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A high quantity of tungsten oxide nanosheets were synthesized by oxidizing tungsten plates
with potassium hydrate as the catalyst and tungsten plate as the substrate. The structural and
geometrical properties were characterized by various techniques. It was found that the
crystalline nanosheets have a WO; structure with thicknesses of 30—-50 nm and widths up to
tens of micrometers. There exist two characteristic acute angles of about 37° or 51° on the
nanosheet plane. The formation of these angles and the growth mechanism were discussed.

. INTRODUCTION

Tungsten oxide has attracted extensive attention over
the last decade because of its interesting electrochromic,
photochromic, and gaschromic properties. It has now
become a promising candidate of the transition metal
oxides that are widely used in industry applications,
especially in the applications of field emissions, electro-
chromic materials, and gas sensors.'™ Various tungsten
oxide nanostructures have been synthesized, such as
nanowires, nanotubes, nanonetworks, and nanorib-
bons.>™'> Among the synthesizing techniques, thermal
evaporation has been the most common one because of
its cheap apparatus, widely applicable materials, and
convenient operations. A useful approach in the thermal
evaporation technique is the use of potassium salts as a
catalyst. It was found that the existence of K element can
dramatically lower the synthesizing temperature from
1200 to ~2000 °C to around 600 °C."" Therefore, this
approach has been used to synthesize various tungsten
oxide nanostructures, such as nanoribbons and microwalls,
except for nanosheets in large scale.'®™" In this work, we
report a modified simple method for synthesizing highly
oriented nanosheets in large scale. This method involves
heating tungsten (W) metal with potassium hydrate
(KOH) in air via a two-stage heating process.12 The
obtained nanosheets were characterized by several tech-
niques and the characterization results were discussed.
The possible growth mechanism was also proposed.

Il. EXPERIMENTAL

A tungsten substrate with purity of 99.95% (Goodfel-
low, Hungtingdon, UK) and with a size of 5 mm x 5 mm
x 0.1 mm was ultrasonically cleaned consequentially in
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hydrochloric acid, deionized water, ethanol, and de-
ionized water again. It was then immersed into 10%
(wt%) KOH solution and heated up by a heating table.
When tiny KOH crystals began to appear on its surface,
after the solution boiled, the tungsten substrate was taken
out. It was then loaded into a horizontal quartz tube
mounted in a conventional horizontal tube furnace. The
furnace was then heated from room temperature to 390
°C at a ramping rate of 30 °C min~' and maintained at
this temperature for 1 h. The temperature was further
increased to 610 °C and kept at this temperature for 2 h.
Finally, the furnace was cooled freely down to room
temperature by turning off the heating power. During the
entire process, the quartz tube was kept to atmosphere. In
addition, samples were also prepared under other growth
conditions, such as different dipping times of KOH
pretreatment, growth temperature, and gas pressure.
After rinsing softly with deionized water the sample
was characterized by scanning electron microscopy
(SEM), energy dispersive x-ray (EDX), x-ray diffraction
(XRD), transmission electron microscopy (TEM), and
Raman scattering spectroscopy. SEM images were taken
by using a LEO 1530 Field Emission (Oberkochen,
Germany) SEM at 5 kV and the EDX was attached
to the SEM. XRD was taken on a Siemens (Huber,
Germany) D5000 advance x-ray diffractometer with a
20-angle range from 20° to 80°. High-resolution TEM
(HRTEM) images and a selected-area electron diffrac-
tion (SAED) pattern were obtained with TECNAI
(Eindhoven, The Netherlands) 20 using an accelerating
voltage of 200 kV. The Raman spectra were measured
by a Renishaw (Gloucestershire, UK) RM-1000 micro-
spectrometer with the 514-nm line of an Ar ion laser.

lll. RESULTS AND DISCUSSION

Figures 1(a)-1(d) are SEM images of a typical sample
at different magnifications, which show the morphology

© 2009 Materials Research Society 187



R. Hu et al.: Synthesis and characterization of nanocrystalline tungsten oxide nanosheets in large scale

of the resulted tungsten oxide nanosheets. The
nanosheets have thicknesses of 30~50 nm [Fig. 1(d)]
and widths up to tens of micrometers. A special feature
of these nanosheets is that they all have a characteristic
acute angle of about 37° or 51°, respectively. Another
phenomenon is that these nanosheets appear on both the
top and bottom surfaces of the tungsten substrate, but
their quantities on the top surface are a little bit larger
than that on the bottom surface. This phenomenon is
different from earlier reports in which tungsten oxide
appeared only on the top surface of the substrate.

Figure 2 shows the XRD spectra of the grown
nanosheets. All diffraction peaks in the spectrum, except
for the one at 73.33°, can be well indexed to the peaks of
the known primitive structure of tungsten oxide WOj;
with lattice constants ¢ = 0.7310 nm, b = 0.7524 nm,
¢ = 0.7685 nm, and B = 90.913° (JCPDS Card No. 83-
0949). The peak at 73.33° corresponds to the [211] di-
rection of tungsten substrate (JCPDS Card No. 04-0806).
Its appearance is due to the thin nanosheets that cannot
completely block the x-ray from reaching the substrate.
No peaks associated with other compounds were
detected, which implies the high purity of the grown
nanosheets. From the strong similarity of the two spectra
taken from the top surface [panel (a)] and from the
bottom surface [panel (b)], respectively, it is obvious
that almost identical nanosheets of tungsten oxide were
grown upwards and downwards. The strongest diffrac-
tion peaks (020), (040), and (060) in the spectra suggest

that [020] is one of the major growth directions of
the tungsten oxide nanosheets. The reason for the ab-
sence of (010) diffraction peak in the spectra is that the
20 scan angle in our measurement starts from 20°, which
is larger than the angle for the (010) peak to appear,
11.76°. Furthermore, the EDX spectrum (not displayed
here) showed that the grown sample contains only
elements K, W, and O with a molar ratio of 0.3:1:2.6.
While the K element could be from the residue catalyst,
the ratio of W to O, considering the accuracy of EDX it
is close to the suggested structure WOs;.

The HRTEM images with geometrical configuration
of the grown nanosheets are shown in Fig. 3. The inset
of Fig. 3(a) shows one of the two characteristic angles of
a typical nanosheet, and it is about 51°. In Fig. 3(b), the
plane spacings along (002) and (020) directions are
0.383 and 0.375 nm, respectively, which match the pa-
rameters of the structure of WOs. The TEM result to-
gether with the SAED pattern as an inset in Fig. 3(b)
suggest that [020] and [002] are two major growth direc-
tions for the nanosheet, which matches very well with
the XRD result.

The characteristic angles of 51° and 37° (not shown
here) suggest that there exists a third major growth di-
rection that forms either the characteristic angle of 51°
with the [002] surface or the angle of 37° with the [020]
surface. To derive the third growth direction, a TEM
image was chosen [Fig. 4(a)] to clearly show the
nanosheet boundary along the third direction. In the

FIG. 1. SEM images at different magnifications [panels (a)—(c)] with a thickness of 30 nm [panel (d)].
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figure, two straight lines were drawn along the [020] and
[002] directions, respectively, with the straight line
lengths intercepted by the boundary being marked as a
and b. It was found that the ratio a/b is 0.762. Taking
into account the plane spacings along [020] and [002],
the third growth direction is found to be [043]. Unfortu-
nately, there is no XRD peak associated with this direction
according to the XRD data base. The theoretical length
ratio of a/b is 0.766, very close to the measured value.
The exact values of the angles between [043] and the other
two major growth directions are 37.1° and 52.0°, respec-
tively, close to the observed angles. The detailed configu-
ration among the three growth directions are shown in
Fig. 4(b) with the dots representing lattice points.

Raman scattering spectroscopy was also used to in-
vestigate the grown tungsten oxide. The Raman spectra
shown in Fig. 5 were taken from both the top surface
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FIG. 2. XRD spectra of the sample: (a) from the top surface; (b) from
the bottom surface.

L W(211)

™
80

[panel (a)] and bottom surface [panel (b)] of the sample
with a conventional photon counting system. The two
spectra from the two surfaces of the sample are almost
the same except for the intensity. The two strongest
peaks at 810 and 720 cm ™' are assigned to the stretching
vibration of tungsten atom with neighboring oxygen
atoms [v(O-W-0)]. The peak at around 276 cm ™!
accounts for the bending vibration [3(O-W-0)].
The peak at around 965 cm™ ' is attributed to the termi-
nal -W=0 bonds, which are referred to in the literature
as the presence of a nanocrystalline structure.'® There-
fore, the Raman spectrum suggest that the grown tung-
sten oxide nanosheets are highly nanocrystalline,
composed of the octahedral O—W-O units with terminal
—W=0 bonds on the boundaries.

To investigate the role of the dipping of the tungsten
plate in the boiling KOH solution during the preparation,
a series of preparation conditions were tested. It was
found that the tungsten oxide nanosheets exist only un-
der the condition that the tungsten plate was taken out of
the KOH solution when tiny KOH crystals just began to
appear on its surfaces. There were no tungsten oxide
nanosheets existing if the tungsten plate was taken out
too early or too late. The possible reason is the follow-
ing. When the tungsten plate was taken out too early
there were no KOH crystals appearing at all, which pre-
vented the formation of catalyst composed of K, W, and
O. However, if it was taken out too late there were too
many KOH crystals appearing. This was also harmful to
the formation of a catalyst because the amount of K may
exceed the suitable portion among K, W, and O elements
required to form the catalyst.

In addition, the effects of different growth conditions
on the growth of the nanosheets were also investigated.
It was found that the nanosheets can only be obtained
when the substrate temperature during growth is in the
range of 610~650 °C. When growing under different gas
pressures (from 1 Torr to atmosphere), nanosheets with

(b)
FIG. 3. HRTEM images and SAED patterns [inset in (b)] of the sample.
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FIG. 4. Three major growth directions of the nanosheet.
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FIG. 5. Raman spectra of the sample from (a) the top surface; and

(b) the bottom surface.
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similar morphology were obtained. This implies that the
synthesis is insensitive to gas pressure in quartz tube
during the growth.

Considering the characterization results and the fact
that the nanosheets were obtained on both surfaces of the
tungsten substrate, the vapor-liquid-solid (VLS) mecha-
nism looks appropriate for the growth of the tungsten
oxide nanosheets. When the tungsten plates covered with
tiny KOH crystals from the pretreatment were kept for a
certain period at 390 °C, the KOH crystals with a melt-
ing temperature of 380 °C were in a liquid phase and
thus they distributed more uniformly on the surface of
tungsten substrate.'> When the temperature increased to
610 °C, a compound containing K, W, O was formed
and was in liquid phase, according to the phase diagram
of the K-W-O system.'' Sublimated tungsten oxides
from some parts of the sample were absorbed to this
compound and when supersaturated they began to crys-
tallize at the boundary between the tungsten substrate
and the K-W-0O compound. This process continued to
form nanosheets.'”"'® The growth temperature of 610 °C
was determined by the composition of the compound
and the phase diagram of K—-W-0O system.

IV. CONCLUSION

In summary, a large quantity of tungsten oxide
nanosheets was synthesized by thermally oxidizing tung-
sten plates with potassium hydrate as the catalyst and
tungsten plates as the substrate. The obtained tungsten
oxide nanosheets have thicknesses of 30-50 nm and
widths up to tens of micrometers. There exist two char-
acteristic acute angles of about 37° or 51° on the sheet
plane, which were found to be formed by the two major
growth planes (020) or (002) with the third growth plane
[043]. Proper dipping time of the tungsten plate in KOH
solution during the preparation process is found to be
important for the nanosheet growth. The probable
growth mechanism was also discussed.
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