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ABSTRACT

Cesium tungsten oxides (Cs,WO3) were synthesized by solvothermal reactions using ethanol and
57.1 vol% ethanol aqueous solution at 200 °C for 12 h, and the effects of post annealing in ammonia
atmosphere on the microstructure and electrical-optical properties were investigated. Agglomerated
particles consisting of disk-like nanoparticles and nanorods of CsyWO3; were formed in the pure ethanol
and ethanol aqueous solutions, respectively. The samples retained the original morphology and
crystallinity after annealing in ammonia atmosphere up to 500 °C, while a small amount of nitrogen ion
were incorporated in the lattice. The as-prepared CsyWO3 sample showed excellent near infrared (NIR)
light shielding ability as well as high transparency in the visible light region. The electrical resistivity of
the pressed pellets of the powders prepared in pure ethanol and 57.1 vol% ethanol aqueous solution
greatly decreased after ammonia annealing at 500 °C, i.e., from 734 to 31.5 and 231 to 3.58 Q cm,
respectively.

Crown Copyright © 2010 Published by Elsevier Inc. All rights reserved.

1. Introduction

In recent years, tungsten bronzes have attracted much
attention due to their interesting electro-optic, photochromic
and superconducting properties [1-7]. Particularly, tungsten
bronzes M,WO0s; with doping small ions such as H", Ag*, Li*,
Na®, K* and Cs™ into WO3 have better optical and electrical
properties [8—14]. It has been reported that the tungsten bronzes
with the hexagonal phase are of particular interest in the
application of electrochromic devices owing to the relatively high
diffusion coefficients of hydrogen ions and metal ions compared
with those of the orthorhombic phase and pure WO5 [15]. As for
the Cs-doped WOs, the superconductivity of Cs,WOs3 prepared by
the thermal vapor growth process has been studied [16,17]. It was
reported that Cs,WO3 with 0.3 > x> 0.19 was a 3D superconduc-
tor, a transition from a metal to an insulator occurs at x <0.19,
and a 2D superconductor was formed at x=0.05 [17]. In addition,
the hexagonal tungsten bronze (HTB) phase of Csg33WO3 was
regarded as being highly attractive in solar filter applications
because of its strong absorption in the near-infrared (NIR)
wavelengths [18].
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The traditional methods for preparing the hexagonal tungsten
bronze Cs,WOs3 usually require high temperature and harsh
reaction conditions, such as heating mixtures of WOz with K, Rb
or Cs salts in reducing atmospheres at 1000 °C. Recently,
morphology and phase control of particles by soft chemical
synthesis methods have attracted wide interest in the synthesis
of many oxides such as ZnO [19,20], WO5 [21-25], etc. It has been
acknowledged that the microstructure and morphology of particles
play an important role in its properties. Up to now, synthesizing
pure WO5 with different morphologies and properties has been
widely reported [26-29]. However, there is limited work reported
on the synthesis and characterization of Cs,WO3; with controlled
morphology by solvothermal reaction. Furthermore, the effects of
ammonia annealing on the microstructure and electrical-optical
properties of CsyWOs3 have not been reported. Therefore, in this
present study, the microstructure, morphology and electrical-
optical properties of CsyWOj3 synthesized by solvothermal reaction
followed by ammonia annealing were investigated systematically.

2. Experimental
2.1. Sample preparation

Tungsten hexachloride (WClg) and cesium hydroxide monohy-
drate (CsOH-H,0) were used as raw materials and pure ethanol
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(purity 99.5%) and 57.1 vol% ethanol aqueous solution were used as
the solvothermal reaction solvents, where the initial concentration of
tungsten hexachloride in each reaction solution and the atomic ratio
of Cs/W were adjusted to be 0.14 M and 0.33, respectively. After
transferring the reaction solution into a Teflon®-lined autoclave of
100 ml of internal volume, the autoclave was heated at 200 °C for
12 h in an electric oven. The reaction using the pure ethanol solvent
was conducted without rolling, while when using the 57.1 vol%
ethanol aqueous solution, the autoclave was rotated at the rolling
speed of 100rpm in order to depress excess grain growth. The
obtained solid precipitates were then centrifuged and washed with
ethanol three times followed by vacuum drying at 60 °C overnight.
The TG-DTA analysis showed that only a 0.2% weight loss occurred
from 24 to 500 °C, indicating that less amounts of water and organic
molecules were adsorbed on the sample.

Ammonia annealing was conducted in a tubular furnace at 300
or 500 °C for 1 h with the flow of ammonia at 400 ml/min.

2.2. Characterization

The morphology and microstructures of the samples were
observed by scanning electron microscopy (SEM, HITACHI S-4800)
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and transmission electron microscopy (TEM, JEOL JEM-2010). The
surface composition of the samples and the binding energies of W,
Cs, O and N in the samples were determined by X-ray photoelec-
tron spectroscopy (XPS, Pekin Elmer PHI 5600). The phase
compositions of the samples were determined by X-ray diffrac-
tion analysis (XRD, Shimadzu XD-D1) using graphite-monochro-
mized CuKo radiation. The contents of N incorporated in the
sample after ammonia annealing were analyzed by the XPS
analysis and thermal conductivity analysis using oxygen-nitrogen
analyzer (HORIBA, MGA-2800).

The electrical resistivity of the samples before and after
ammonia annealing at 500 °C for 1 h was measured by a four-
probe method (Mitsubishi Chemical Corporation, Lolestra-GP
MIP-T610). First, the powder samples before and after ammonia
annealing at 500 °C were pressed into disks of ¢8 x 1 mm? at
200 MPa for electrical resistivity measurement. Three disks of
08 x 1 mm? were prepared for every sample, and then measure-
ments were performed three times for every disk. The average
value calculated from the nine readings for every sample was
noted as the final electrical resistivity result.

The optical properties were evaluated by measuring the
ultraviolet/visible/near-infrared transmittance spectra of thin
films of the sample powders dispersed on a quartz glass by a
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Fig. 1. SEM images of (a) the sample prepared in ethanol and (b) the EDAX mapping analysis patterns of the sample (a), and (c) the sample prepared in the 57.1 vol%
ethanol aqueous solution, and (d) the EDAX mapping analysis patterns of the sample (c).
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spectrophotometer (JASCO V-670 spectrophotometer), where the
sample powders were dispersed in a media agitation mill to
reduce the grain size using yttria doped tetragonal zirconia beads,
polymer dispersing agents and toluene.

3. Results and discussion
3.1. Effects of the solvents on the microstructure and properties

Fig. 1 shows the typical SEM images of the as-prepared
products. It can be seen that the agglomerated particles consisted
of disk-like particles of 0.1-0.5 pm in diameter were formed in
ethanol. In contrast, for the sample synthesized in the 57.1 vol%
ethanol aqueous solution, micrometer sized aggregated particles
consisting of needles of ca. 200-500 nm length were formed. The
EDAX spectra of the samples obtained in the ethanol and 57.1 vol%
ethanol aqueous solution clearly indicated peaks corresponding to
W and Cs (Fig. 1(b) and (d)), suggesting the formation of Cs,WOs.

Fig. 2 displays the Wy and Cs3q XPS spectra of the samples
synthesized with the pure ethanol and 57.1 vol% ethanol aqueous
solution. From the Wy XPS spectra, it can be seen that both
samples exhibited two principal peaks at 35.9/38.0 and
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Fig. 2. Wyrand Cs3q XPS spectra of Cs,WO5 prepared by the solvothermal reactions
in (a) ethanol and (b) the 57.1 vol% ethanol aqueous solution at 200 °C for 12 h.

36.1/38.0 eV, respectively. The surface compositions of the
products determined from the ratio of the O, W4rand Cszq peak
intensities were Csg29oWO0s3.107 and Csg213WO03 g, respectively.
The difference in the amount of Cs entered into the lattice might
be due to the difference in the reduction potential of the reaction
atmosphere, i.e., the pure ethanol provided stronger reduction
atmosphere than the water/ethanol mixed solvent.

The XRD patterns of the products are shown in Fig. 3. The XRD
pattern of the product synthesized in ethanol agreed well with
that of hexagonal Csg3WO3 with the lattice constants a=7.4154,
c=7.6062 (JCPDS 81-1244, standard values a=7.404, c=7.609). It
was reported that the large Cs ions (0.170 nm) could fit better in
the hexagonal vacant tunnels (0.163 nm) in the hexagonal
tungsten bronze structure rather than in the rectangular vacant
tunnels in the cubic tungsten bronze structure [18]. In contrast,
the XRD pattern of the sample synthesized in the 57.1 vol%
ethanol aqueous solution agreed well with the standard XRD
pattern of hexagonal CsyoWOs with the lattice constants of
a=7.4162 and ¢=7.5762 (JCPDS 83-1333, standard values
a=7.420, c=7.567). Although the XRD pattern of CsgoWO3
(JCPDS 83-1333) was very similar with that of Csy3WO3 (JCPDS
81-1244), according to the XPS results in Fig. 3, the crystal phase
in the sample synthesized in the 57.1vol% ethanol aqueous
solution is more likely to have been Csg,WOs.

3.2. Effects of ammonia annealing

With the aim of improving the optical and electrical properties
of CsyWOs, the as-prepared CsyWO3 samples were annealed in an
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Fig. 3. The XRD patterns of Cs,WO3 prepared by the solvothermal reactions in
(a) ethanol and (b) the 57.1 vol% ethanol aqueous solution at 200 °C for 12 h.

Table 1
The electrical resistivities of Cs;\WOs3 before and after ammonia annealing at 500 °C
for 1 h.

Reaction solvent Electrical resistivities (Q cm)

Before NH3 After NH3
annealing annealing
Pure ethanol 734 31.5
57.1 vol% ethanol aqueous 231 3.58

solution
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ammonia gas atmosphere at 300 and 500 °C for 1 h, respectively.
It was found that ammonia annealing resulted in no noticeable
changes in the morphology and crystallinity of the samples up to
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Fig. 4. The W4 and Nys XPS profiles of Cs,WO5 synthesized in (A) ethanol and
(B) the 57.1 vol% ethanol aqueous solution (a) before ammonia annealing, (b) after
ammonia annealing at 500 °C for 1 h and (c) after Ar spattering of sample (b).

Table 2
Element analysis results by the XPS method.

500 °C, but it resulted in decrease in the electrical resistivity.
Table 1 shows the electrical resistivity of the pressed powder
pellets of Cs,WOs3 formed in pure ethanol and 57.1 vol% ethanol
aqueous solution before and after ammonia annealing at 500 °C for
1 h. The electrical resistivity of the as-prepared Cs,WOs in ethanol
and 57.1vol% ethanol aqueous solution were 7.34x 10? and
231x10°Qcm, and those after ammonia annealing greatly
decreased to 3.15 x 10" and 3.58 x 10° Q cm, respectively, (i.e., an
one or two order of magnitude decrease in electrical resistivity),
although no noticeable changes were observed in the microstruc-
tures by SEM observations and XRD profiles of the samples.
Therefore, this may be due to the elimination of the impurities
adsorbed on the surface, homogenization of the chemical composi-
tion, increase in the carrier concentration by the reduction of W®* -
W°*, and incorporation of nitrogen ions in the lattice. Similar
results were reported that both nitrogen-doped tungsten oxide
nanowires by treating in ammonia gas [30] and the nitrogen-doped
tungsten oxide thin films prepared at Py,of 0.12 mbar exhibited
lower resistivity than undoped tungsten oxide [31].

Fig. 4 shows the Wyrand Ny XPS spectra of the samples before
and after ammonia annealing at 500 °C for 1 h. It can be seen that
the two peaks in the Wys XPS spectra showed a red shift after
ammonia annealing, which indicates that the chemical state of W
was changed due to the partial reduction of W®* and/or
incorporation of nitrogen in the lattice by the NH; annealing.
As for the Ny spectra, the peaks of N1s around 397 and 401 eV
appeared in both samples after ammonia annealing at 500 °C.
Since the peak intensities around 401 eV decreased after Ar
spattering, this peak seems to be attributed to nitrogen adsorbed
on the surface.

Table 2 displays the results of elemental analyses of the
products by XPS. It can be seen that the content of O decreased
and that of N increased after ammonia annealing, indicating the
incorporation of nitrogen ions. The atomic ratios of O/W and
(O+N)/W were higher than 3, especially after ammonia annealing.
This might be due to the adsorption of oxygen and ammonia on
the surface of the particle. Additionally, it was found that the
Cs/W atomic ratio decreased a little after ammonia annealing.
This might be due to the diffusion of Cs ions from the surface to
the inside the particle since XPS is a surface sensitive technique,
i.e., the Cs ions content on the surface region of the as-prepared
samples were higher than that inside. These results suggest that
thermal treatment at 500 °C is useful to homogenize the chemical
composition of particles.

The nitrogen content in the samples annealed in NH; atmo-
sphere at 300 and 500 °C are shown in Table 3, where the values
were determined by a thermal conductivity analysis. It is obvious
that the N element content increased with an increase in the
ammonia annealing temperature. The contents of N element in
CsxWOs5 prepared in pure ethanol and 57.1 vol% ethanol solution
followed by ammonia annealing at 300 and 500°C were
determined to be 0.23 and 1.22 mass%, and 0.57 and 1.51 mass%,
respectively. These values are lower than those determined by
XPS analysis. This may be due to the fact that XPS analysis is a

Solvent Sample Element content (atomic% (mass%)) O/W or (O+N)/ Cs/W
W atomic ratio atomic
N (0} Cs W ratio
Pure ethanol Before ammonia annealing - 70.6 6.63 22.7 3.11 0.29
After ammonia annealing 7.59 (1.8) 64.3 (17.1) 5.69 (12.6) 22.4 (68.5) 3.22 0.25
57.1 vol% ethanol Before ammonia annealing - 71.7 4.96 233 3.08 0.21
aqueous solution After ammonia annealing 11 (2.6) 62.4 (17.1) 4.07 (9.26) 22.56 (71.0) 3.25 0.18
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Table 3
Nitrogen contents (mass%) determined by the thermal conductivity analysis.

Solvent NH3 anneal temperature (°C)
300 500

Pure ethanol 0.23 1.22

57.1 vol% ethanol aqueous solution 0.57 1.51
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Fig. 5. UV-vis-near infrared diffuse transmittance spectra of ITO glass and
Csp.3WOs synthesized in the 57.1 vol% ethanol aqueous solution before and after
annealing in NH3 gas atmosphere at 500 °C for 1 h.

surface sensitive technique and tends to show higher values for
adsorbed species.

Fig. 5 shows the UV-vis-NIR transmittance spectra of the thin
film of CsyWO5 formed in the 57.1 vol% ethanol aqueous solution
before and after ammonia annealing. The UV-vis-IR diffuse
transmittance spectrum of indium tin oxides (ITO) glass is also
presented in Fig. 5 as a reference datum. It can be seen that the
as-prepared sample showed excellent near infrared (NIR) shield-
ing ability as well as high transparency in the visible light region,
and the NIR shielding ability of the as-prepared Cs,WO5 sample is
higher than the ITO glass. This result indicates that the
as-prepared CsyWOs3 is an ideal heat shielding material which
can replace ITO. It is also seen that the ammonia annealing
resulted in no noticeable change in NIR shielding degree, but
decreased the transparency in the visible light region to some
extent. This may be probably due to the formation of an anion
vacancy for the charge compensation corresponding to the
incorporation of nitrogen ions.

4. Conclusion

Cesium tungsten oxides, CsyWOs3, were prepared by solvother-
mal reactions at 200 °C for 12 h using ethanol and a water/ethanol

J.-X. Liu et al. / Journal of Solid State Chemistry 183 (2010) 2456-2460

mixed solvent. The solvothermal reaction solvents played an
important role for the control of the morphology and micro-
structure of CsyWOs, i.e., agglomerated particles consisting of
disk-like nanoparticles of Csq3WO3 and nanorods of Csg,WOs3
were formed in pure ethanol and the water/ethanol mixed
solvent, respectively. Ammonia annealing resulted in no notice-
able changes in the morphology and crystallinity of the samples
up to 500 °C, although it did result in the incorporations of
nitrogen ions in the lattice of CsyWO5 as well as a decrease in the
electric resistivity and visible light transparency.
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