy (TEM; JEM-2100F, JEOL, Japan). The weight
loss of the precipitate was measured by a thermogravimetric
analysis (TG; TG/DTA 6200, SII, Japan). The structural prop-
erty of WO; obtained by annealing the WO;-H,O sample was
evaluated by XRD and TEM analyses.

3. Results and discussion
3.1 Synthesis of WO3-H,0O square nanoplates

Under aging the ion-exchanged precursor at 50°C, the yellow
precipitate was observed at the bottom of solution. Figure 1

shows the XRD patterns of the precipitates obtained after aging
times of 8, 16, 24, and 168 h. All peaks in the four XRD patterns
were indexed to the orthorhombic WO;-H,O phase with space
group of Pmnb (62) and lattice parameters a = 5.2380A, b =
10.7040 A, ¢=5.1200A (ICDD Card No. 00-043-0679). No
secondary phase was detected for all samples. It should be noted
that the intensity ratio of (020) to (111) reflection peaks increased
with an increase of the aging time, suggesting that the products
show a preferential orientation of the (020) crystal plane.
Figure 2 shows the SEM images of the WO;-H,O samples
obtained after aging time of 8, 16, 24 and 168h. It is revealed
that all samples are composed of a large quantity of nanoplates.
The size of the nanoplates did not significantly increase with an
increase of aging time, even after prolonging aging time to 168 h
and it was of several hundreds of nanometers. On the other
hand, the morphology of the particles changes from relatively
round shape (8h) to square shape with increase of aging time.
The present observation indicates that the aging time plays an
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Fig. 1.  XRD patterns of as-prepared tungsten oxide aged at 50°C for
(a) 8h (b) 16h (c) 24 h (d) 168h [all peaks can be indexed to WO;-H,0O
(ICDD No. 00-043-0679)].

Fig. 2. SEM images of WO53-H,0 nanoplates aged at 50°C for (a) 8h (b) 16h (c) 24h (d) 168h.
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Fig. 3. (a) TEM images of WO3-H,0 nanoplates (b, c) TEM image of
WO;-H,0 nanoplate and its corresponding SAED pattern, with crystalline
model of the nanoplate (d, e) magnified TEM images of the edge of
‘WO5-H,0 nanoplates.

important role on the formation of WO;-H,0O square nanoplates,
and a suitable reaction time was 24 h and more.

Figure 3(a) show a typical TEM image of the square nano-
plates obtained after ageing time of 24 h. The square nanoplates
were clearly observed from the TEM image. The lateral dimen-
sion of the nanoplates reached several hundreds of nanometers.
Figure 3(b) is a typical set of TEM image and the corresponding
SAED pattern. All other nanoplates also showed the identical
SAED pattern which can be assigned to a phase of single crys-
talline of the orthorhombic WO3-H,0O located along the [010]
zone axis, revealing that it provides the well-defined {010} facet
for two dominantly exposed surfaces. In addition, the [101] and
[101] directions are almost perpendicular to adjacent sides of
the square nanoplates, indicating the nanoplates are enclosed by
{101} facets on four sides. From these observations, it can be
concluded that the WO5-H,O precipitated grows preferentially
along to {010} plane and eventually is enclosed by {101} side
facets to form square platelets under aging at 50°C. Figures 3(b)
and 3(c) shows higher magnified images of the WO;-H,0
nanoplates. It can be seen that these nanoplates are not mono-
layer, but consisted of a few or several stacked nanosheets.

Figures 4(a) and 4(b) show an AFM image of a WO5-H,0
nanoplate and the cross-sectional profile corresponds to the line
drawn in (a), respectively. The observed topographical feature
along the line suggests that the at least three thin layers stacked
and each layer is of around 10 nm in thickness.
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Fig. 4. (a) AFM image of a WO5-H,0 nanoplate (b) Height profile
along “line 1” in (a).

In this study, we focused on the mild aging for controll-
ing morphology and structure of the precipitates in the ion-
exchanged precursor, and demonstrated that the WO;-H,O square
nanoplates were successfully synthesized. In the previous stud-
ies, the precipitates were often obtained under aging at room
temperature'>!”) and they were identified as WO3-2H,O. Their
morphology was not well-developed nanoplates (nanoparticles)
even after aging for three days,!” indicating that the crystal
growth did not efficiently proceeded under room temperature.
On the other hand, hydrothermal treatment (180°C for 24 h)
promoted rather one-dimensional crystal growth, resulting in the
hexagonal WO; and WO5+1/3H,0 with nanorod morphology.??
It is thus proven that the present aging temperature is adequate to
synthesize the WO5-H,O square nanoplate in the impurity-free
acidified precursor.

Since the present ion-exchanged precursor contained negligible
amount of impurity-ions and no shape-directing additives, i.e.,
contained no extra species which may influence crystal growth,
the observed preferential growth of WO;-H,O along to {010}
plane can be explained from the intrinsic growth habit of WOj3-
H,0 as follows: at the initial period of aging, the intermediate
[WO(OH)4(OH),] are formed in acidified solution (H,WQ,4),”!%
where one water molecule is bonded along to the b-axis opposite
to the W=0 bond while the four OH groups are in the equa-
torial a-c plane. Then, the intermediates condense to form a
[WOs(OH,;)] octahedral layer through oxolation reaction along
to the equivalent a- and c- directions, i.e., along to {010}
plane.'>'®) The [WOs5(OH,)] octahedral layers are bonded to
each other by hydrogen bonds between the terminal oxygen and
coordinated water molecules in neighboring layers, leading to the
formation of a layered and platelet WO;-H,O structure. From the
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Fig. 5. TGA curve of WO;-H,O nanoplates.
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Fig. 6. XRD pattern of WO; nanoplates after annealing at 350°C for
1h [all peaks can be indexed to monoclinic WO3; (ICDD No. 01-072-
0677)].

above consideration, the present aging temperature definitely
promotes the two-dimensional oxolation reaction, i.e., extending
[WO5(OH,)] octahedral layer which cause the formation nano-
platelets. However, the detailed mechanism of formation of the
WO;-H,0 square nanoplates needs to be further explored.

3.2 Dehydration behavior of WO3H,O square

nanoplates

Figure 5 shows the weight loss behavior of the WO;3;-H,O
nanoplates for temperatures from 25 and 500°C measured by
TGA. From the figure, it is clear that the WO;-H,O nanoplates
had an obvious weight loss around 200°C. The amount of the
structural water of the precipitate can be calculated from the
weight loss difference between 150 and 500°C, with taking
account of physically adsorbed water. As a result, it corresponded
to about 1H,O per mole of WOs;.

Figure 6 shows the XRD pattern of the annealed sample. All
XRD peaks were indexed to monoclinic WO3 phase (ICDD Card
No. 01-072-0677). Figures 7(a) and 7(b) show a typical TEM
image and its corresponding SAED pattern of one of the annealed
WOs;. As shown in the figure, the WO; square nanoplate was
formed from the WO;-H,O nanoplate without obvious morpho-
logical change. In the corresponding SAED pattern, the uniform,
wide and ordered diffraction spots can be assigned to a phase of
single-crystal monoclinic WOj5 located along the [001] zone axis.
Since the WOj; nanoplate is lying flat on the TEM grid, the
thickness of the WO; nanoplate is definitely the [001] direction.
[100] and [010] directions are almost perpendicular to adjacent
sides of the square. These observations reveal that the dehydrated
WO; square nanoplate provides the well-defined {001} facet
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Fig. 7. (a, b) TEM image of WO; nanoplate and its corresponding
SAED pattern, with crystalline model of the nanoplate (c) HRTEM image
of WO; nanoplate.

for two dominantly exposed surfaces with {100} and {010} side
facets.

Figure 7(c) shows HRTEM image of the edge of the WO;
nanoplate. The clear two dimensional ordered lattice fringe
means that the obtained WOj; nanoplate is a single crystal.
The interplanar distance values of 0.364 and 0.376nm can be
assigned to the (200) and (020) crystal planes of monoclinic
WO;, respectively.

During the annealing, the coordinated water molecules
between the [WOs(OH,)] octahedral layers in WO;-H,O nano-
plates were driven out to stabilize the system three-dimensionally
and monoclinic WO; began to form. The morphology of square
nanoplate could be maintained during the dehydration process,
which is considered to be a topotactic process. The structural
evolution of [010] oriented WO3-H,O nanoplates to [001] ori-
ented WO; nanoplates can be simply explained by the crystallo-
graphic topotaxy, based on their similarity of the W-O octahedral
layers in both WO5-H,0 and WO;.!D

4. Conclusions

We have investigated the effect of mild aging (50°C) on the
morphology and structure of WO;-nH,O precipitated in the ion-
exchanged precursor without any shape-directing additives, and
found that the WO;3-H,O square nanoplates can be synthesized
for 24h. The nanoplates consisted of stacked thin nanosheet
(~10nm) which provided the well-defined {010} facet for
two dominantly exposed surfaces. The lateral dimension of the
nanoplates reached several hundreds of nanometers. In addition,
WO; nanoplates were successfully obtained by dehydration-
induced topochemical transformation of WO3-H,O nanoplates at
350°C in air. The obtained WO3-H,O square nanoplates and WO;
ones are expected for their wide applications such as sensors and
building blocks for constructing functional nanostructures.
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