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ABSTRACT

Orthorhombic hydrated tungsten trioxide (3WOs3-H;0) films consisted of nanosticks and nanoparti-
cles were prepared on fluorine doped tin oxide (FTO)-coated substrate by a facile and template-free
hydrothermal method using ammonium acetate (CH;COONH,) as the capping agent. Irregular nanobrick
films were obtained without capping agent. Due to the highly rough surface, the nanostick/nanoparticle
film depicts faster ion intercalation/deintercalation kinetics and a greater coloration efficiency
(45.5cm?/C) than the nanobrick film. A complementary electrochromic device based on the nanos-
tick/nanoparticle 3W0s3-H, O film and Prussian blue (PB) was assembled. As a result, the complementary
device shows a higher optical modulation (54% at 754 nm), a larger coloration efficiency (151.9 cm?/C)
and faster switching responses with a bleaching time of 5.7 s and a coloring time of 1.3 s than a single
3WO0s3-H, 0 layer device, making it attractive for a practical application.

Complementary device

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Upon electron-transfer or redox reactions, materials that
undergo reversible color changes with variations in their optical
spectra are called electrochromic materials [1-3]. Electrochromic
devices composed of these materials, which allow for controlling
color cycles, have attracted great interest thanks to their appli-
cations important for smart windows [4-6], displays [7,8] and
antiglare mirrors [9]. The tunable light transmittance resulting
from the color change of the electrochromic films is much desired
in smart windows, which do not only increase the aesthetics of
traditional windows but also save energy by reducing heating
or cooling loads of the building interiors [10]. Among various
electrochromic materials, tungsten oxide (WOs3) has been exten-
sively studied because of its high coloration efficiency and high
cyclic stability compared with other transition metal oxides [11].
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Moreover, WO3-based electrochromic devices exhibit low power
consumption, a good memory effect and a high contrast ratio [12],
offering the desired advantages in smart windows and displays. It is
widely recognized that nanostructured W03, in comparison to their
compact bulk forms, offer potential advantages in electrochromic
application due to their large surface area that could both increase
the contact area between the electrode and electrolyte and reduce
the diffusion path of ions through the porous structures [13]. And
the electrochromic efficiency of W03 can be further improved
by doping suitable metal ions with higher electronegativity or
lower oxidizing capability than W ions, such as Mo and Ti [14,15].
Recently, one-dimensional (1D) WO3 nanostructures with large
surface areas, including nanowires [16,17], nanorods [18,19] and
nanobelts [20], have been investigated. For electrochromic appli-
cations, WO3 nanostructures need to be assembled as a thin film
on conductive substrates and the microstructures of the film con-
cerning the electrochromic performance largely depend on the
film assembling techniques and processing conditions. Such thin
films of WO3 have been grown by vacuum deposition [21], elec-
trodeposition [22], sol-gel [23] and hydrothermal method [24,25].
Hydrothermal approach is one of the most promising methods
for fabricating WOs3 film because of its merits of low cost, low
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reaction temperature, flexible substrate selection and easy scaling-
up for production. Moreover, the microstructures of WOs3 films
grown by hydrothermal approach can be precisely tailored by
varying the precursor concentration, temperature, duration, and
adopting various surfactants and capping agents.

To date, a number of hydrothermal methods have been devel-
oped for preparing 1D WOs3 nanostructures, including nanorods
[19] and nanoribbons [26] by adding different inorganic salts as
capping agents. However, previous reports of directly grown W03
thin films on substrate using a template-free hydrothermal process
and their corresponding electrochromic characteristics have been
quite limited. For example, Tu’s group reports a hydrothermally
grown WOj3 nanowire arrays film recently [27]. A high coloration
efficiency of 102.8 cm?/C and fast switching response of 4.2 s for col-
oration and 7.6 s for bleaching is achieved for this film. Our group
has also fabricated nanobrick WO3 film on transparent conduc-
tive substrate using a crystal-seed-assisted hydrothermal method
previously [24]. The film shows a good cyclic stability and com-
parable coloration efficiency (38.2 cm2/C). Although considerable
achievements have been made, the electrochromic properties of
hydrothermally grown nanostructured WOs films can be further
improved by increasing their surface area. Moreover, the capping
agent effects on the morphology of the hydrothermally grown W03
films and their resultant electrochromic characteristics have not
been totally understood yet.

Compared with a single layer electrochromic device, it is well
known that a complementary device containing two proper elec-
trochromic layers could further improve the performance, such as
the optical modulation, cyclic stability and coloration efficiency
[28,29]. Prussian blue (PB, iron (III) [hexacyanoferrate (II)]), a
coordination-compounded transition metal hexacyanometallate,
is a suitable complementary electrochromic material to WO3 due
to its outstanding electrochromic performance and proper oper-
ational voltage range. Although complementary electrochromic
devices with improved properties based on electrodeposited W03
and PB films have been reported [30], to the best of our knowl-
edge, little work has been done on applying the hydrothermally
grown nanostructured hydrated tungsten oxide films in such kind
of devices.

In this work, we make an attempt to grow nanostructured
WOs films directly on FTO-coated glass by a hydrothermal method
using ammonium acetate (CH3COONH,) as the capping agent. The
capping effects of CH3COONH, on the structure, morphology and
electrochromic property of the resulting nanostructured hydrated
tungsten oxide films are investigated. Moreover, a complementary
electrochromic device combining the hydrated tungsten oxide film
with PB film is fabricated and, as a result, increased optical modu-
lation and coloration efficiency is demonstrated.

2. Experimental

2.1. Preparation of crystal seed layers, precursor and
hydrothermal treatment

The detailed procedures for preparing crystal seed layers can
be found elsewhere [24]. In a typical experiment for preparing the
precursor, Na,WO4-2H,0 (0.0655 g) was dissolved into 20 mL of
de-ionized water and then 4 mL of HCl was added into the solu-
tion until no more precipitate was formed. The above suspension
was kept in ice bath for about 10 min, then the top liquid part
was removed and de-ionized water was added to obtain a 20mL
suspension. Subsequently H,O0, (0.2 g) was added into the above
suspension under intensely stirring and heating. The white precip-
itate was dissolved and a transparent solution was obtained. After
stirring for 5 min, CH3COONH,4 (0.1 g) was added as the capping
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Fig. 1. Schematic of the complementary device.

agent. Then NaOH (1 mol) solution was slowly mixed into this solu-
tion while rigorously stirring until the pH value of the solution
reached 1.5. For the purpose of comparison, a solution without
adding capping agent was also used. The as-prepared solutions
were transferred into autoclaves as precursors for hydrothermal
treatments. The FTO glasses coated by WOj3 seed layers were put
into autoclaves and the hydrothermal process was kept at 180°C
for 18 h.

2.2. Electrodeposition of PB and preparation of electrochromic
device

The electrodeposition of PB film was carried out by a standard
three-electrode system, where a clean FTO served as the work-
ing electrode, a platinum sheet as the counter electrode, and a

(@)

5
G

2
2

=

2
RS

Without CH 3COON H 4
" 1 " 1 " 1 " 1 "
10 20 30 40 50 60
20 (deg.)
b
(b) war_
5/2

3

N

z With CH,COONH,
‘@

=

3

=

1 " 1 " 1

30 35 40
Binding Energy (eV)

Fig. 2. XRD patterns (a) and (b) tungsten 4f region XPS spectra of the as-synthesized
thin films grown with and without CH;COONH4.
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Fig. 3. FESEM images of (a) and (b) the nanobrick 3W0s3-H,O0 thin film grown without CH3COONH,; and (c) and (d) nanostick/nanoparticle film with CH3COONHy. Insets:

cross-sectional and HRTEM image.

Ag/AgCl/sat’d KCI solution as the reference electrode. The elec-
trodeposition bath of PB contained 10 mmol K3Fe(CN)g, 10 mmol
FeCl; and 0.1 mol KCl and the electrodeposition of PB thin film
was carried out by applying a constant cathodic current density
of 50 wA/cm? for 300's. The thickness of the as-deposited PB film is
about 450 nm (measured by a TENCOR P-10 Surface Profiler). Then
the WO3 working electrode and PB counter electrode were sand-
wiched together with hot-melt Surlyn spacers. A liquid electrolyte
composed of 0.2 mol LiClO4 in y-butyrolactone (y-BL) was intro-
duced between the two electrodes by capillary action. Finally the
cell was sealed with epoxy, which is schematically shown in Fig. 1.

2.3. Characterization

The phases of the synthesis products were identified by X-ray
powder diffraction (XRD, Siemens), using Cu Koy (A =0.15406 nm)
radiation. X-ray photoelectron spectroscopy (XPS) data were
obtained on a Kratos AXIS spectrometer with monochromatic
Al Ko (1486.71 eV) X-ray radiation. The morphologies of the as-
prepared thin films were observed by field emission scanning

Hydrothermal
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Wlthont
CH_:,COONH_,

electron microscope (FESEM, JSM 6340). High-resolution trans-
mission electron microscopy (HRTEM) image was obtained by
a JEM-2100 microscope using an accelerating voltage of 200kV.
The optical absorbance and transmittance spectra were measured
using a UV/V is spectrophotometer (JESCO V670). Electrochemi-
cal measurements were performed by a three-electrode system
(VersaSTAT 3F Potentiostat/Galvanostat) with LiClO4 (0.2 mol) in
v-BL as the electrolyte, Pt sheet as the counter electrode and
Ag/AgCl/sat’d KCI as the reference electrode.

3. Results and discussion
3.1. Structures and morphologies of as-prepared films

Fig. 2(a) shows the X-ray diffraction (XRD) patterns of the as-
prepared thin films grown with and without CH3COONH4. Both
films show the same crystalline structure and all peaks can be well
indexed to the orthorhombic phase of 3WO03-H,0 (JCPDF 87-1203)
with the corresponding lattice constants of a=7.345,b=12.547 and
€=7.737 A. The sharp peaks indicate the good crystalline quality of
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Fig. 4. Schematic illustration of the formation process of the as-grown thin films.
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Fig. 5. (a) Cyclic voltammograms (CVs) of the nanostick/nanoparticle and nanobrick 3W0s5-H,O films in y-butyrolactone with 0.2 mol LiClO4; (b) and (c) CVs of the nanos-
tick/nanoparticle and nanobrick film at the scan rates of 5, 10, 25, 50 and 100 mV/s, respectively. Insets: the cathodic/anodic peak current density as a function of the square
root of the scan rates; (d) CVs of the nanostick/nanoparticle film after 1st, 1000th, and 2000th cycles; and (e) chronoamperometry (CA) curve of the as-synthesized films

recorded at +0.5V for 40s.

the as-fabricated films. The electrochromic performance of WOj5 is
closely related to its crystallinity. Crystalline WO3 has a better sta-
bility to endure acidic electrolyte without degradation for a longer
cyclic time compared to amorphous one, but at the cost of slower
response time and smaller coloration efficiency arising from its

smaller specific surface area [31]. By increasing the porosity and
precisely controlling the crystal size, crystalline WO3 films with
good stability and fast response can simultaneously be achieved.
Fig. 2(b) shows the X-ray photoelectron spectroscopy (XPS) data of
the as-synthesized films. The binding energies of the samples were
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Fig. 6. In situ transmittance response and coloration efficiency at 754 nm for the nanobrick film (a and b) and the nanostick/nanoparticle film (c and d).

corrected using a value of 284.5 eV for the C 1s peak of carbon. For
both films, two well-resolved peaks at about 35.5 and 37.6eV in
the spectra are attributed to the spin orbit split doublet peaks of W
4f7, and W 4fs),, respectively. These two peaks are well separated
without any shoulders, indicating that all W atoms are in the +6
oxidization states.

Fig. 3 shows the morphologies of the as-synthesized films. It
can be seen that the film grown without CH3COONH,4 consists of
irregular aggregated nanobricks with sizes ranging from tens to
hundreds of nanometers (see Fig. 3(a) and (b)), while thin film made
up of stacked nanosticks and nanoparticles is obtained by adding
CH3COONHy, as the capping agent (Fig. 3(c) and (d)). The nanos-
ticks with an average length of ~50nm are horizontally stacked
together, leading to a coarse surface. A lot of small nanoparti-
cles with sizes of tens of nanometers are accumulated underneath
these sticks. Clear lattice fringes of the high-resolution transmis-
sion electron microscopy (HRTEM) image from a nanostick (inset
of Fig. 3(d)) indicate its single crystalline quality. The inset cross-
sectional image shows that the film with a thickness of ~560 nm
has a good adherence to the substrate. According to the recent
report [32], orthorhombic 3WO03-H,0 actually contains two type of
corner-sharing WOg octahedras. One type is conducted by a cen-
tral 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=0 bond and longer W—(OH), bond, respec-
tively. Finally, the 3WOs3-H;0 lattice is formed by stacking up layers
consisting of these two structural units. Herein, the CH3COONH,4
has a capping effect on the stacking of these two structural units,
resulting in the formation of nanosticks. Fig. 4 schematically illus-
trates the formation process of the films grown with and without
CH3COONHy,4.

3.2. Electrochemical and electrochromic properties of the
as-prepared 3W03-H,0 films

Cyclic voltammograms (CVs) were investigated for both films
and shown in Fig. 5(a). These CVs were normalized with respect
to the geometric area and to the weight of 3W05-H,0 film within
that area. During each scan, the films undergo typical reversible
color changes from blue to colorless. The recorded current is due
to Li* intercalation/deintercalation and electron transfer between
W6* and W>* according to the following reaction:

WO; - 0.33H,0 (bleach) + xLi* + xe~ < LixyWOj3 - 0.33H,0 (blue).
(1)

The integrated cathodic/anodic current equates to the amount of Li*
intercalation/deintercalation. It can be clearly seen that the nano-
stick/nanoparticle film grown with CH3COONH,4 shows a higher
current density for both intercalation and deintercalation processes
over the same time period than the nanobrick one, indicating faster
Li* intercalation/deintercalation kinetics. The total cathodic charge
for the nanostick/nanoparticle film is about 42mCcm~2mg-!,
compared to only about 2.0mCcm2mg-! for nanobrick
films.

The CVs of nanostick/nanoparticle and nanobrick films recorded
between —1.0and 1.2 V atvarious scan speeds are shown in Fig. 5(b)
and (c), respectively. It can be seen from Fig. 5(b) that when the
scan speed is 5 mV/s, there are two oxidation peaks that appear at
about —0.83 and —0.56V, and two reduction peaks that appear at
—0.45 and —0.85V. With the increased scan speed, the first oxi-
dation peaks disappear, while the second peaks get broader and
higher, and the peak positions shift to a higher oxidation potential.
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Fig. 7. Optical absorption spectra of a complementary electrochromic device and a
single PB layer device at the colored and bleached state under +0.8 V, respectively.

The reduction peaks show a similar trend. When the second anodic
peak current densities are plotted against the square root of scan
rates, v1/2, approximately a linear relationship is obtained (inset of
Fig. 5(b)), which signifies a diffusion-controlled process [33]. The
effective diffusion coefficient D for the diffusing species Li* can be
estimated from the peak current density (j,) dependence on the
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Fig. 8. (a) Switching time characteristics between the colored and bleached states
for the complementary electrochromic device measured at +0.8V for 30 s and (b)
optical density variation with respect to the charge density recorded at 754 nm.

square root of the potential scan rate (v!/2) assuming a simple solid
state diffusion controlled process [34]:

—P2 _2.69x10°n3/2ACvVD (2)

sV

where n is the number of electrons transferred in unit reaction, A
is the effective geometric surface area of the 3W03-H, O electrode,
and C is the concentration of the diffusion species (Li*). The effec-
tive diffusion coefficients D;;+ have been calculated from Eq. (3)
tobe 2.19 x 10-11 and 1.39 x 10~ cm?/s for the intercalation and
deintercalation process, respectively, comparable to the reported
values [35]. Fig. 5(c) shows the CVs of the nanobrick film recorded
at different scan rates, showing a similar profile but smaller current
density. The calculated diffusion coefficients D;+ are 9.60 x 10~12
and 6.101 x 10~12 cm?/s for the intercalation process and deinter-
calation process, respectively, which are smaller than those of the
nanostick/nanoparticle film. The faster ion diffusion kinetics of the
nanostick/nanoparticle film arises from its much rougher surface,
which increases its surface area and reduces the ions diffusion path
length. The cyclic stability of the nanostick/nanoparticle film was
also measured for the 1st, 1000th, and 2000th cycle at room tem-
perature and the results are shown in Fig. 5(d). The current density
increases slightly within 2000 cycles, without a clear change in
the shape of CV curve, indicating excellent cyclic stability of the
film, which is similar to the reported crystalline WO3 nanoparticles
[12]. Chronoamperometry (CA) data were recorded for both films
with the potential being stepped from —0.5V to +0.5V for 405, as
shown in Fig. 5(e). During each cycle, the 3WO03-H, 0 films change
from bleached state to colored state reversibly. For both films, the
peak current density of bleaching is much higher than that of col-
oration, and the current density during bleaching decays faster
than coloration. This characteristic is typical for WO3; with small
ionintercalation/deintercalation [20]. The higher bleaching current
arises from the good conductivity of tungsten bronze (LiyWO3),
and the rapid current decay is due to the conductor (LixWO3)-
to-semiconductor (WQj3) transition, while the coloring kinetics is
always slower than the bleaching one for W03 films owing to
the higher resistance during WO3 to LiyWOs3 transition. More-
over, the peak current densities of coloration/bleaching (—4.9 and
14.1 mA/cm?) of the nanostick/nanoparticle film are higher than
those (—2.4 and 7.5mA/cm?) of the nanobrick film. The response
time (defined as 70% decrease of current density) for coloration
(tc) and bleaching (t;,) are calculated from current-time transient
data from Fig. 5(e). The nanostick/nanoparticle film shows faster
coloration/bleaching responses (t. ~ 7.0 s and t;, ~ 3.0 s) than those
(tc ~9.0s and t, ~3.55s) of the nanobrick film, in well agreement
with the results in Fig. 5(a—c). The fast responses for both films are
comparable to the spray-pyrolysis deposited amorphous WOs; film
[36].

The in situ transmittance responses of the nanos-
tick/nanoparticle and nanobrick film for a 90% transmittance
change were also investigated at 754nm by a +0.8V bias (see
Fig. 6(a) and (c)). For the nanostick/nanoparticle film, the col-
oration time t. is found to be 7.9s, and the bleaching time ¢, is
4.8s. However, for the nanobrick film, the coloration time t. is
found to be 7.3 s, and the bleaching time t, is 7.1 s. The bleaching
speed of the nanostick/nanoparticle film is much faster than the
nanobrick film, but the coloration speed is a little slower. It is
worth to mention that a larger optical modulation of ~45% of
the nanostick/nanoparticle film is achieved, compared to that
only 38% of the nanobrick film. Coloration efficiency (CE) values
of both films were also studied and shown in Fig. 6(b) and (d),
respectively. The CE is extracted as the slope of the line fits to the

. 2
D =0.1382 x 10" 1°n-342C2 (5"’> 3)
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Fig. 9. Photographs of a complementary electrochromic device at the bleached state (a) and (b) the colored state under +0.8 V, respectively.

linear region of the curve. It can be seen that the calculated CE
of the nanostick/nanoparticle film is 45.5 cm?/C, larger than that
of the nanobrick film (36.8 cm?/C). The improved electrochromic
performance of the nanostick/nanoparticle film is due to its large
surface area.

3.3. Optical and electrochromic properties of the complementary
device

To further improve the optical contrast, coloration efficiency and
switching stability, the nanostick/nanoparticle film is incorporated
in an electrochromic device with an anodically colored PB film as
a complementary electrochromic layer. The morphology and CV
curve of the as-deposited PB film were also investigated and shown
in Figs. S1 and S2, respectively (see supplementary information).
Fig. 7 shows optical absorption spectra of the complementary elec-
trochromic device and a single PB layer device at the bleached and
colored state under a +0.8 V bias. Compared with the single PB layer
device, the complementary device shows a larger optical modu-
lation above 410 nm, especially in the near IR region, indicating
a higher color contrast and larger heat regulation. Moreover, the
complementary device depicts a higher absorption in the near UV
region at both colored and bleached states due to the absorption of
3WO0s3-H,O0 films. The above result is highly desired in smart win-
dow applications since more heat can be prohibited from entering
the interior buildings, resulting in a reduction of cooling loads.

Fig. 8(a) shows the in situ coloration/bleaching transmittance
response of the complementary device measured at 754 nm. The
maximum transmittance modulation (AT) of coloration/bleaching
was found to be about 54% after applying a +0.8V voltage for
30s, agreeing well with the absorbance spectra shown in Fig. 7.
Obvious color changes can be observed during the switching.
The coloration and bleaching time extracted as 90% transmittance
changes are found to be 1.3 and 5.7 s, respectively. The switching
responses of the complementary device for both the coloration and
bleaching processes are much faster than those reported values
[30]. For this complementary electrochromic device, limitations
of switching response are mainly due to 3WO3-H,O electrode.
The fast coloration/bleaching kinetics may be attributed to the
large active specific area of the rough surface, which facilitates
the ions intercalation/deintercalation by reducing their diffusion
lengths. CE of the complementary cell was also investigated at
its peak absorbance (A=754nm) and shown in Fig. 8(b). The
calculated CE value is 151.9cm?2/C, comparable to that of the
reported WO3||PB complementary device [30]. And the CE of
the complementary device is improved by about 234% compared
with a single 3W0s3-H,0 electrochromic layer (CE=45.5cm?2/C).
Photographs of the complementary device are shown in Fig. 9,
depicting a high contrast between the bleached and colored
states, which leads to the obvious transparence changes. The

device shows promising applications in energy-saving smart win-
dows.

4. Conclusions

In summary, uniform and well-adhesive 3W03-H,0 films con-
sisted of nanosticks/nanoparticles were synthesized via a facile
and template-free hydrothermal method by adding CH3COONH,4 as
the capping agent. Thin films composed of aggregated nanobricks
were obtained without CH3COONH,4. The nanostick/nanoparticle
film depicts faster charge transfer and greater coloration effi-
ciency (45.5cm?/C) than the nanobrick film (36.8cm?2/C). A
complementary electrochromic device based on the nanos-
tick/nanoparticle 3W03-H,0 film and PB film was fabricated
and demonstrates larger optical contrast (54% at 754 nm), faster
switching response (t, =1.3s and t.=5.7 s) and greater coloration
efficiency (151.9 cm2/C) than a single 3W03-H,0 film device. The
complementary device holds great promise for potential applica-
tions in energy-saving smart windows.
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