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Plate-like hydrated tungsten trioxide (3WO;-H,O) films were grown
on a fluorine doped tin oxide (FTO) coated transparent conductive
substrate via an efficient, facile and template-free hydrothermal
method. The film exhibited a fast coloration/bleaching response
(teo02, = 4.3 s and #9900, = 1.4 s) and a high coloration efficiency
(112.7 em? C™ 1), which were probably due to a large surface area.

In recent years, nanostructured materials have attracted much
attention due to their large surface area and size dependent
properties, which offer great advantages in various applications.
Tungsten trioxide (WO3), a well-known transition metal oxide,
has evoked wide interest owing to its distinctive physical and
chemical properties that make it suitable for extensive applications
in electrochromic (EC) devices,' ™ gas sensors,'*'* photocatalytic
systems'® and photoelectrochemical devices.!” " EC devices made
of WO; films have been intensively studied during the last few
years, because of their promising applications in energy-efficient
windows that can control the solar light transmission indoors
through reversible color changes, contributing therefore not only
significantly to energy saving in buildings (as a result of curtailing
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of air conditioning) but also comfortable esthetics.?® WO; can
display colorless and blue color by alternately applying suitable
positive and negative electrical voltages, which induces the cations
such as proton (H™) and lithium (Li*) to insert into or extract
from the host material at the same time. Compared with the
amorphous structure, crystalline WO; demonstrates better durability
due to the denser structure and slower dissolution rate in electrolytes,
especially in acidic ones where a faster ion diffusion kinetics can be
achieved than in the Li™ system.®?' Nanostructured crystalline WO,
with a large specific area and a porous structure is expected to
significantly improve the coloration/bleaching response and colora-
tion efficiency by reducing the ion diffusion path length and
resistance.*!2 In this work, we report the development of plate-like
nanostructured WOj3; (hydrate) films via an efficient and facile
crystal-seed-assisted hydrothermal approach with sodium sulfate
(NaySOy) used as the capping agent. The film shows a fast switching
response (z.000, = 4.3 s and 900, = 1.4 s) and a highly improved
coloration efficiency (112.7 cm? C™Y).

In a typical procedure, a crystal-seed-coated FTO substrate and
a peroxopolytungstic acid precursor containing Na,SO, were
hydrothermally treated at 180 °C for 2 h (see the experimental
section in ESIt). Fig. la shows the X-ray powder diffraction
(XRD) patterns of the bare FTO substrate and the as-prepared
thin films grown with and without Na,SOy4. The XRD pattern of
the substrate can be clearly indexed to tin oxide (JCPDF 70-4176).
The hydrothermally grown films have the same crystalline
structure since all diffraction peaks appear at the same position,
and no other impurity peaks are observed. The sharp peaks
indicate the good crystalline quality of the as-fabricated films. All
peaks can be well indexed to the orthorhombic phase of
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Fig. 1 (a) XRD patterns of the bare FTO substrate and, the as-
synthesized films grown with and without Na,SO,4. (b) Schematic
illustration of the 3W0O5-H,O structure.
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3WO;-H,O (JCPDF 87-1203). However, the relative peak intensity
for crystalline planes of (002) and (200) of the film grown with
Na,SO, is different from the one without Na,SO,, indicating
different preferred growing direction due to the capping effect of
Na,SO,4. The orthorhombic 3WO;-H,O contains two types of
corner-sharing WOg octahedrons. One type is conducted by a
central tungsten atom that is surrounded by six oxygen atoms,
while in the second type, two of the oxygen atoms are replaced by a
shorter terminal W=—O bond and a longer W—(OH), bond,
respectively.”> The relatively weaker interaction between adjacent
layers may restrict the stacking to prevent the bulk formation.
Finally, the two dimensional plate-like 3WO5-H,O nanostructure is
formed under the capping effect of Na,SO, by stacking up layers
consisting of these two structural units as shown in Fig. 1b. The
Raman spectrum and wide scanning X-ray photoelectron spectro-
scopy (XPS) of the nanoplate film were also investigated and
shown in Fig. S1 and S2, ESI¥, indicating that the as-prepared
films are orthorhombic 3WO;-H,O with high purity.

The morphologies of the as-synthesized films are shown in
Fig. 2. The film grown with Na,SO, is composed of plate-like
nanostructures, forming a rough surface (Fig. 2a and b). These
uniform nanoplates grow nearly vertically on the substrate.
Numerous pores are formed among them so that the contact
area between the film and electrolyte can be largely increased.
Through these pores, ions in the electrolyte can diffuse more
easily and efficiently. The cross-sectional view image (inset of
Fig. 2b) shows that the film of ~700 nm in thickness has a
good adhesion to the substrate. Fig. 2c shows the transmission
electron microscopy (TEM) image of the nanoplates. The
biggest ‘“‘rectangular block” with a size of ~200 nm has
vertical joint angles. The insets of Fig. 2c depict the selected
area electron diffraction (SAED) pattern and high-resolution
TEM (HRTEM) image of this nanoplate. Regular diffraction
spots indicate that it is single crystalline with preferential
growing directions along crystal planes of (200) and (002).
The high-resolution TEM (HRTEM) image from the edge of a
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Fig. 2 (a) and (b) FESEM images of the 3WO3-H,O thin films grown
with Na,SO4 given under different magnifications. Inset of (b): cross-
sectional view image. (c) TEM image of the nanoplate scratched from the
film. Inset: SAED pattern and HRTEM image. (d) FESEM images of the
3WOs3-H,O0 thin films grown without Na,SO,. Inset: larger magnification.

single nanoplate shows a crystal lattice of 0.36 nm, corres-
ponding to the d-spacing of (200) planes. Clear lattice fringes
also support its single crystal quality. Fig. 2d presents a top
view image of the film grown without Na,SO,. The inset shows
the larger magnification image. The film is composed of
stacking brick-like nanostructures with much bigger sizes.
The surface area of the brick-like film is much smaller compared
to the plate-like one. Consistent with the SEM studies, the mass
density of the nanoplate film has been found to be approximately
3.2 g cm >, estimated from mass and thickness data. Since the
bulk density of orthorhombic 3WO5-H,O is 6.6 g cm ™, the pore
volume of the film was calculated to be 0.16 cm® g~!, which is
slightly smaller than the nanoparticle films.® On the other hand,
the mass density of the brick-like film grown without Na,SOy, is
5.4 g cm™3, yields a pore volume of 0.03 cm® g™, which is much
smaller than the nanoplate film. The formation process of plate-
like and stacked brick-like 3WO5-H,O films is schematically
illustrated in Fig. S3 (ESI).

The cyclic voltammograms (CVs) normalized to the geometric
area of the electrode and to the weight of film within that area are
compared in Fig. 3a, measured in 0.5 M H,SO,4 with a scan rate
of 0.1 V s~ 1. During each scan, both films will reversibly change
their colors from colorless to blue, resulting from H™ intercalation/
deintercalation and electron transfer between W°' and W°™
according to the following reaction:

WO5-0.33H,0 (bleach) + xH" + xe~
o H.WO50.33H,0 (blue). )

The integrated cathodic/anodic current over time equates to
the amount of H" intercalation/deintercalation. The nanoplate
film leads to a much higher current density for both intercalation/
deintercalation processes over the same time period than the
nanobrick one, indicating a faster H™ intercalation/deintercalation
kinetics. The total cathodic charge for the nanoplate film was about
0.67mC cm~>mg ™', compared to only about 0.19 mC cm > mg ™
for the nanobrick one. Moreover, the onset of the cathodic current
for the nanoplate (0.27 V) is more positive compared with the
nanobrick one (0.15 V), while the oxidation peak of the nanoplate
film (—0.17 V) shows a negative shift compared to the nanobrick
one (—0.03 V). These results imply that the nanoplate film has
reduced interfacial charge-transfer resistance, providing another
reason for the improved electrochemical response. The faster ion
intercalation/deintercalation kinetics of the nanoplate film was
further confirmed by the chronoamperometry result (Fig. 3b).
The chronoamperometry test was conducted by applying a pulsed
potential of 0.3 V for 30 s in each state. The nanoplate film
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Fig. 3 (a) CV curves of the 3WO;-H,O films grown without and with
Na,SO, in 0.5 M H,SO, solution, at a scan rate of 0.1 V s\
(b) Chronoamperometry curves by applying a pulsed potential of +0.3 V,
30 s for each state.
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Fig. 4 (a) Switching time characteristics for both films measured at
+0.3 V at 632.8 nm. (b) Optical density variation with respect to the
charge density recorded at 632.8 nm.

reaches a higher transient current peak density and exhibits faster
current decays than the nanobrick one, agreeing well with Fig. 3a.
Moreover, the nanoplate film also shows good cyclic stability
(Fig. S4a, ESI}) even in the acidic solution, since there is no
significant change in the shape of the CVs, only a small reduction
was observed after 3000 cycles. On the other hand, a larger current
reduction was observed for the nanobrick film (Fig. S4b, ESI¥),
indicating an inferior stability. Tunable transmittance could be
obtained for the nanoplate film under —0.1, —0.2 and —0.3 V in
0.5 M H,SOy, solution (Fig. S5, ESIt). Photographs of the EC
device made of the plate-like film are shown in Fig. S6 (ESIY),
depicting a high contrast between the bleached and colored states
which leads to the obvious transparency changes.

Fig. 4a shows the in situ coloration/bleaching transmittance
response of the nanoplate and nanobrick films measured at
632.8 nm. Obvious color changes can be observed during the
switching. The nanoplate film shows a fast response and the
switching time extracted for a 90% transmittance change are
found to be 4.3 s for coloration (z.) and 1.4 s for bleaching ().
However, for the nanobrick film, 7. and 7, are increased to 9.2
and 1.7 s, respectively. Moreover, the film grown with Na,SO,4
depicts an enhanced optical modulation of 38%, which is
larger than 5% of the nanobrick one. The fast coloration/
bleaching kinetics are mainly attributed to the small mass
density and large surface area of the porous morphology,
which facilitates the ions intercalation/deintercalation by re-
ducing their diffusion path lengths. The switching speed of the
film for both the coloration and bleaching is faster than
previously reported micro-brick films and nanowire array
films.”'> Moreover, the switching responses of the nanoplate
film under £0.1 V and +0.2 V were also further investigated
(see Fig. S7, ESIY).

Coloration efficiency (CE), defined as the change in optical
density (OD = log (T./Ty or Ty/T.)) per unit of charge (Q)
inserted into (or extracted from) the films, was investigated
and is shown in Fig. 4b. The optical density (OD) plots were
recorded at A = 632.8 nm versus the inserted charge density
(Q) under —0.3 V. The CE was extracted as the slope of the
line fitted to the linear region of the curve. The calculated CE
value of the nanoplate film is 112.7 cm? C~!, which is
improved by about 422% compared with the nanobrick film
(CE = 21.6 cm?® C™Y). The CE value is also largely increased
compared with the reported ones of the micro-brick film and
nanoparticle film.”® Moreover, the electrochromic characteristic

parameters of WOj3 films fabricated by various methods are
summarized for comparison and shown in Table S1 (ESIf).
The hydrothermally grown nanoplate WOj; (hydrate) film herein
depicts some improvement in either response time or coloration
efficiency.

In summary, nanostructured 3WO3-H,»O films were assembled
on a FTO glass substrate by an efficient and facile crystal-
seed-assisted hydrothermal method. A plate-like nanostructured
film was synthesized with Na,SOy, as the capping agent. Compared
with the one without adding Na,SO,, the nanoplate film showed
significantly improved EC performance, thanks to a smaller mass
density and larger surface area. Such 3WO;-H,O films with
improved EC behavior hold great promise for energy-efficient
smart windows and large-area information displays.
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