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Tungsten trioxide (WO;) thin films are of great interest as counter electrodes in electrochromic (EC) devices such as ‘smart window’ for
energy-efficient buildings. Uniform WO; nanoplates filmed as EC working electrodes were fabricated on seed-free fluorine-tin-oxide
(FTO) coated glass via a facile and addictive agent-free hydrothermal process. The WO; nanoplates were characterised by scanning
electron microscopy and the X-ray photoelectron spectroscopy. The morphological analysis of the film showed that the WO; nanoplates
lying on the FTO glass uniformly. Fourier transform infrared spectroscopy was applied to study the vibrational information of the sample.
Furthermore, uniform WOj3; nanoplates exhibit well performance of EC properties. Owing to the highly two-dimensional nanostructure, a
fast switching speed of 12 and 3 s for colouration and bleaching are achieved for WO; film. These properties of the WO; nanoplates film

endow its promising practical applications in smart windows.

1. Introduction: Tungsten trioxide (WO;) has attracted great
interest in various fields such as photocatalysis [1, 2], water
splitting [3], supercapacitor [4, 5], lithium-ion batteries [6, 7], gas
sensors [8, 9] and electrochromic (EC) [10-12]. Currently,
nanostructured WO; transition metal oxide has been widely used
in EC display devices such as EC windows, high contrast
displays, sunroofs, anti-glare mirrors and spacecraft thermal
control [13-19]. Especially, EC smart windows have attracted
increasing amounts of attention for their great advantages in
low-energy consumption, high contrast ratio and good stability.
WOj; can reversibly change from one coloured state to another on
supplying a suitable charge, which makes it a promising candidate
for smart window. Owing to its low-power consumption and high
colour contrast, relatively easy synthesis and low cost, WO3 has
been regarded as the most promising EC material.

Recently, much research has been focused on synthesis of nanos-
tructural WOs. Till now, a series of WO5 nanoarchitectures have
been prepared such as nanorods, nanowires, nanobundles [20-22]
etc. It is well known that the electrochemical property of EC mate-
rials strongly depends on the structure. Thin films of WO; have
been created by various physical and chemical methods including
pulsed laser deposition [23], chemical vapour deposition [24],
electron-beam evaporation [25], radiofrequency sputtering [26],
spray pyrolysis [27], sol-gel [28], layer by layer method [29] and
solvothermal/hydrothermal synthesis [20-22, 30]. Accordingly,
hydrothermal technique is a low cost, environmental friendly ap-
proach to prepare WO; with different nanostructures. However,
most of these routes are relatively complex in the experimental pro-
cedure and some methods should use seed layer and addictive
agents. For instance, Chen and Feng have synthesised ultra-thin
WOj; sheets by hydrothermal process with urea as assistant agent.
These WO; sheet exhibited superior photocatalytic activity [31].
Wang and Li fabricated nanoflake WO; films via a
crystal-seed-assisted hydrothermal method. The film exhibits
faster switching speed and larger optical modulation [11]. To get
more effective electrical transport continuity and facilitates Li*
ion intercalation, simple nanostructure growth technique without
seed layer and addictive agent is highly desired.
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This Letter explores the fabrication of WO; nanoplates directly
on seed-free substrates using simple hydrothermal technique
without other structural directing agent and addictive agent. The
WO; nanoplates were characterised by X-ray diffraction (XRD),
scanning electron microscopy (SEM), X-ray photoelectron spec-
troscopy (XPS), and Fourier transform infrared spectroscopy
(FTIR). In addition, the cyclic voltammetry (CV) test, electrochem-
ical impedance spectroscopy (EIS) and EC performance of the WO;
films are also discussed.

2. Experimental

2.1. Preparation of WOj3 nanoplates: A hydrothermal process was
used for the synthesis of WO; directly on fluorine-tin-oxide
(FTO) glass similar to previously reported method [32], but with
minor modification. The FTO substrates were cleaned with
acetone, ethanol, finally rinsed with deionised water and dried in
air. About 0.7 mmol Na,WO,4-2H,O was dissolved in 30 ml of
deionised water under continuous stirring. Then, 10 ml of 3 M
HCl solution was added slowly into the prepared solution,
followed by the addition of 1 mmol H,C,0O, into the above
mixture. After 10 min of continuous stirring, another 30 ml of
water was added. Finally, the resultant solution was transferred to
a teflon-lined stainless steel autoclave and the FTO substrate was
placed at an angle against the wall of the autoclave with the
conductive side facing down. The hydrothermal was conducted at
180°C for 3 h and then cooled overnight. The FTO glass was
thoroughly washed with deionised water and dried in ambient air.
The WOj; nanoplate array film was uniformly coated on the FTO
glass substrate.

2.2. Characterisation: XRD data for phase analysis was obtained
using a Shimadzu 7000S generator and diffractometer with Cu
Ka radiation. The morphology of the samples was observed by
using a high-resolution SEM (Supra 55, Carl Zeiss, Germany).
XPS analyses were performed on a Kratos Axis. FTIR spectrum
was collected on a Perkin-Elmer spectrometer. The CV test and
EIS were carried out on an electrochemical workstation (Autolab
PGSTAT302N) in a three-electrode environment with the WO;
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Fig. 1 XRD patterns of WOj3 nanoplate

on FTO glass as the working electrode, neat Pt plate as the counter
electrode and Ag/AgCl as the reference electrode. About 1 M
lithium perchlorate (LiClO,4) in propylene carbonate was used as
the electrolyte. The EC behaviour of WO; films was examined
using an Autolab PGSTAT101 potentiostat with the ultraviolet—
visible spectrometer (SHIMADZU UV2550).

3. Result and discussion: XRD was employed to analyse the
crystal structure and phase properties of the as-prepared WOs3
nanoplates on FTO glass. As shown in Fig. 1, the main
diffraction peaks of WOj; are located at 23.4°, 24.4°, 26.6°, 28.9°,
33.6°, 41.9°, 49.9°, 55.9°, which can be well-indexed to (020),
(200), (120), (112), (202), (222), (400), (420) crystal planes of
monoclinic phase WO; (JCPDS Card No. 83-0950, space group:
P21/n with lattice parameters of a=7.301 A, b=7.539 A, and ¢
=7.689 A). The strong peaks indicate the as-prepared WO;
nanoplates have great crystal quality.

1 EWT = 500k sigral A = SE2 Gate 14 Jun 2015 |
WD = 9.4 mm mag= BOOKX time 173225 |

200 EHT= 500KV signal A= SE2 dete 14 Jun 2015 |
WD = 8.4 mm mage 000K X time 172058

Fig. 2 SEM images of the WOj electrode
a Low magnification
b Higher magnification
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Fig. 3 XPS survey spectra and FTIR spectrum of WOj3 nanoplates
a High-resolution XPS spectra of W4f

b High-resolution XPS spectra of Ols

¢ FTIR spectrum of WO; nanoplates

Fig. 2 depicts the SEM images of WOs; lying on the FTO glass
uniformly. Low magnification SEM image of Fig. 2a reveals that
the product consisted of large quantity of uniform nanoplates.
Clearly, the morphology of WO; indicates an aggregation of two
plates with the same size. Furthermore, an average length and thick-
ness of the platelets determined from the SEM images were around
1.5 um and 150 nm as shown in Fig. 2b.

To estimate the surface composition and chemical status of WO3
nanoplates, the XPS analysis was carried out and the results are
shown in Fig. 3. As depicted in Fig. 3a, the peak energies of
34.5 and 37.4 eV are attributed to W4f;,, and W4f;,, respectively,
which corresponding to tungsten atoms in a W*" formal oxidation
state according to literature [33]. The O 1 s spectrum of WO; was
shown in Fig. 3b. The peak at 530.2 eV corresponds to the forma-
tion of W—O-W in WOj; crystal and the peak 531.3 eV belongs to
the —OH or adsorption of water molecules on the surface of the
WO; [34]. The FTIR spectrum of the as-synthesised WO; was
recorded in the wavenumber range of 400-4000 cm™" as shown
in Fig. 3c. The absorption band at 750 cm™' was attributed to the

Micro & Nano Letters, 2016, Vol. 11, Iss. 11, pp. 749-752
doi: 10.1049/mnl.2016.0199



-
T

)
< Of
E
- ——10mV
2 —20mV
5 ——30mV
€2
2
3 -3t
0.4 0 0.4 0.8
E,V against Ag/AgCl
a
501
]
40 _a"
-
-
-
30+ -
-
a -
=" dl =
r\ll 20 g,
-
[ ]
TN
0 T T T T T
0 20 40 60 80 100 120
Z' 0
b
Fig. 4 CV curves and electrochemical impedance spectrum (Nyquist plots)
of WO;
a CV curves

b Electrochemical impedance spectrum

corner-sharing mode v(W—O-W) and the broad bands located
around 894 cm™' originate from the vibrations of the O-W—-O
bridging bond inside the octahedrons. An intensive band around
1110 cm™! was related to the terminal W=0 bond for crystalline
WOs [35]. In addition, the bands at 1630 and 3400 cm™" were in-
dication of hydroxyl groups of hydrous WOj3 vibrations and the
stretching vibrations of water molecules adsorbed on the octahedral
layer surface.

The electrochemical properties of the as-synthesised WO; were
studied. Fig. 4a shows the CV curves of the WO; film, which
was recorded between —0.6 and 0.8 V at various scan rates from
10 to 30 mV s™'. The CV curves were attributed to the lithium-ion
intercalation into the WO; nanoplates electrode and the deintercala-
tion process. As the scan rate is increased, the anodic peaks corre-
sponding to the Li" deintercalation gradually shift toward the
positive potential. Owing to the layered structure of WO; nano-
plates, Li" cations could be intercalated into/deintercalated out of
the structure easily. EIS was conducted to further understand the
electrochemical behaviour of the as-prepared WO; film as shown
in Fig. 4b. According to the previous reports [7], the intercept on
the Z'-axis in the high frequencies region represents the resistance
of the electrolyte (R.); the high-frequency semi-circle can be
assigned to the resistance Ry and CPE of the WO; film.
Normally, the smaller arc radii in Nyquist plot, the better charge
transfer ability. It can be seen that the semi-circle of the WO;
film is small, which contributes to the high electrochemical per-
formance of the WO; film.

The EC phenomena of the as-prepared WOj3; nanorod array film
were measured using a two-electrode electrochemical cell in a
1.0 M LiClO4—PC electrolyte solution. Fig. 5a shows the digital
photographs of the WO3 nanowire array film at different potentials.
As revealed in the picture, the WO3 nanoplates film displays a high
contrast between the bleached and coloured states. When applying
a potential of —0.5V, —1.0 V and —2.0 V, the colour of the WO;
films are slate blue, steel blue and navy blue, respectively, revealing

Micro & Nano Letters, 2016, Vol. 11, Iss. 11, pp. 749-752
doi: 10.1049/mnl.2016.0199

16 50s a0s 0s
3 u—‘ ’"‘
L]
[
] 1.2
g | ‘
s 10 |I | | 1
@ | | | |
® o0s \ Il\ 1
’ | \
0.6
0.4 T T r T T T T
0 100 200 300 400 500 600 7TOO
time, s
b
1.6+
rbwas tbxs: t=36s
d (] ' H
1.4 S e e
v i i
. i ' H
:_ 1 L} Ll
1.2 5 : ] |
- '
g A
g10 O
g I
% [
0.81 X
O I
"0 10 20 30 40 50 60
time, s
[

Fig. 5 Digital photographs of the bleached/coloured WO; nanoplate film
after applying potentials and switching time characteristics

a Digital photographs of the bleached/coloured WO; nanoplate film

b Different switching time characteristics between the coloured and bleached
states for WO; film measured at 670 nm, £2.0 V bias

¢ Coloured/bleached response time in one switch for WO; nanoplate film
measured at £2.0 V for 50 s (red line), 40 s (blue line) and 30 s (pink
line) with an absorbance wavelength of 670 nm

excellent colour reversibility [36]. This process is in accordance with
intercalation (deintercalation) of the Li" into (out from) the WO5
films

WO, (bleach) 4 xLi" 4+ xe~ <—— Li WO, (blue).

The in situ colouration/bleaching absorbance response were inves-
tigated at a fixed wavelength of 670 nm. The colouration and
bleaching times are defined as the time required for 90% change
in the entire absorbance modulation. We measured its absorbance
switching characteristic by scanning at £2.0 V for 30, 40 and 50
s, respectively. As shown in Figs. 5b and ¢, when the scanning
time is 30 s, the colouration time 7. and bleaching time #, are
found to be 12 and 3 s, respectively, which are faster than those pre-
vious reports. The fast switching speed of the WO; film is the result
of the nanoplate structure, which makes it easier for the Li* ion
intercalation process to complete. The switching response of the
WO; thin film under 40 and 50 s are also investigated, as shown
in Fig. 5c, and the 7. are 15 and 20 s, respectively. On the other
hand, the #, of the film is almost the same under different scanning
time. This result agreed well with the EIS measured before, indicat-
ing that superior EC activity of the plate-like WO; film was mainly
attributed to its high efficiency of electron transport.

4. Conclusion: In summary, plate-like WO; films are assembled
directly on an FTO glass substrate via a facile seed-free
hydrothermal method. The structural, electrochemical and EC
studies based on this film are presented. The WO; film shows
good colourations/bleaching switching characteristics, because the
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two-dimensional structure of the WOj; film will provide more
effective electrical transport continuity and facilitates Li* ion
intercalation. There is a good prospect of applying these
hydrothermal WOj3 thin films in smart windows and electronic
papers.
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