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A B S T R A C T   

We newly developed amorphous WO3⋅H2O (a-WO3⋅H2O) films with porosity and oxygen vacancy (VO) defects 
through a humidity adjustment causing the accelerated hydrolysis of WOCl4 with H2O during spin-coating and 
during low-temperature annealing for flexible electrochromic (EC) energy-storage devices. Optimizing the hy
drolysis effect in all a-WO3⋅H2O films, we adjusted the humidity to 25, 35, and 45% in a humid chamber. 
Specifically, the a-WO3⋅H2O film fabricated at 35% exhibited a developed porous morphology and an increased 
number of VO defects, providing increased electrochemically active sites and enhanced electrical conductivity, 
respectively, due to the accelerated hydrolysis of WOCl4 and the increased intercalation of water molecules. Such 
behaviors of the a-WO3⋅H2O film bring about superior flexible EC energy-storage performances of widened 
transmittance modulation (60.0% at 633 nm), fast switching speeds (3.4 s for coloration speed and 4.2 s for 
bleaching speed), a high CE (62.7 cm2/C), good specific capacitance (94.2 F/g at 2 A/g), and rate capability 
(74.3%). Specifically, the increased transmittance modulation and specific capacitance stem from the increased 
electrochemical activity caused by the enriched electrochemically active sites. Moreover, the fast switching 
speeds and good rate capability are generated by electrochemical kinetics improved with the porous morphology 
and the increased VO.   

1. Introduction 

With the advent of global issues such as resource exhaustion and 
environmental pollution, the development of energy-efficient devices 
such as smart windows, electrochemical capacitors, and lithium-ion 
batteries has been progressing rapidly [1-3]. Specifically, smart win
dows, which can save more than 40% of otherwise wasted energy, are 
regarded as a superior energy-saving application given how they can 
adjust the sunlight influx by controlling the optical properties based on 
electrochromic (EC) reactions [4]. Typically, the color change of an EC 
device is generated by the insertion/extraction of Li ions and electrons 
accompanying pseudocapacitive energy-storage. Thus, EC devices can 
provide color variations together with an energy-storage function, ca
pabilities that expand their applications to areas such as EC super
capacitors and EC batteries in the form of EC energy-storage devices [5- 
7]. Despite the multi-functionality of EC energy-storage devices, more 

functions and novel aspects are being explored to widen their applica
tion areas [8-10]. For instance, bendable and wearable EC devices that 
meet flexible requirements have been developed for possible application 
in EC e-skins, soft displays, and portable electronics [11]. In this 
streaming, several studies which are mainly focused on flexible trans
parent electrode and deposition technique for EC films have been con
ducted to develop flexible multi-functional EC devices by research 
groups. For example, Mai’s group firstly developed Ag nanowires/WO3 
hybrid films for the flexible electrochromic supercapacitors [12]. Also, 
Lee’s group realized high-quality patterns by direct inkjet-patterning 
WO3-PEDOT:PSS composites on the substrates for flexible EC devices 
[13]. However, to the best of our knowledge, development of EC ma
terial itself and structural modeling, which are directly involved in the 
device performance has not been considered sufficient. 

In general, EC energy-storage devices have a sandwich structure with 
transparent conducting layer/cathodic material/electrolyte/anodic 
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material/transparent conducting layer [14]. The EC energy-storage 
performances (transmittance modulation, switching speeds, coloration 
efficiency (CE), specific capacitance, and rate capability) are mainly 
dominated by the electrochemical reactions in the active layers of the 
cathodic and anodic materials [4,8]. Typically, the transmittance mod
ulation, CE, and specific capacitance are affected by the electrochemical 
activity of the active layers related to the insertion/extraction of Li ions 
and electrons under the applied voltage [15,16]. The switching speeds 
and the rate capability are influenced by the electrochemical kinetics 
related to the Li ion diffusivity and electrical conductivity of the active 
layers [17,18]. Representative active materials for EC energy-storage 
devices such as Prussian blue, viologens, and WO3, have been studied 
to improve their performances [19,20]. Among them, WO3 is considered 
as a promising candidate for the cathodic material due to its superior 
transmittance modulation, high CE, capacitance, and long cycle stability 
via a renovated morphology and heteroatom doping. For example, 
Zhang et al. developed macroporous WO3 with enhanced an active 
surface area by anodic oxidation of DC-sputtered tungsten layers at 
400 ◦C, resulting in high optical transmittance (50.0% at 632.8 nm) and 
high CE (58 cm2/C) [21]. Also, Zhou et al. reported a Mo-doped WO3 
nanowire array via spin-coating and a hydrothermal method at 400 ◦C 
and 190 ◦C, respectively, resulting in significant optical modulation 
(56.7% at 750 nm), improved discharge capacity (48.67 mA h g− 1 at 
2 A g− 1), and good cycling stability (38.2% at 4 A g− 1 for 5500 cycles) 
[22]. Each renovated WO3 sample exhibiting superb EC energy-storage 
properties was synthesized under a high temperature annealing process 
(>300 ◦C) to provide sufficient energy for pore development and 
doping. However, to realize flexible WO3 films, a process with a high 
annealing temperature can induce the critical deformation of polymeric 
substrates such as polyethylene terephthalate (PET), polyethylene 
naphthalate (PEN), and polycarbonate (PC), making this process inap
propriate for flexible EC energy-storage devices [23,24]. In relation to 
this, Xiao et al. fabricated WO3 nanocolumns with porous surface fea
tures that exhibited excellent flexible EC properties via electron beam 
deposition on ITO/PET [25]. Also, Ji et al. reported flexible nanoporous 
WO3-x films via a combined process of DC sputtering and anodizing on 
ITO/PET [10]. However, most studies to realize flexible WO3 films on 
polymeric substrates have been conducted via high-energy deposition 
techniques, which are expensive, unfavorable for large scales, and 
difficult with regard to thickness control [26,27]. Thus, to realize flex
ible WO3 films with superior properties through a low-temperature 
process for advanced flexible EC energy-storage devices, further 
studies are needed. However, there are few reports concerning flexible 
WO3 films fabricated at a low temperature using hydrolysis effects 
without high-energy deposition techniques. 

Hydrated phase of WO3 (WO3⋅H2O) is valuable for upgrading its 
physical and electrochemical behaviors during ion insertion/extraction. 
The intercalated water molecules in crystalline structure can form 
infinite two-dimensional layered structure with expanded gaps between 
the stacks, leading to rapid diffusion of proton or alkali ion and 
improving ionic storage ability [28]. This effect can also make them 
stabilized during violent electrochemical reactions by corner sharing 
[WO6] octahedral with water molecules [29]. In addition, the effort to 
induce various defects such as oxygen vacancy, frank disorder, and 
stacking fault into WO3⋅H2O can be potential strategy for accelerating 
the redox performances and even gas sensing and photocatalytic abili
ties [30]. The frank disorder and stacking fault have a strong effect in 
relaxing the stress and electrostatic repulsion in the structures, which 
can be effective to reduce diffusion barriers or migration energy of 
protons and alkali ions [31]. Also, forming oxygen vacancies in 
WO3⋅H2O can be related to increasing electron density to improve 
electrical and electrochemical performances [32]. Therefore, realizing 
defective impact on WO3⋅H2O should be reasonable study to be devel
oped for high-performance flexible EC energy-storage devices. 

In this study, we invented amorphous WO3⋅H2O (a-WO3⋅H2O) films 
with porosity and oxygen vacancy (VO) defects via accelerated 

hydrolysis effects during spin-coating and low temperature annealing 
(80 ◦C) to realize flexible EC energy-storage devices. The porous 
morphology and VO of the a-WO3⋅H2O films stem from the optimized 
hydrolysis of WOCl4, which is highly reactive to H2O leading to 
enhanced electrochemical activity and kinetics. The a-WO3⋅H2O films 
given their porosity and VO properties exhibited superior EC energy- 
storage performances such as a wide range of transmittance modula
tion, fast switching speeds, high CE, and good specific capacitance and 
rate capability outcomes. 

2. Experimental details 

The a-WO3⋅H2O films used here were prepared by the hydrolysis of 
WOCl4 molecules given their high reactivity to H2O in a humid chamber 
during a spin-coating process, with a subsequent low-temperature 
(80 ◦C) annealing step. Before the spin-coating process, commercial 
PEN substrates coated with indium tin oxide (ITO, 15 Ω/□) were suc
cessively cleaned in acetone by means of ultrasonication. The WCl6 so
lution used for spin-coating containing WOCl4 molecules induced from 
the dynamic chemical reaction between the solute and the solvent was 
prepared by dissolving 10 wt% tungsten chloride (WCl6, Aldrich) as a 
solute into 2-propanol ((CH3)2CHOH, Aldrich) as a solvent. After 
vigorous stirring, each transparent blue WCl6 solution was spin-coated 
two times on flexible PEN substrates at a speed of 2000 rpm for 30 s 
in a chamber adjusted to humidity levels of 25%, 35%, and 45%, a 
process which leads to the formation of flexible a-WO3⋅H2O films 
(hereafter termed as the a-WO3⋅H2O/25%, a-WO3⋅H2O/35%, and a- 
WO3⋅H2O/45% samples). Thereafter, all of the flexible a-WO3⋅H2O films 
were annealed at 80 ◦C for 1hr for the successful removal of residual 
organics. 

To realize the surface morphologies of all of the film samples, field- 
emission scanning electron microscopy (FESEM, Hitachi S–4800) was 
carried out. For the investigation of the film structure and chemical 
bonding state, X-ray diffraction measurements (XRD, Rigaku D/ 
Max–2500, Cu Kα radiation) and X-ray photoelectron spectroscopy 
measurements (XPS, ESCALAB 250, Al Kα radiation) were conducted, 
respectively. The optical and electrical properties were correspondingly 
identified via ultraviolet-visible (UV-vis) spectroscopy (PerkinElmer, 
Lambda 35) and a Hall-effect measurement system (Ecopia, HMS–3000). 

The flexible EC performances of all of the a-WO3⋅H2O here films were 
characterized through a combination of UV-vis spectroscopy and 
potentiostat/galvanostat (PGSTAT302N, Metrohm Autolab). The elec
trochemical analysis and energy-storage performance tests were carried 
out using potentiostat/galvanostat. The EC energy-storage performances 
of the a-WO3⋅H2O films were assessed in a three-electrode system con
sisting of a-WO3⋅H2O films as the working electrode, Ag wire as the 
reference electrode, Pt wire as the counter electrode, and 1 M of LiClO4 
(Aldrich) in propylene carbonate (PC, C4H6O3, Aldrich) as the electro
lyte. To derive the Li ion diffusion coefficients of all of the a-WO3⋅H2O 
films, the scan rates (0.5, 1.0, 1.5, and 2.0 mV/s) were controlled 
gradually during the cyclic voltammetry step. The cycling stability test 
was evaluated by consecutive coloration-bleaching (each step main
tained for 30 s at –0.7 V for coloration and 0.3 V for bleaching). The 
flexible solid-state cell was assembled with a-WO3⋅H2O/35% film as a 
working electrode, H2PtCl6⋅6H2O (Aldrich) film in terpineol (Aldrich) as 
a counter electrode, and LiClO4/PMMA/PC-based gel polymer electro
lyte. The bending test of the flexible solid-state cell was conducted using 
as all-electric dynamic test instrument (E3000, ElectroPulsTM). 

3. Results and discussion 

Fig. 1 shows FESEM images (Fig. 1a–c for the top-view and Fig. 1d–f 
for the side-view) of the flexible a-WO3⋅H2O films prepared at three 
different humidity levels. In Fig. 1a and d, the a-WO3⋅H2O/25% shows 
homogeneous film surface with a thickness in the range of 190.9–212.7 
nm, which can be derived through the hydrolysis of WOCl4 with the 
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reaction of H2O molecules during the spin-coating process onto the 
flexible ITO PEN substrate. The WOCl4 molecules originated from the 
vigorous reactions between WCl6 as the solute and C3H8O as the solvent 
in the solution used for spin-coating (see Eqs. (1) and (2)), possibly 
serving as a trigger for the strong chemical reaction with H2O molecules 
and resulting in a-WO3⋅H2O through spin-coating following the low- 
temperature annealing process at 80 ◦C (see Eq. (3)) [33-35]. 

WCl6 + nC3H8O→W(OC3H7)nCl6− n + nHCl (1)  

W(OC3H7)Cl→WOCl4 +C3H7Cl (2)  

WOCl4 + 3H2O→WO3∙H2O+ 4HCl (3) 

As the relative humidity increases to 35%, the porous film surface of 
a-WO3⋅H2O/35% tends to form (Fig. 1b and e), together with increased 
film thickness levels (216.5–240.2 nm) compared to a-WO3⋅H2O/25%. 
This outcome can be attributed to the increased number of H2O mole
cules that accelerate the hydrolysis of WOCl4, which is increasing 
nucleation and aggregation rates of amorphous WO3⋅H2O clusters [36- 
38]. The accelerated aggregation of WO3⋅H2O amorphous clusters sub
sequently can form granules which is leading to the porous structure of 
a-WO3⋅H2O/35% film as confirmed in SEM images (see Fig. 1b and e) 

Fig. 1. Top-view and side-view FESEM images of films with different humidity levels: (a and d) a-WO3⋅H2O/25%, (b and e) a-WO3⋅H2O/35%, and (c and f) a- 
WO3⋅H2O/45% 

Fig. 2. (a) XRD curves and XPS spectra of the (b) W 4f, (c) O 1s, and (d) peak area ratios of W5+/W6+, –OH/W-O, and –H2O/W-O obtained from all films.  
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[39,40]. However, when the relative humidity increases to 45%, cracks 
form on the film surface due to the serious aggregations and thicker film 
structure (329.7–363.1 nm) induced by the excessive hydrolysis (see 
Fig. 1c and f), deteriorating the charge transport at the active film during 
the electrochemical reactions [41,42]. Therefore, the optimized porous 
film morphology of a-WO3⋅H2O/35% can provide improved electro
chemical active sites and efficient charge transport, making this com
bination useful for transmittance modulation and feasible specific 
capacitance levels of flexible EC-energy storage devices. 

To identify the structure and chemical bonding states of all of the 
flexible a-WO3⋅H2O films, XRD and XPS analyses were conducted. The 
XRD patterns of all a-WO3⋅H2O films feature broad peaks centered at 
23.1◦, which indicate the successful formation of an amorphous struc
ture of the type desirable for good EC energy-storage performances 
owing to the corresponding loose structure, facilitating efficient Li ions 
diffusion (see Fig. 2a) [43]. For the W 4f XPS spectra, all of the a- 
WO3⋅H2O films equally exhibit two major peaks comprising the char
acteristic intensity levels at ~35.2 eV of W 4f7/2 and ~37.2 eV of the W 
4f5/2 peaks, in agreement with the binding energy of W6+ and related to 
the proof of the formation of the WO3 phase. In addition, the extra minor 
peaks at ~34.2 eV of W 4f7/2 and ~36.5 eV of W 4f5/2 are evidence of 
W5+, indicating the generation of VO in the a-WO3-based films [31,43]. 
Hence, the peak ratio of W5+/W6+ in the XPS W 4f spectra, –OH/W-O, 
and the –H2O/W-O in O 1s spectra is observed to be improved with an 
increase of the humidity to 35%, stemming from the accelerated inter
calation of water molecules. The increased intercalation of water mol
ecules capable of stabilizing the oxygen deficient structure through 
H2O–W5+ bond (2.37 Å) similar in length to W–O bond (2.38 Å) results 
in abundant VO providing extra electrons and efficient charge transport 
channels [44,45]. However, for the a-WO3⋅H2O/45% with the decreased 
peak ratios of –OH/W-O (0.42) and –H2O/W-O (0.09), H2O was 
adsorbed on saturated –OH due to excessive hydrolysis, as confirmed 

by the strong emission of the adsorbed H2O peak at 532.9 eV (see Fig. 2c 
and d) [46]. Therefore, the optimized hydrolysis effects of a-WO3⋅H2O/ 
35% with the abundant VO, which act as donors and provide favorable 
electron pathways, can accelerate the switching speeds of flexible EC 
energy-storage devices. 

Fig. 3a and b show the electrical and optical properties of all of the a- 
WO3⋅H2O films. The a-WO3⋅H2O/35% shows increased electrical con
ductivity of 2.68 × 10-4 S/cm compared to the a-WO3⋅H2O/25% (1.35 ×
10-4 S/cm), which likely results from the improved carrier concentration 
and mobility (see Fig. 3a). The increased carrier concentration and Hall 
mobility stem from the abundant VO, leading to donors and efficient 
charge transport channels, respectively, generated from the increased 
intercalation of water molecules [47]. In contrast, the a-WO3⋅H2O/45% 
exhibited diminished electrical conductivity (5.60 × 10− 5 S/cm) related 
to the decreased carrier concentration and mobility. The decreased 
carrier concentration is mainly derived from the deficient VO, while the 
decreased Hall mobility is mainly affected by the discontinuous film 
with cracks (see Table S1) [48]. In Fig. 3b, Tauc plots obtained from the 
absorbance vs wavelength curve were established to find out the 
bandgap energy levels of all a-WO3⋅H2O films. The variation affecting 
the optical bandgap energy (Eg) of the films was calculated according to 
the relationship between (αhν)2 and the photon energy (hv), as follows in 
Eq. (4) [4,14]: 

(αhv)1/n
= A(hv − Eg) (4) 

where α is the absorption coefficient, n is the transition type, and A is 
a constant. Here, Eg can be obtained by fitting the linear region by 
extrapolating each curve to the x-axis (see the dotted lines in Fig. 3b). 
The a-WO3⋅H2O/25% and a-WO3⋅H2O/35% exhibit bandgap energy 
levels of 3.10 eV and 3.03 eV, respectively, in agreement with the values 
of amorphous WO3 according to previous reports [49,50], proving the 
successful formation of transparent a-WO3⋅H2O films for EC energy- 

Fig. 3. (a) Electrical conductivity, (b) bandgap energy, (c) CV curves measured from − 0.7 V to 0.3 V at a scan rate of 20 mV/s, and (d) Li ion diffusion coefficients 
calculated from the Randles–Sevcik equation of all films. 
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storage devices (see Fig. S1). The bandgap narrowing from a-WO3⋅H2O/ 
25% to a-WO3⋅H2O/35% is generated by the enhanced VO resulting in 
impurity states [51]. As the humidity accelerates to 45%, there is a 
further bandgap narrowing (2.93 eV) compared to the other films. This 
bandgap narrowing is generated by the adsorbed H2O, which form im
purity states above the valance band [52]. Therefore, the optimized 
hydrolysis effects producing abundant VO in a-WO3⋅H2O/35% exhibit 
superior electrical conductivity, which can have an impact on the 
electrochemical kinetics in relation to the fast switching speeds and 
good rate capability of flexible EC energy-storage devices. 

Fig. 3c shows the CV curves of all of the a-WO3⋅H2O films in a voltage 
range from − 0.7 to 0.3 V at a 20 mV/s scan rate. All of the a-WO3⋅H2O 
films display a broad redox curve without specific sharp peaks related to 
the electrochemical behavior of amorphous WO3 previously reported in 
the literature [8,17], and the reversible redox reaction involving the 
insertion/extraction of Li ions and electrons produces a color change 
from the deep blue LixWO3 to the transparent WO3. The redox reaction 
in the a-WO3⋅H2O films can be expressed as follows by Eq. (5) [14,15]: 

WO3(bleached)+ xLi+ + xe− ↔ LixWO3(colored) (5) 

The increase of the CV curve area from a-WO3⋅H2O/25% to a- 
WO3⋅H2O/35% throughout the applied potential stems from the 
enhanced electrochemical activity to produce the increased insertion/ 
extraction of Li ions and electrons by the porous film surface, func
tioning as improved electrochemical active sites. However, the a- 
WO3⋅H2O/45% shows a smaller CV curve area than the a-WO3⋅H2O/ 
25% as a result of the diminished electrochemically active sites induced 
by extreme cracks, as shown in the SEM images, which interrupt the 
redox reaction at the electrodes (see Fig. 3c). Moreover, the optimized a- 
WO3⋅H2O/35% demonstrates superior electrochemical kinetics of Li ion 
diffusion, as shown in Fig. 3d. Fig. 3d shows the Li ion diffusion co
efficients of all of the a-WO3⋅H2O films during the EC reaction through 
CV measurements taken at various scan rates of 0.5, 1.0, 1.5, and 2.0 
mV/s (see Fig. S3). The Randles–Sevcik equation was used to calculate 

the Li ion diffusion coefficient while considering the variation of the 
peak current density, as explained below in Eq. (6) [8]: 

Jp = 2.72 × 105 × D1/2 × C0 × v1/2 (6) 

where the Jp is the peak current density, the Co is the active ion 
concentration of the electrolyte, and the v is the scan rate of the CV 
curve. The Li ion diffusion coefficient was enhanced from 2.02 ×
10− 9 cm2/s for a-WO3⋅H2O/25% to 3.97 × 10− 9 cm2/s for a-WO3⋅H2O/ 
35%, resulting from the synergistic effect between the improved elec
trical conductivity induced by the abundant VO and the shortened Li ion 
diffusion length as the result of the porous film morphology [4,15]. 
However, the a-WO3⋅H2O/45% exhibits a lower Li ion diffusion coeffi
cient (2.95 × 10-9 cm2/s) compared to a-WO3⋅H2O/35% due to the 
inferior electrical conductivity and the extreme cracks, leading to 
reduced Li ion and electron transport rates [17]. 

Fig. 4a displays the in-situ transmittance curves at λ633nm of all of the 
a-WO3⋅H2O films acquired through double-step chronoamperometry 
(CA) measurements at the potentials of –0.7 V (colored state) and 0.3 V 
(bleached state) for 60 s of the repeated cycling. As described in Table 1, 
the a-WO3⋅H2O/25% film shows transmittance modulation (△T = Tb −

Tc, where Tb is the transmittance in the bleached state and Tc is the 
transmittance in the colored state) of 50.4% and switching speeds (the 
time required to reach 90% of the full transmittance modulation of the 
film with an area of 3.4 cm2) of 6.4 s for the coloration speed and 8.7 s 
for the bleaching speed, which indicates their applicability to the flex
ible EC energy-storage devices. Moreover, with the optimized hydrolysis 
effects, a-WO3⋅H2O/35% film exhibits widened transmittance modula
tion of 60.0% and faster switching speeds of 3.4 s for the coloration 
speed and 4.2 s for the bleaching speed, caused by the improved elec
trochemical activity and kinetics, respectively. The increased electro
chemical activity is generated from the porous film morphology, 
providing an expanded number of electrochemically active sites for the 
EC reaction. The resulted widening of the transmittance modulation in 

Fig. 4. (a) In situ optical transmittances curves applied to different potential of –0.7 V for colored states and 0.3 V for bleached states for 60 s per process, (b) optical 
density curves at 633 nm in response to the inserted charge density, (c) specific capacitance at given current densities of 2, 4, 6, 8, and 10 A/g obtained from all films, 
and (d) schematic illustration of the Li ions and electrons transport mechanisms with the developed pores and oxygen vacancies of a-WO3⋅H2O/35% film. 
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a-WO3⋅H2O/35% compared to the other samples is also confirmed by 
the optical transmittance curves in a wavelength range of 400–900 nm 
with the photographs of the flexible a-WO3⋅H2O/35% film in colored 
state (− 0.7 V) and bleached state (0.3 V) (see Fig. S2). The enhanced 
electrochemical kinetics is closely associated with the increased Li ion 
diffusion coefficient and electrical conductivity resulting from the 
porous surface and the abundant VO. However, the a-WO3⋅H2O/45% 
displays a reduced level of transmittance modulation of 44.8% stem
ming from the inferior electrochemical activity caused by the fewer 
electrochemically active sites with extreme cracks disturbing the effi
cient transport of Li ions and electrons. Moreover, the coloration effi
ciency (CE) value, a conventional indicator defining the performance of 
an EC device, was estimated according to the change in the optical 
density (OD) related to the transmittance modulation at λ633nm with the 
applied charge density (Q/A) related to the inserted charge amount per 
area (same as 3.4 cm2 for all a-WO3⋅H2O films), as described below in 
Eqs. (7 and 8) [53]: 

CE = ΔOD/(Q/A) (7)  

ΔOD = log(Tb/Tc) (8) 

The CE values are 54.6 cm2/C for a-WO3⋅H2O/25%, 62.7 cm2/C for 
a-WO3⋅H2O/35%, and 50.1 cm2/C for a-WO3⋅H2O/45%, indicating that 
a-WO3⋅H2O/35% reveals optimized EC performance. The high CE value 
of 62.7 cm2/C in a-WO3⋅H2O/35% is generated by the simultaneous 
effects of the increased transmittance modulation obtained from the 
porous film morphology and the rapid switching speeds derived from 
the efficient charge transport with a high Li ion diffusion rate and good 
electrical conductivity (see Fig. 4b). In addition, a-WO3⋅H2O/35% 
showed competitive cycling stability (transmittance retention of 81.95% 
after 2000-consecutive coloration-bleaching, see Fig. S6a) and the 
following reasonable reduction of the CV curve area (see Fig. S6b) after 
the coloration-bleaching processes, which can be induced from the 
porous morphology to accommodate structure variation during elec
trochemical reactions. 

Fig. 4c presents the specific capacitance (Csp) outcomes of all of the a- 
WO3⋅H2O films with stepwise current densities of 2, 4, 6, 8, and 10 A/g 
according to Eq. (9) below [54]: 

Csp = I/(mdV/dt) (9) 

At current densities from 2 to 10 A/g, a-WO3⋅H2O/35% exhibits 
higher specific capacitance compared to the other a-WO3⋅H2O films, 
especially 94.2 F/g at 2 A/g with the longest charging/discharging time 
(see Table S2 and Fig. S4). The higher specific capacitance of a- 
WO3⋅H2O/35% stems from the increased electrochemical activity with 
the porous morphology, leading to high levels of the insertion/extrac
tion of Li ions [64,65]. Additionally, a-WO3⋅H2O/35% film shows higher 
rate capability (specific capacitance retention with increasing current 
densities from 2 to 10 A/g) of 74.3% when compared at current densities 
of 2 and 10 A/g, while the a-WO3⋅H2O/25% and a-WO3⋅H2O/45% show 
lower rate capability outcomes of 54.8% and 27.7% (see Fig. 4c). This 
improved rate capability is caused by the facilitated electrochemical 
kinetics resulting from the efficient Li ion and electron transport caused 
by the porous morphology with the shortened Li ion diffusion length and 
abundant VO related to the increased electrical conductivity. To clarify 
the Li ions and electron transport at a-WO3⋅H2O/35% electrode during 
an electrochemical reaction, electrochemical impedance spectroscopy 

(EIS) measurements were conducted in comparison with the a- 
WO3⋅H2O/25% and a-WO3⋅H2O/45% (see Fig. S5). The a-WO3⋅H2O/ 
35% film shows a smaller semicircle related to the charge transfer 
resistance and a steep slope of the inclined line related to the ionic 
diffusion rate compared to a-WO3⋅H2O/25% and a-WO3⋅H2O/45%, 
demonstrating improved electrical conductivity and a better Li ion 
diffusion coefficient, respectively, in good agreement with the enhanced 
flexible EC energy-storage performances [4,55–57]. 

Fig. 5a shows flexible stability of flexible EC energy-storage devices 
consisting of a-WO3⋅H2O/35% film, measuring ex-situ performances of 
transmittance and specific capacitance within the repetitive bending up 
to 300 cycles with a bending radius of 1.3 cm. As the result, the devices 
maintained admirable flexible stability (retentions of 74.2% for trans
mittance modulation and 76.1% for specific capacitance after 300 
bending cycles), which can be derived from the stable structure with the 
optimized VO defects of a-WO3⋅H2O/35% film. However, the flexible 
stability of a-WO3⋅H2O films depending on mechanical deformation 
could be improved through further studies. Consequently, the flexible a- 
WO3⋅H2O/35% film including enriched porosity and VO exhibits 
outstanding EC performances in transmittance modulation and switch
ing speeds compared to previously reported WO3⋅H2O-based films (see 
Fig. 5b) [58–63]. 

In short, with the optimized hydrolysis effects developing porosity 
and VO of a-WO3⋅H2O at a humidity level of 35% during spin-coating and 
low-temperature annealing, the a-WO3⋅H2O/35% film displays admi
rable flexible EC energy-storage performances. The improved trans
mittance modulation and specific capacitance are generated by the 
accelerated electrochemical activity with the porous film morphology, 
providing abundant electrochemically active sites. Moreover, the rapid 
switching speeds and the rate capability stem from the enhanced elec
trochemical kinetics resulting from the increased electrical conductivity 
and increased Li ion diffusion coefficient via the abundant VO and 
porous morphology, facilitating better charge transport (described in 
Fig. 4d). For these superior flexible EC energy-storage performances, a- 
WO3⋅H2O film with porosity and VO stemming from the optimized hy
drolysis effects at a humidity level of 35% can be suggested for advanced 
flexible EC energy-storage devices. 

4. Conclusion 

In sum, we successfully fabricated a-WO3⋅H2O films with porosity 
and VO defects for flexible EC energy-storage devices. The fresh 
approach presented here to develop porosity and VO in a-WO3⋅H2O was 
realized through a humidity adjustment during the spin-coating and 
low-temperature annealing processes, leading to the accelerated hy
drolysis of WOCl4, which is highly reactive to H2O. The optimized hy
drolysis effects at a humidity level of 35% develop the porous film 
morphology, deriving from the increased aggregation of amorphous 
clusters, and abundant VO generated from the increased intercalation of 
water molecules. The porous film morphology can provide increased 
electrochemically active sites and shortened Li ion diffusion pathways. 
The expanded electrochemically active sites serving as Li ion insertion/ 
extraction sites can lead to the increased Li ion capacity related to the 
improved transmittance modulation and specific capacitance. Also, the 
shortened Li ion diffusion pathways can lead to the improved Li ion 
kinetics, as confirmed from the Li ion diffusion coefficients, which is 
connecting to the enhanced switching speeds and the specific 

Table 1 
Summary of the EC energy-storage performances of all samples.   

Transmittance modulation 
(%, 633 nm) 

Coloration speed 
(s) 

Bleaching speed 
(s) 

CE 
(cm2/C) 

Specific Capacitance 
(F/g, at 2 A/g) 

a-WO3⋅H2O/25% 50.4 6.4 8.7 54.6 84.0 
a-WO3⋅H2O/35% 60.0 3.4 4.2 62.7 94.2 
a-WO3⋅H2O/45% 44.8 6.7 7.0 50.1 61.4  
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capacitance retention with increasing current densities. The abundant 
VO can provide extra electrons and efficient charge transport channels, 
directly affecting the electrical conductivity of the a-WO3⋅H2O films. The 
increased electrical conductivity can contribute to the effective supply of 
the electrons for electrochemical reactions in the films, which is mainly 
related to the fast switching speeds. Therefore, a-WO3⋅H2O/35% film 
with the optimized porosity and VO structures showed superior flexible 
EC energy-storage performances, including a wide range of trans
mittance modulation (60.0%), fast switching speeds (3.4 s for the 
coloration speed and 4.2 s for the bleaching speed), a high CE value 
(62.7 cm2/C), and high specific capacitance (94.2F/g at 2 A/g) and good 
rate capability (74.3%). Also, a-WO3⋅H2O/35% film used as a working 
electrode to make up a solid-state cell for flexible EC energy-storage 
device, exhibited admirable flexible stability (retentions of 74.2% for 
transmittance modulation and 76.1% for specific capacitance after 300 
bending cycles). 

Thus, the a-WO3⋅H2O films invented here, fabricated at a low tem
perature (80 ◦C) and exhibiting superior flexible EC energy-storage 
performances, can be a promising candidate for flexible EC energy- 
storage devices. 
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