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A B S T R A C T

With the increase in global challenges related to energy depletion, there is significant emphasis on studies
involving next-generation optoelectronic applications such as smart windows and electronic displays. In parti-
cular, electrochromic devices (ECDs) have been identified as strategic innovations for energy-saving “smart
windows” to address these challenges. Despite this increased level of attentions, ECDs have not yet attained
broad commercial acceptance because of their limited electrochromic (EC) properties including coloration ef-
ficiency (CE,< 30.0 cm2/C) and switching speeds (> 10.0 s). To address these limitations, critical effort is re-
quired to enhance the EC properties by tuning the film structure and electronic structure of ECDs. In this study,
we demonstrated the effect of nanocomposite structure of conductive metal oxides and WO3 EC films. Antimony-
doped tin oxide nanoparticles (ATO NPs) were utilized because of their superior electrical conductivity and large
band gap. To achieve the optimum addition amount of ATO NPs in EC films, we adjusted the amount as 0, 0.6,
1.2, 2.4 wt%. WO3 EC films with the optimum addition amount (1.2 wt%) of ATO NPs exhibited improved EC
performance including both the switching speeds (5.4 s for the coloration speed and 2.4 s for the bleaching
speed) and CE value (48.2 cm2/C). The enhancement of EC performance was attributed to the well-dispersed
ATO NPs in the WO3 films that can effectively improve electrical conductivity via the formation of by forming
preferred electron pathway. In addition, the large band gap of ATO NPs broadens the transmittance modulation
of the EC layer which contributed to the increment of the CE value. Therefore, our results suggest a strategy to
obtain the enhanced WO3 films with superior EC performances using conductive metal oxides nanocomposite
structure.

1. Introduction

The phenomenon called electrochromism is an enabling technology
for devices that require variable-optical properties such as digital dis-
plays, smart windows, and arear view mirrors [1–3]. Subsequent to the
discovery of this phenomenon by Deb et al. [4], electrochromic devices
(ECDs) have received significant attention due to their useful char-
acteristics that include color variation, low operating voltage, and
transmittance in the visible region [5]. Recently, global challenges re-
lated to increasing energy consumption have attracted notable atten-
tion in the field of ECDs [6,7] This has accelerated further research to
this field with the objective of improving the electrochromic (EC)
properties of these devices. Generally, the ECDs are composed of five
functional layers: anodic, cathodic EC layers, ion conductor layer, and
the two transparent conducting layers [8,9]. Among them, it is well

known that the EC layers play a predominant role because the key
performances of ECDs (transmittance modulation, switching speed, and
CE) are determined by the electrochemical reaction that occurs at the
EC layers [10,11]. Transition metal oxides are mainly used in the EC
layers. In particular, tungsten oxide (WO3) is one of the most ex-
tensively investigated EC materials that is currently used in ECD ap-
plications [12–14] due to its superior transmittance modulation and
electrochemical stability. WO3 films can vary their colors from optical
transparency to deep blue by small cation (H+, Na+ and Li+) inter-
calation/deintercalation of their lattice under the application of a vol-
tage bias. This is accompanied by the movement of electrons to an
external circuit and the process is described by the following equation
(see Eq. (1)) [15]:

WO3 (transparent) + xM+ + xe− ↔ MxWO3 (deep blue) (1)
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However, WO3 films are still too limited with respect to a low CE
value (< 30.0 cm2/C) and slow switching speeds (> 10.0 s) for EC
applications. To address these limitations, it is necessary to facilitate
electrochemical reactions that accompanied with ion and electron
mobility. The enhancement of the electrical conductivity of EC mate-
rials is one of the key factors that directly influence EC performances
[16]. It is known that an increase in electrical conductivity can be
achieved via doping with metal ions and high conductive composite
structures [17–23]. Initially, the doping of metal ions is known to en-
hance electrical conductivity by providing free charge carriers to the
host lattice. Zhou et al. fabricated Ni-doped WO3 films using the seed-
free hydrothermal method. These films exhibited fast switching speeds
(6.7 s for the coloration speed and 3.4 s for the bleaching speed) at
0.5 wt% doping concentration [24]. Xie et al. achieved optimized 2 at%
Mo-doped WO3 films using electrodeposition which also exhibited su-
perior switching speeds (2.0 s for bleaching speed and 2.1 s for col-
oration speed). In addition, a composite structure with a transition
metal oxide is also useful for enhancing electrical conductivity via the
formation of electron transfer channels that increase electron mobility.
Han et al. prepared TiO2 nanocrystal embedded WO3 films using a one-
step dip-coating method and demonstrated enhanced CE value
(68.1 cm2/C) with fast switching speeds (5.0 s for bleaching speed and
3.0 s for coloration speed) due to the reduced Li ion trapping site of the
WO3 structure with embedded TiO2 nanocrystals [25]. Further, Kim
et al. presented results for dual-band electrochromic materials with
highly functional electrochemical reactions using a NbO-WO3 nano-
composite structure [26]. However, despite these efforts, high con-
ductive metal oxide nanocomposite structures for EC material have not
been reported to date.

In this regard, we used antimony-doped tin oxide nanoparticles
(ATO NPs) to enhance the properties of ECDs and fabricated ATO-WO3

nanocomposite structure using a low-cost and simple spin-coating
method. Well-dispersed ATO NPs in amorphous WO3 effectively im-
proved EC performances. This improvement was attributed to their
unique characteristics that include high electrical conductivity and
large band gap. To demonstrate the effect of ATO NPs in WO3, we in-
vestigated the relationship between their optical, chemical, structural,
electrochemical and EC performances.

2. Experimental details

ATO-WO3 nanocomposite films were fabricated via a spin-coating
process using a sol solution with ATO NPs and WCl6. Initially, to obtain
the ATO NPs using a hydrothermal method, a precursor solution was
prepared by dissolving 0.15M tin chloride pentahydrate (SnCl4·5H2O,
SAMCHUN) as a precursor and antimony (III) chloride (SbCl3, Aldrich)
as a doping agent into de-ionized (DI) water with 4 vol% ammonium
hydroxide solution (NH4OH, Aldrich). In this solution, the molar con-
centration of the Sb/Sn was fixed as 0.1M. After stirring for 30min, the
resulting solution was transferred into a Teflon-lined autoclave and
hydrothermal reaction occurred at 220 °C for 6 h. Afterward, the re-
sultant precipitates were washed with DI water and dried in an oven for
6 h at 80 °C, then sintered at 600 °C for 3 h to obtain the required
crystallinity of the ATO NPs. To prepare the sol solution for the spin-
coating process, 10 wt% tungsten (Ⅵ) chloride (WCl6, Aldrich) was
dissolved in 2-propanol ((CH3)2CHOH, Aldrich). After stirring, the ATO
NPs were added into the prepared solution. The amount of the ATO NPs
added to the solution was set as 0, 0.6, 1.2, and 2.4 wt% to optimize the
nanocomposite effect of ATO NPs on the EC performances of the WO3

films. Then, the sol solutions were spin-coated at 2,000 rpm for 30 s
onto commercial fluorine-doped tin oxide (FTO) glass (Pilkington,
8.0Ω/□). They were then annealed at 300 °C in air, resulting in the
formation of ATO-WO3 nanocomposite films with different amounts of
ATO NPs that included 0, 0.6, 1.2, and 2.4 wt% (thereafter identified as
bare WO3, 0.6ATO-WO3, 1.2ATO-WO3 and 2.4ATO-WO3, respectively).

The morphology and structure were examined using field-emission

scanning electron microscopy (FESEM, Hitachi S–4800) and transmis-
sion electron microscopy (TEM, Gwangju Center, Korea Basic Science
Institute). Structural analyses were performed using X-ray diffraction
(XRD, Rigaku D/Max−2500 diffractometer using Cu Kα radiation), and
the chemical bonding states of the samples were investigated by X-ray
photoelectron spectroscopy (XPS, ESCALAB 250 equipped with an Al
Kα X-ray source). The electrical and optical properties were measured
by a Hall-effect measurement system (Ecopia, HMS-3000) and ultra-
violet–visible (UV–vis) spectroscopy (Perkim–Elmer, Lambda–35), re-
spectively. The electrochemical and EC performances were character-
ized using a potentiostat/galvanostat (PGSTAT302 N, FRA32M,
Metrohm Autolab B.V., Netherlands). Measurements were performed
using the three-electrode system with 1M LiClO4 (≥ 95.0%, Aldrich) in
propylene carbonate (anhydrous, 99.7%, Aldrich) as the electrolyte, Pt
wire as the counter electrode, and Ag wire as the reference electrode.
The diffusion coefficient of all the samples was calculated for various
current densities with an increase in the scan rate (20, 40, 60, 80 and
100mV/s). Ultraviolet–visible (UV–vis) spectroscopy (Perkim−Elmer,
Lambda−35) was performed at 633 nm to analyze the in situ optical
transmittances which regards the switching speeds of the EC films.

3. Results and discussion

Fig. 1 shows FESEM images of (a) ATO NPs, (b) bare WO3, (c)
0.6ATO-WO3, (d) 1.2ATO-WO3, and (e) 2.4ATO-WO3. In the case of the
ATO NPs, spherical nanostructures with a diameter in the range of
9.5–13.8 nm were successfully formed using a hydrothermal method.
Bare WO3 samples appear to have a smooth and uniform surface, which
implies the formation of amorphous WO3 (see Fig. 1b). In nano-
composite films, the presence of well-dispersed ATO NPs in the films
was clearly observed, which can be explained by the difference in flat-
band potential of WO3 (0.33 V) and SnO2 (−0.1 V) [25,27]. As such,
their opposite charge causes an electrostatic attractive force when they
are mixed together, resulting in a homogeneously dispersed colloid
[25]. In addition, with an increase in the addition amount of ATO NPs,
the distribution of well-dispersed ATO NPs in the films was improved
from the 0.6ATO-WO3 sample (see Fig. 1c) to the 1.2ATO-WO3 sample
(see Fig. 1d), together with a decrease in the distance between the ATO
NPs. However, the 2.4ATO-WO3 sample exhibited an aggregation
phenomenon of the ATO NPs with an increase in the distance between
the ATO NPs due to the excessive amount of the ATO NPs (see Fig. 1e).
Given that the ATO NPs have superior electrical conductivity and a
large band gap, their dispersion can enhance the electrical properties of
WO3 films which mainly affects the EC performances. To confirm the
quantitative amount of the ATO NPs in the WO3 films, the ratio of each
atoms was investigated using an energy dispersive spectrometer (EDS)
and the results are as shown in Table 1. As expected, only W and O
atoms were detected in bare WO3 samples. However, the nanocompo-
site films exhibited an increased ratio of detected Sn atoms from 0.15 at
% for the 0.6ATO-WO3 samples to 0.68 at% for the 2.4ATO-WO3 sam-
ples. To further investigate the presence of dispersed ATO NPs in the
WO3 films, we performed TEM analyses. Fig. 2 represents the TEM
images of the bare WO3 and 1.2ATO-WO3 samples. Although a uniform
contrast is observed for the bare WO3 samples (see Fig. 2a), the ex-
istence of well-dispersed ATO NPs in the WO3 films was clearly iden-
tified in the 1.2ATO-WO3 samples (see Fig. 2b). High-resolution TEM
images of the 1.2ATO-WO3 samples (Fig. 2c), demonstrated that the
lattice distance of the crystalline NPs is 0.337 nm. This is a higher value
than that of pure SnO2 (0.33 nm), which indicates the formation of the
ATO phase [28,29]. In addition, selected area electron diffraction
(SAED) pattern of bare WO3 sample (see insets of Fig. 2a) revealed
multiple spread ring that corresponds to an amorphous structure,
whereas there are dot patterns related to the crystalline structure of the
1.2ATO-WO3 samples (see insets of Fig. 2b), together with multiple
spread ring pattern. These results prove the successful formation of a
nanocomposite film and that crystalline ATO NPs are well-dispersed in
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the amorphous WO3 films, which can improve the EC properties due to
the high electrical conductivity and large band gap of the ATO NPs
[30].

Fig. 3a shows the XRD curves used to analyze the crystal structure of
the films. All the curves exhibit a broad diffraction peak emitted at
∼23.1°, that corresponds to amorphous WO3, which potentially has
advantageous of EC properties due to fast ion transfer via an open
lattice structure [31]. However, no apparent peaks related to ATO NPs
were observed in the nanocomposite films due to the very small addi-
tion amount of ATO NPs. Therefore, we attempted to characterize the
chemical bonding state of the films using X-ray photoelectron spec-
troscopy (XPS, AXIS ultra-delay line detector equipped with an Al Kα X-
ray source, KBSI Daedeok Headquarters). All binding energies were
standardized with the C 1s (284.5 eV) as a reference. The W 4f XPS
core-level spectra (see Fig. 3b) of all films had one pair of doublets at
35.2 eV for W 4f7/2 and 37.3 eV for W 4f5/2 which corresponds to the
binding energy of W6+. This result is indicative of the successful for-
mation of the WO3 phase without variation of the chemical bonding
state by the addition of different amounts of ATO NPs. However, ac-
cording to the Sn 3d core-level spectra (see Fig. 3c), noticeable differ-
ences in the detected intensity among the samples were observed. Ex-
cept for the bare WO3 samples, one pair of doublets at 495.2 eV for Sn
3d 3/2 and 486.8 eV for Sn 3d 5/2 was detected in the range of the broad
peak of W 4P1/2 at 494.3 eV, which corresponds to the binding energy
of Sn4+. In the O 1s core-level spectra (see Fig. 3d), it was determined
that the magnitude of the peak at 530.8 eV that corresponds to Sb–O
bonding gradually increased with an increase in the addition amount of
ATO NPs. Based on these results, the formation of the ATO-WO3 na-
nocomposite structure was confirmed with an increase in the addition
amount of ATO NPs. This can lead to an enhancement of the electrical
properties due to the well-dispersed ATO NPs.

To characterize the electrical properties of the nanocomposite films
with different addition amount of ATO NPs, the electrical conductivity
of the films that were coated onto a bare glass substrate (corning EAGLE
XG™) was measured using a Hall-effect measurement system (Ecopia,
HMS-3000). Electrical conductivity (see Fig. 4a) is observed to increase
from 4.89×10−8 S/cm for bare WO3 to 5.71×10−8 S/cm for the
1.2ATO-WO3 samples. This is due to the decrease in the interparticle
distance the of well-dispersed ATO NPs with high electrical con-
ductivity of the WO3 films. As a result, preferred electron channels
develop in these films. However, 2.4ATO-WO3 samples showed de-
creased electrical conductivity (5.57×10−8 S/cm) due to aggregation
by an excessive addition amount of ATO NPs to increase the inter-
particle distance among the ATO NPs. In addition, the variation of the

Fig. 1. Top-view FESEM images of (a) ATO NPs, (b) Bare WO3, (c) 0.6ATO-WO3 (d) 1.2ATO-WO3 and (e) 2.4ATO-WO3, respectively.

Table 1
Summary of EDS analysis measured from all samples.

Samples W (at%) O (at%) Sn (at%)

Bare WO3 11.73 88.27 –
0.6ATO-WO3 12.64 87.22 0.14
1.2ATO-WO3 12.03 87.67 0.31
2.4ATO-WO3 10.47 88.84 0.69

Fig. 2. HRTEM images of (a) Bare WO3, (b, c) 1.2ATO-WO3, respectively. Their
selected area electron diffraction (SAED) patterns are shown in the inset (top
right).
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bandgap of the nanocomposite films with different ATO NPs was in-
vestigated using UV–vis spectroscopy (Perkim–Elmer, Lambda–35).
Fig. 4b shows the values of the bandgap energy calculated based on
fundamental absorption. These results are indicative of electron ex-
citation from the valance band to the conduction band. The correlation
between the absorption coefficient (α) and the incident photon energy
(ℎν) can be written as follows [32,33]:

(αℎν)1/n= A(ℎν ‒ Eg) (2)

where A is a constant, Eg is the band gap and n is the type of transition
(n=1/2 for allowed direct transitions). The direct bandgap of the
films, which was determined by extrapolation of the linear region of the
graph between (αℎν)2 and ℎν, were enhanced as the addition amount of
ATO NPs increased. The increase in the band gap from the bare-WO3

(2.75 eV) to the 1.2ATO-WO3 (2.82 eV) is due to the increased amount
of well-dispersed ATO NPs with a large band gap (∼4.1 eV) compared
to WO3 (∼2.74 eV) [31]. However, for the 2.4ATO-WO3 samples, there
is a relaxation of the band gap widening due to aggregation of ex-
ceeding amount of ATO NPs, leading to a decrease in the band gap [34].
Therefore, the electrical and optical properties of the WO3 films were
successfully modified using ATO-WO3 nanocomposite structure which
can directly affect EC performances.

Cyclic voltammetry (CV) measurement was performed to in-
vestigate the effect of the ATO NPs on the electrochemical behavior of
the nanocomposite films, which includes electron and ion transfer
during the EC reaction. During each CV cycling, all films exhibited
reversible color variation from deep blue (colored state) to transparent
(bleached state) as a result of the intercalation/deintercalation of Li
ions associated with the redox reaction of the WO3 films (see Eq. (1)).
The CV curves of all the films at a scan rate of 20mV/s are shown in
Fig. 5a with one pair of anodic and cathodic peaks. The anodic and
cathodic current density were shifted to higher and lower potentials,
respectively, gradually increasing from bare WO3 to 1.2ATO-WO3. This
result implies that the enhancement of the electrochemical activity is
attributed to the increased number of participating ions and electrons
during the electrochemical reaction. However, a slight reduction in
current density was observed for the 2.4ATO-WO3 samples which is in
good agreement with the electrical conductivity results [35]. In order to
evaluate the correlation between them, the diffusion coefficient (D) of
the Li ions was determined according to the variation of the current
density as the scan rate was changed according to the Randles−Sevcik
equation [36,37]:

Jp=2.72×105×D1/2× Co× v1/2 (3)

Fig. 3. (a) XRD curves, XPS core-level spectra of (b) W 4f and (c) Sn 3d, and (d) O 1s for all samples.

Fig. 4. (a) Electrical conductivity and (b) optical band gap energy of all samples measured in wavelength range from 200 to 800 nm.
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where Jp is the peak current density, Co is the concentration of active
ions in the electrolyte, and v is the scan rate for CV profiling. As can be
seen in Fig. 5b, the diffusion coefficient of the Li ions increased from
2.45×10−9 cm2/s for bare WO3 to 3.87×10−9 cm2/s for 0.6ATO-
WO3 and 6.47× 10−9 cm2/s for 1.2ATO-WO3. This result is mainly due
to the accelerated reaction rate associated with the improved electrical
conductivity because of the effect of the well-dispersed ATO NPs. Given
that the redox reaction is associated with electron and ion transporta-
tion, enhancement of electron mobility can directly affect the diffusion
rate of the Li ions [38]. As such, despite the higher addition amount of
ATO NPs, the decreased in the diffusion coefficient (5.85× 10−9 cm2/
s) of the 2.4ATO-WO3 samples compared to the 1.2ATO-WO3 samples is
due to the reduction of their electrical conductivity due to aggregation
of ATO NPs. Therefore, an optimized diffusion coefficient of Li ions and
the electrical conductivity of the 1.2ATO-WO3 samples can improve the
EC kinetics which significantly influences EC performance including the
switching speeds and CE value [18].

To characterize the EC performances of the samples, the in situ op-
tical transmittance at 633 nm was traced to identify the responses
during the redox reaction. Fig. 6a shows the curve of the in situ optical
transmittance of all the measured samples by applying stepped poten-
tial of −0.7 V for the colored (deep blue) state and 1.0 V for the
bleached (transparent) state for 60 s, respectively. The obtained curves
show the two aspects of the EC characteristics including the transmit-
tance modulation (△T) (which is defined as the transmittance difference
between the bleached state(Tb) and the colored state(Tc) of the EC
layer) and switching speed (which is defined as the reaching time to be
a 90% of the transmittance modulation from the moment when the
voltage is applied). As summarized in Table 2, the value of the trans-
mittance modulation increases from 50.57% for bare WO3 to 52.40%
for 1.2ATO-WO3. This increase is due to an enhancement of the elec-
trochemical activity and band gap widening of the films as a result of
the ATO-WO3 nanocomposite structure. Therefore, increased electro-
chemical activity due to the improved electrical conductivity can fa-
cilitate the intercalation of Li ions, which reduces transmittance of the

colored state and well-dispersed ATO NPs promote the transmittance of
the bleached state. As such, the improved switching speeds are clearly
observed as we transition from the bare WO3 samples (9.7 s for the
coloration and 11.1 s for the bleaching speed) to 1.2ATO-WO3 samples
(5.4 s for the coloration and 2.4 s for the bleaching speed). The im-
provement in switching speeds is attributable to the high conductivity
of well-dispersed ATO NPs within the WO3 films which forms preferred
electron channels. However, a large amount of ATO NPs can cause
aggregation and a reduction of the switching speeds as observed in the
2.4ATO-WO3 samples (5.8 s for the coloration and 2.6 s for the
bleaching speed). Furthermore, the CE value, which implies that the
optical density (OD) variation due to intercalated charge densities (Q/
A) is a crucial evaluation factor in determining EC performance. In
addition, the CE value was calculated using Eq. (4) [39,40]:

CE=△OD/(Q/A) (4)

△OD= log (Tb/Tc) (5)

where Q is the total quantity of the current for the time period from the
bleached to colored state and A is the given electrode area. To achieve a
high CE value, the EC layer should exhibit a large OD (related to
transmittance modulation) within a small charge density. The CE values
obtained by extrapolation of the linear region measured at 633 nm are
summarized in Table 2. The CE values were 38.9 cm2/C for bare WO3,
42.8 cm2/C for 0.6ATO-WO3, 48.2 cm2/C for 1.2ATO-WO3 and
43.24 cm2/C for 2.4ATO-WO3. Therefore, we demonstrated that the
optimized CE value (48.2 cm2/C) was mainly due to the high con-
ductivity of ATO-WO3 nanocomposite structure with well-dispersed
ATO NPs.

4. Conclusion

In this study, ATO-WO3 nanocomposite structure was successfully
fabricated on FTO glass using a sol-gel spin-coating method by ad-
justing the addition amount of ATO NPs (0, 0.6, 1.2, 2.4 wt%). We
confirmed the effects of well-dispersed ATO NPs within the amorphous

Fig. 5. (a) CV curves of all samples recorded between −0.7 and 1.0 V at the scan rate of 20mV/s using the three-electrode system and (b) calculated diffusion
coefficient of all samples.

Fig. 6. (a) In situ optical transmittance curves of all samples traced in stepping potential at −0.7 V for the colored state and 1.0 V for the bleached state for 60 s and
(b) optical density variation at 633 nm with respect to the inserted charge density.
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WO3 films which resulted in an enhancement of the electrochemical
activity and transmittance modulation. These results suggest that the
well-dispersed ATO NPs can effectively improve electrical conductivity
and widen the band gap of WO3 films. As such, the 1.2ATO-WO3

samples exhibited an optimized nanocomposite effect of ATO NPs and
WO3 films with enhanced EC performances including switching speeds
(5.4 s for the coloration speed and 2.4 s for the bleaching speed) and CE
value (48.2 cm2/C). This improvement of the EC performances can be
attributed to the formation of preferred electron pathways and en-
hanced band gaps of WO3 films by well-dispersed ATO NPs. Therefore,
we demonstrated the potential of ATO-WO3 nanocomposite structures
in the fabrication of high-performance EC materials. This improvement
in EC performances can contribute to further EC research into con-
ductive oxide nanocomposite structures with unique characteristics.
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