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Fast-switching electrochromic properties of
mesoporous WO3 films with oxygen vacancy
defects†

Bon-Ryul Koo a and Hyo-Jin Ahn *a,b

In this study, mesoporous WO3 films with oxygen vacancy defects have been fabricated using the cam-

phene-assisted sol–gel method. By controlling the optimized weight ratio of camphene on the WO3

films, we developed a unique film structure of the WO3 phase with both mesoporous morphology and

oxygen vacancy defects due to the distinctive effect of camphene. The mesoporous WO3 films with

oxygen vacancy defects fabricated using 10 wt% camphene showed superb multifunctional electrochro-

mic (EC) properties with both fast switching speeds (5.8 s for coloration speed and 1.0 s for bleaching

speed) and high coloration efficiency (CE, 51.4 cm2 C−1), which include the most prominent properties,

particularly for switching speeds among WO3-based films reported so far. The attractive EC properties are

due to the synergistic effects of the mesoporous morphology and oxygen vacancy defects on the WO3.

The fast switching speeds are mainly caused by the reduced Li+ diffusion pathway due to the mesoporous

morphology and increased electrical conductivity due to the oxygen vacancy defects. In addition, the

increased CE value is due to the large transmittance modulation as a result of a more effective electro-

static contact of the mesoporous morphology and an increased optical bandgap of the oxygen vacancy

defects on the WO3. Therefore, this unique film structure of the mesoporous WO3 films with oxygen

vacancy defects can be potentially regarded as a novel EC material for high-performance EC devices.

Introduction

Due to low power consumption, stable memory effect, and
high coloration efficiency (CE), electrochromic (EC) devices
that are capable of reversibly converting their optical pro-
perties (transmittance, reflection, and absorption) in a small
electric field are considered to be highly promising candidates
for prospective applications, such as digital displays, smart
windows, and rear view mirrors, among many others.1–3

Typically, EC devices are assembled with four functionalized
layers: two different EC layers, the ion conductor layer, and the
transparent conducting layer.4 EC layers are a particularly
important component that dominates the EC properties,
which is attributed to the intercalation/deintercalation of ions
(H+ and Li+) into/out of the host lattice of EC films. They can
be divided into two types: cathodic (WO3, MoO3, polythio-

phene derivatives, etc.) and anodic (NiO, IrO2, polyaniline, etc.)
EC materials.5

Among various EC materials, WO3, which is an indirect
semiconductor with a band gap of 2.5–3.65 eV, has received
extensive attention as a representative cathodic EC material
due to its distinctive advantages of harmlessness, low cost,
and stability in acidic and oxidative environments, making it
useful for EC devices.6,7 The WO3 can convert the optical pro-
perties from transparent to a deep blue colour based on the
reversible electrochemical double behaviour of ions and elec-
trons.7 In general, it is well-known that the EC properties of
the WO3, including the switching speed and CE, depend on
the interface reaction process with an electrolyte and the ion
diffusion process, which are mainly determined by the mor-
phology, crystallinity, and the electronic structure of the
formed WO3 films.8,9 Therefore, much previous research to
fabricate the WO3 films for EC devices has been conducted
using the sol–gel method, anodic growth method, spray pyro-
lysis, sputtering method, electrochemical deposition method,
and chemical vapor deposition method.10–15

Owing to the rapid commercialization of EC devices,
numerous efforts have been devoted to obtaining superb EC
properties of the WO3 films, such as transmittance modu-
lation, CE, and switching speed. In particular, a porous struc-
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ture is generally expected to provide more effective electro-
active sites with the electrolyte and to reduce the diffusion
length of ions within the WO3 due to their high specific
surface area, enhancing their switching speed or CE.10,15 For
example, Yang et al. reported the preparation of porous WO3

films using the templated-assisted sol–gel method, which
exhibited a high CE (50.1 cm2 C−1) and fast switching speeds
(5.1 s for coloration speed and 8.7 s for bleaching speed).10

Furthermore, Li et al. synthesized mesoporous WO3 films
through the hot-wire chemical vapour deposition method by
adjusting the filament temperature, substrate temperature,
and oxygen partial pressure.15 These films have a higher CE
value (38.0 cm2 C−1) than that of the dense WO3 films
(20.0 cm2 C−1).15 However, the experimental process for fabri-
cating the porous WO3 films proposed by Cai et al. and Li
et al. suffers from the complex multi-step fabrication pro-
cedure, which can limit its commercialization. Moreover,
forming oxygen vacancy defects on the WO3 could be an inno-
vative strategy to improve the switching speed due to the
reduced charge transfer resistance.14,16 Bathe et al. reported
that, while the WO3 films with oxygen vacancies prepared by
the spray pyrolysis method exhibit a good CE (42.0 cm2 C−1),
their transmittance modulation (25.0%) is still low when com-
pared to WO3 films.16 However, none of the previous studies
has attempted to simultaneously apply the mesoporous mor-
phology and oxygen vacancy defects on the WO3-based films.

In this study, we constructed mesoporous WO3 films with
oxygen vacancy defects as a novel film structure using the cam-
phene-assisted sol–gel method. The sol–gel technique is a
common method of film production that allows for a large-
area deposition at a low cost and provides simple control of
the film structure.17 Camphene plays a particularly attractive
role of simultaneously a mesopore-forming agent and a source
forming oxygen vacancy defects, leading to the formation of
unique WO3 films with both fast switching speeds and high
CE. In addition, we demonstrated the effect of camphene as
an organic additive on their structural, chemical, morphologi-
cal, electrochemical, and EC properties, as well as the mechan-
ism for improving their EC properties.

Results and discussion

We fabricated mesoporous WO3 films with oxygen vacancy
defects through the camphene-assisted sol–gel method. To
investigate the formation mechanism of the mesoporous mor-
phology on the films using camphene, the measurement of
TGA on the precursor solutions with varied weight ratios of
camphene was performed at temperatures in the range of 25 to
300 °C in air (see Fig. 1a). All samples displayed a rapid weight
loss of ca. 80.0 wt% at 25–70 °C, corresponding to the evapor-
ation of the solvent. Then, the critical variation of the weight
loss among the samples was found at 70–110 °C, as shown in
the detailed TGA curves (see Fig. 1b). For the precursor solu-
tion without camphene (bare WO3), the weight loss was con-
tinuously generated up to 120 °C due to the hydrolysis of WCl6

for forming the WO3.
18 On the other hand, the precursor solu-

tions with camphene presented an additional weight loss of
0.71% for WO3/C5, 1.28% for WO3/C10, and 1.15% for WO3/
C15, as compared to bare WO3 at 100 °C. This is caused by the
thermal decomposition of camphene in the precursor solu-
tions, which can simultaneously accelerate the diffusion of
W6+ outside the samples.19 However, despite the high weight
ratio of camphene, WO3/C15 shows a weight loss similar to
that of WO3/C10, which indicates the presence of residual
carbon because of excessive camphene, causing the dense
morphology of the films. Based on the TGA results, we can
suggest the formation mechanism of the mesoporous mor-
phology using camphene. As shown in Fig. 1c, camphene can
lead to the formation of isobornyl alkyl ether with W6+. That
is, as hydrophobic camphene can be converted to hydrophilic
isobornyl alkyl ether by 2-propanol with alcohol, camphene
can interact with W6+ electrostatically.19,20 Therefore, due to a
higher diffusion coefficient of camphene (D = 12 × 10−8 m2 s−1)
as compared to that of pure W6+ (D = 70 × 10−8 m2 s−1), the
thermal decomposition of camphene during annealing can
lead to the acceleration of the Kirkendal effect of W6+ that
interacted with isobornyl alkyl ether, which is proved as Fick’s
first law (see eqn (1)):21,22

J ¼ �DðdC=dxÞ ð1Þ

where J is the flux, D is the diffusion coefficient, and dC/dx is
the concentration gradient. As a result, the presence of cam-
phene can generate mesopores due to the Kirkendal effect of

Fig. 1 (a) TGA curves of bare WO3, WO3/C5, WO3/C10, and WO3/C15
from 25 to 300 °C in air, (b) detailed TGA curves of the samples in the
range of 70–110 °C, and (c) a schematic of the formation mechanism for
the mesoporous WO3 films prepared by the camphene-assisted sol–gel
method.
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W6+, resulting in the formation of the mesoporous morphology
on the EC films.

To investigate the effect of camphene on the morphology,
Fig. 2 displays (a–d) top-view and (e–h) cross-view FESEM
images of bare WO3, WO3/C5, WO3/C10, and WO3/C15,
respectively. In general, the pure FTO glass has a morphology
where crystallites are sequentially interlocked over the
surface.23 After coating the precursor solutions, the film struc-
tures with a smooth morphology (168.0–196.0 nm in thick-
ness) were formed on the FTO glass by solvent evaporation
during spin-coating. This result is equally presented in the
FESEM results obtained from bare WO3 (see Fig. S1a†) and
WO3/C10 (see Fig. S1b†) before the annealing. After the
annealing (Fig. 2a–d), it can be observed that all samples
consist of ultrafine nanoparticles with a diameter of
7.9–11.8 nm throughout the crystallite surface of the FTO glass
due to the WO3 formed by the hydrolysis of WCl6.

24

Interestingly, the gradual variation of the morphologies among
the samples is observed with an increase of the weight ratios
of camphene. As shown in Fig. 2a, bare WO3 reveals a dense
morphology. On the other hand, WO3/C5 and WO3/C10 show a
rough morphology with mesopores (14.4–25.2 nm for WO3/C5
and 22.6–34.1 for WO3/C10), in which, with an increase of the
weight ratios of camphene, the size and distribution of the
mesopores gradually increase from WO3/C5 (Fig. 2b) to WO3/
C10 (Fig. 2c). This indicates that the increase of the weight
ratio of camphene can lead to the formation of a large number
of mesopores due to the Kirkendal effect by the decomposition
of camphene during the annealing process. However, due the
presence of residual carbon from excessive camphene con-
firmed by the TGA result (Fig. 1b), WO3/C15 (Fig. 2d)
exhibits a smooth morphology. In the cross-view FESEM
images (Fig. 2e–h), their thicknesses are observed to be
164.0–192.0 nm for bare WO3, 160.2–196.1 nm for WO3/C5,
160.2–192.0 nm for WO3/C10, and 160.0–188.0 nm for WO3/
C15, meaning that the different weight ratios of camphene do
not affect the thickness of the samples. Therefore, the SEM
results show that WO3/C10 has a higher mesoporous mor-
phology as compared to other samples, which is useful to the
Li+ intercalation/deintercalation capacity and the ion diffusion

in terms of improving the transmittance modulation and
switching speed, respectively, in the EC properties.10

To characterize the chemical binding states of all samples,
XPS measurements were conducted. All binding energies were
standardized with the C 1s of 284.5 eV as a reference. From
the W 4f XPS core-level spectra (Fig. 3a), two pairs of doublets
for W 4f7/2 and W 4f5/2 photoelectrons were observed; the
lower-energy peaks at 34.2 eV correspond to the binding
energy of W5+ and the higher-energy peaks at 35.2 eV indicate
that of W6+.25,26 Obviously, with an increase of the weight ratio
of camphene, the area ratios of W5+/W6+ peaks gradually
increased from 16.6% for WO3/C5 to 22.1% for WO3/C15 due
to the emergence of an oxygen vacancy defect state between
the conduction and valence bands,27,28 which is proved by the
reduced peak area of W–O in the O 1s XPS core-level spectra
(see Fig. 3b). In addition, to further confirm the presence of
oxygen vacancy defects of the WO3 due to camphene, we
calculated the atomic ratio of O/W using the W 4f and O 1s
XPS core-level spectra (see Fig. 3c). The calculated atomic ratio
of O/W is 3.06 for bare WO3, 2.94 for WO3/C5, 2.89 for WO3/
C10, and 2.79 for WO3/C15. These results suggest that an
increase of the weight ratio of camphene leads to an increased
number of oxygen vacancy defects.27 In general, the carbon
used as a reducing agent takes the oxygen from the metal
oxide by a carbothermic reaction forming CO2 or CO, as indi-
cated by L′vov et al.29 Therefore, the thermal decomposition of
camphene generated at 100 °C can cause the formation of
WO3 with oxygen vacancy defects by partial reduction of WO3,
thus affecting their electrical and optical properties relative to
the EC properties. In addition, the XRD results (see Fig. S2†) of
all samples reveal broad diffraction peaks at ca. 23.1°, indicat-
ing the amorphous structure of the formed films. This is
useful to the EC properties owing to their loose structure to
facilitate fast ion diffusion.30,31

In order to identify Li+ intercalation/deinterlacation of the
samples during the electrochromic reaction, CV measurement

Fig. 2 (a–d) Top-view and (e–h) cross-view FESEM images of bare
WO3, WO3/C5, WO3/C10, and WO3/C15, respectively.

Fig. 3 (a) W 4f and (b) O 1s XPS core-level spectra obtained from bare
WO3, WO3/C5, WO3/C10, and WO3/C15, and (c) the atomic ratio of O/W
obtained from the samples.
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was performed. Fig. 4a shows the CV curves measured in a 1 M
LiClO4 electrolyte in the potential region of −0.7 to 1.0 V (vs.
Ag wire) at a scan rate of 20 mV s−1. During the CV profiling,
the reversible colour change of the samples from deep blue
(coloured state) to transparent (bleached state) is caused by
the accompanying intercalation/deintercalation of Li+ into/out
of the samples (see Fig. S3†), which could be explained by
using the following equation (see eqn (2)):9

WO3 ðbleachedÞ þ xLiþ þ xe� $ LixWO3 ðcolouredÞ ð2Þ

In addition, we found that both the anodic and cathodic
current density increased with an increase of the weight ratio
of camphene. This indicates an increase of electrochemical
activity due to their mesoporous morphology, providing a
more effective electrostatic contact between the electrode and
the electrolyte.9,14 However, for WO3/C15, while the cathodic
current density is higher than the others due to the increased
electrical conductivity by the oxygen vacancy defects, there is a
decrease in the anodic current density because of their dense
morphology by the residual carbon. Overall, this indicates that
WO3/C10 has the highest electrochemical activity relative to
the superior electrochromic properties when compared to
other samples;14 these are summarized in Table 1. To quanti-
tatively compare the electrochromic properties of the samples,

the UV-vis transmittance curve was measured under an
applied potential of −0.7 (coloured state) and 1.0 V (bleached
state). As shown in Fig. 4b, the transmittance modulation
(ΔT = Tb − Tc, where Tb and Tc are transmittance in bleached
and coloured states, respectively) gradually increased from
bare WO3 (51.2% at 633 nm) to WO3/C10 (73.3% at 633 nm),
resulting from the decreased transmittance in the coloured
state by the increased Li+ intercalation capacity due to the
mesoporous morphology and the increased transmittance in
the bleached state due to the increase of the optical bandgap
(see Fig. S4a†). In particular, increasing camphene in the WO3

can cause an increase of the electron concentration induced by
the oxygen vacancy defects, resulting in an increase of both
the optical bandgap (see Fig. S4a†),32–34 by lifting the Fermi
level into the conduction band, and the electrical conductivity
(see Fig. S4b†).35,36 On the other hand, for WO3/C15, there is a
decreased transmittance modulation, which is due to the pres-
ence of the residual carbon. Therefore, it can be seen that the
transmittance modulation of WO3/C10 is much larger than the
other samples. In order to characterize the switching speeds of
the samples, the investigation of the in situ optical response to
be modulated at 633 nm under the potential range between
−0.7 and 1.0 V (see Fig. 4c) was carried out using chrono-
amperometry. The switching speeds were calculated as the time
required to achieve 90% of the entire transmittance modu-
lation at 633 nm. Interestingly, the switching speeds were
improved from bare WO3 (11.8 s for coloration speed and 14.6
s for bleaching speed) to WO3/C10 (5.8 s for coloration speed
and 1.0 s for bleaching speed), which is due to the synergistic
effect of the mesoporous morphology that reduces the Li+

diffusion pathway and WO3 with increased oxygen vacancy
defects that enhances the electrical conductivity, facilitating
Li+ and electron diffusion intercalation/deintercalation pro-
cesses.37 For WO3/C15, while there was a maximum coloration
speed of 5.6 s due to the increased electrical conductivity, the
bleaching speed rapidly degraded to 28.8 s as a result of the
dense morphology formed by the residual carbon, which has
difficulty in causing Li+ deintercalation out of the WO3.
Therefore, the switching speeds of WO3/C10 in this study
demonstrate the highest performance, as compared to those of
many WO3-based materials reported in previous research (see
Table S1†).2,9,10,15,38–45 More interestingly, WO3/C10 sustains a
transmittance modulation of 81.6% of its initial value after
1000 cycles while bare WO3 has a degraded transmittance
modulation after 1000 cycles (61.7% of its initial value), as
shown in Fig. S5.† This result can be attributed to the meso-
porous morphology of WO3/C10 with oxygen vacancy defects to
facilitate the intercalation/deintercalation of Li+ and decrease

Fig. 4 (a) CV curves of the samples in a 1 M LiClO4-PC electrolyte at a
scan rate of 20 mV s−1 in the potential range of −0.7 to 1.0 V with a
three-electrode system. (b) Transmittance spectra applied at −0.7 V for
the coloured state (dotted line) and 1.0 V for the bleached state (solid
line) between 400 and 800 nm, (c) in situ optical responses for 60 s per
step measured at 633 nm, and (d) variation of the optical density with
respect to the charge density.

Table 1 Summary of the electrochromic properties obtained from all the samples

Samples Tb (%) Tc (%) Transmittance modulation (%) Coloration speed (s) Bleaching speed (s) CE (cm2 C−1)

Bare WO3 72.4 21.2 51.2 11.8 14.6 34.5
WO3/C5 83.1 13.2 69.9 8.0 2.3 42.2
WO3/C10 84.9 11.6 73.3 5.8 1.0 51.4
WO3/C15 70.9 17.2 53.7 5.6 28.8 32.1
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the trapping of ions during cycling, thus resulting in good
cycling stability of the films.39,41,42 In addition, the CE corres-
ponding to the most important criteria is used to determine
the EC properties, which is represented as the change in the
optical density (OD) per unit charge density (Q/A) during the
switching and can be calculated using the following equations
(see eqn (3) and (4)):35

CE ¼ ΔOD=ðQ=AÞ ð3Þ
ΔOD ¼ logðTb=TcÞ ð4Þ

where Q is the integration of the current within the coloured
time and A is the given electrode area. In general, a high value
of the CE suggests that the EC materials show a large transmit-
tance modulation with a small intercalation charge density.
Fig. 4d shows the curve of OD at a wavelength of 633 nm as a
function of intercalation charge density under a potential of
−0.7 V. From the slope of line fitting the linear region of the
curve, the calculated CE values are 34.5 cm2 C−1 for bare WO3,
42.2 cm2 C−1 for WO3/C5, 51.4 cm2 C−1 for WO3/C10, and
32.1 cm2 C−1 for WO3/C15, indicating that the CE value
enhances with an increase of the weight ratio of camphene
and then decreases when the weight ratio of camphene
reaches 15 wt%. As a result, WO3/C10 exhibits a relatively high
CE value as compared to the other samples in this study, thus
providing a large transmittance modulation with a small
applied charge density. This performance can be attributed to
the combined effects of the mesoporous morphology and the
increased oxygen vacancy defects in WO3. Based on these
results, we propose the exceptional EC properties, including
fast switching speeds and high CE of WO3/C10 formed using
the camphene-assisted sol–gel method, which can be defined
as follows: the outstanding fast switching speeds (5.8 s for
coloration speed and 1.0 s for bleaching speed) correlates with
the combined effect of the mesoporous morphology reducing
the Li+ diffusion pathway and the increased oxygen vacancy
defects providing the enhanced electrical conductivity. The
enhanced CE (51.4 cm2 C−1) is due to a more effective electro-
static contact by the mesoporous morphology and the
increased optical bandgap by the increased oxygen vacancy
defects of the WO3, leading to a large transmittance modu-
lation (ΔT = 73.3%) with respect to a small intercalation
charge density.

Conclusions

In this study, we successfully fabricated unique mesoporous
WO3 films with oxygen vacancy defects using the camphene-
assisted sol–gel method. Interestingly, our results demonstrate
that camphene used as an organic additive has attractive
multi-functions forming both mesopores and oxygen vacancy
defects on the WO3 films. By optimizing the weight ratio of
camphene, the mesoporous WO3 films with oxygen vacancy
defects (WO3/C10) prepared using 10 wt% camphene exhibit
extraordinary EC properties with both fast switching speed

(5.8 s for coloration speed and 1.0 s for bleaching speed) and
high CE (51.4 cm2 C−1). These outstanding EC properties can
be defined by the combined effect of the mesoporous morpho-
logy and oxygen vacancy defects; the outstanding fast switch-
ing speeds are attributed to the reduced Li+ diffusion pathway
by the mesoporous morphology and the increased electrical
conductivity by the oxygen vacancy defects. The improved CE
value can be ascribed to the large transmittance modulation
induced by both a more effective electrostatic contact with the
electrolyte of the mesoporous morphology and the increased
optical bandgap of the oxygen vacancy defects. Therefore, we
propose that the mesoporous WO3 films with oxygen vacancy
defects formed using the camphene-assisted sol–gel method
have high potential as a promising EC material for high-
performance EC devices.
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