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The existing synthetic approaches for high-performance WOs-based electrodes require energy-intensive instru-
mentation and complex processing, which hinder the development of flexible electrochromic (EC) energy storage
devices. Herein, new low-temperature-synthesized amorphous (a)-quantized WO3-H20 films for application in
EC energy storage devices are proposed. The WO3-HO films are fabricated by the spontaneous hydrolysis of a
spin-coated WClg solution by the water molecules in the surrounding atmosphere followed by annealing at 80 °C.
This is an original and unique concept in that the induced quantization of a-WO3 increases the number of
electroactive sites, provides abundant oxygen vacancies, and widens the band gap, while the intercalated water
molecules stabilize the structure, resulting in efficient charge transfer and stress alleviation during electro-
chemical reactions. Consequently, the transmittance (53.8% at 633 nm) and specific capacitance (78.5F g ' at 1
A g™ 1) of the flexible electrodes improves. Additionally, the carrier concentration and mobility increase due to a-
WO3 quantization, thereby increasing the electrical conductivity, resulting in the rapid switchability (3.7 s for
coloration and 2.9 s for bleaching) and high rate capability of the flexible electrodes. The flexible solid-state
devices light a 1.5 V white-light-emitting diode and maintain their good EC energy storage performance
(76.1% transmittance modulation and 73.1% specific capacitance) even after 300 bending cycles at a bending
radius of 1.3 cm. Therefore, the proposed a-quantized WO3-HO films are promising active electrodes for flexible
EC energy storage devices.

1. Introduction

With increasing serious environmental pollution and the progressive
depletion of non-renewable resources, the development of controllable
devices for energy storage, conversion, and conservation, such as smart
windows, electrochemical capacitors, lithium-ion batteries, and solar
cells, has become a global priority [1-4]. Among these, smart windows,
which can dynamically control sunlight and solar radiation entering a
building owing to their various optical properties (e.g., transmittance,
absorption, and color), are a promising candidate for ensuring the en-
ergy efficiency and indoor comfort of buildings and other structures. The
light-modulating behavior originates from ion insertion/extraction and
the transfer of electrons to electroactive material under an applied
voltage. Such electrochromic (EC) materials have potential applications
in optical displays and rear view mirrors [1]. Similar to pseudocapaci-
tors, EC devices store energy via reversible redox reactions; hence, such
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devices offer the attractive combination of electrochromism and energy
storage, which can open new application possibilities such as multi-
functional smart windows that can sense the level of stored energy
and accordingly change the optical property [5,6]. In future, devices
with shape-adjustable functions are required for application in flexible
or wearable devices. Polymer based flexible substrates, such as poly-
ethylene terephthalate, polyethylene naphthalate (PEN), and poly
(methyl methacrylate) (PMMA) offer the advantages of low product
weight and ease of adaptability or the replacement of glass substrates in
other applications [7,8]. However, only a few studies have successfully
produced flexible EC energy-storage devices, and much research work is
required for the commercialization of these devices [1,9].

To achieve the smooth performance of flexible EC energy-storage
devices, which have a sandwich-like configuration of transparent con-
ducting film/anodic active film/electrolyte/cathodic active film/trans-
parent conducting film, both the development of active materials with
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outstanding EC and pseudocapacitive characteristics against repeated
mechanical strain and their deposition on polymeric transparent con-
ducting films are important [10-12]. The majority of the few studies on
flexible EC energy-storage devices used conducting polymers, such as
poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) and poly-
aniline as active materials owing to their intrinsic ductility and high EC
and capacitive characteristics [1,13]. In addition, WO3 as a represen-
tative transition metal oxide has been used in flexible EC energy-storage
devices. However, in these studies, WO3 was combined with one-
dimensional nanostructures (Ag nanowires and ZnO nanorods) to
obtain nanocomposite film to enhance the mechanical properties and
charge transport [14-16]. In these works, WO3 was deposited by thermal
evaporation or pulsed laser deposition, which are expensive methods
involving multiple processing steps and requiring complex equipment,
and are therefore unsuitable for large-scale and low-cost applications
[9,17]. A somewhat more efficient method is the direct deposition of
pre-synthesized nanoparticles on polymeric substrates as a film by
solution-based deposition methods such as spin coating and inkjet
coating, which have the advantages of low cost and simple processing
and do not require high-temperature annealing. However, a limitation of
this method is that the nanomaterial synthesis process needs to be
optimized to obtain desired nanostructures (nanoflakes and nanosheets)
being available against taken mechanical strain and the dispersion and
adhesion of the nanomaterials on the substrates needs to be improved to
achieve the best performance of the flexible devices [18-20]. Against
this background, the direct fabrication of film nanostructures from
precursors on polymeric substrates at low decomposition temperatures
(150-170 °C for PET, 85-105 °C for PMMA) could be the simplest and
most effective method for fabricating flexible devices. This method is
beneficial for fabricating various film nanostructures (porous, dope, and
composite) with outstanding electrochemical properties for application
in high-performance EC devices and electrochemical capacitors by
varying the type of precursors, solvents, and additives in the solution.
However, unlike in the case of rigid substrates, which generally endure
high temperatures, a suitably low annealing temperature (250-500 °C)
is required for the hydrolysis or polymerization of the precursors to
avoid the thermal deformation of polymeric substrates at high temper-
atures [1,21,22]. Therefore, the fabrication of high-performance WO3
films by low-temperature processes, which has not been attempted so
far, is a revolutionary research concept that can expand device func-
tionality to achieve flexibility or elasticity in the future.

In this study, to realize the above expectations, we developed low-
temperature-synthesized amorphous (a)-quantized WO3-HpO films.
Compared to closest similar materials such as amorphous and crystalline
WOgs films, the novelty of a-quantized WO3-H2O films is a build-up of
defective structure to be effective for performance improvement of
flexible electrochromic energy-storage devices. As an expected defective
impact, the frank disorder and stacking fault of WO3 structure induced
by intercalated HO molecules can relax structural stress and electro-
static repulsion to effectively reduce diffusion barriers or migration
energy of protons and alkali ions during electrochemical reactions [23].
In addition, abundant oxygen vacancies formed by the amorphous
quantization can lead to improvement of electron density accelerating
electrical and electrochemical behavior [24]. The low-temperature
synthesis involving annealing at 80 °C is an advanced process for
fabricating WOs-based flexible electrodes on flexible polymeric sub-
strates, which would expand their application scope. The WO3-H5O films
are fabricated by the spontaneous hydrolysis of spin-coated WOCl4 and
the surrounding H>0 molecules. Such a-quantized WO3-H»0 films have
the advantages of both high electrochemical activity and kinetics, which
are useful for their application in flexible EC energy-storage devices
owing to the amorphization of the films induced by the unique energy-
efficient approach. Because of the unique effects, the induced defects in
the film structure increase the number of electroactive sites for Li
insertion, and the change in electronic structure renders the electrodes
more transparent and kinetically sensitive. In addition, the HO
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molecules intercalated in the films play a major role in structure stabi-
lization, resulting in efficient charge transfer and stress relaxation of the
electrode during the electrochemical reactions. Thus, the a-quantized
WO3-H20 films exhibit excellent EC energy-storage performances in the
assembled devices along with together with mechanical flexibility.

2. Experimental section

The a-quantized WO3-H5O films were fabricated by the spontaneous
hydrolysis of a spin-coated WClg solution by the surrounding HyO
molecules followed by low-temperature annealing at 80 °C. The WClg
solution was prepared by dissolving WClg (10 wt%;Aldrich) in 2-propa-
nol (Aldrich) with continuous stirring at fixed temperature of 0 °C for
protecting unwanted reaction of precursor. The resulting transparent
blue solution was spin-coated twice on FTO (Pilkington, 8.0 Q/[]) and
ITO (15 Q/[)/PEN substrate in a chamber with 25% humidity at a spin
speed of 2000 rpm for 30 s. The films were then annealed at 80 °Cfor 1 h
at atmosphere of 25% humidity to remove residual organics and to
obtain the a-quantized WO3-H0 films (WO3-80). To confirm value of
the WOs films can be prepared at a low temperature of 80 °C, other WO3-
based films were prepared by annealing at 150 °C (WO3-150) and 300 °C
(WO03-300) and their properties were compared with those of WO3-80.
In addition, to demonstrate the effectiveness of the novel approach of
spontaneous hydrolysis in the fabrication of a-quantized WO3-H5O films,
we fabricated films under 0% humidity conditions and compared their
performances with that of the films prepared under 25% humidity
conditions.

DSC (DSC-60, Shimadzu) was performed in the temperature range of
25-300 °C at a heating rate of 5 °C-min"! in air atmosphere. The
chemical bonding states of the constituent elements were determined by
XPS (AXIS ultra-delay line detector equipped with an Al K,, X-ray source,
Korea Basic Science Institute, KBSI, Daedeok Headquarters) and FTIR
spectroscopy (Nicolet iS50, Thermo Fisher Scientific). The surface
morphologies were observed by FESEM (S — 4800, Hitachi). Raman
spectroscopy was performed using a 532.1 nm laser excitation source.
The film density was determined by the XRR. The electrical and optical
properties were evaluated using a Hall-effect measurement system
(Ecopia, HMS-3000) and by ultraviolet-visible (UV-vis) spectroscopy
(Lambda — 35, Perkim — Elmer). The electronic structure was analyzed
by UPS using an Axis ultra-delay line detector spectrometer (Kratos, UK)
with a monochromatic Al K, (1,486.6 eV) X-ray source and He I gas
(21.22 eV) as a UV source.

The EC and electrochemical properties were measured in a three-
electrode electrochemical cell containing 1 M LiClO4 electrolyte with
propylene carbonate as the solvent, Pt wire as the counter electrode, and
Ag wire as the reference electrode using a potentiostat/galvanostat
(PGSTAT302N, FRA32M, Metrohm Autolab B.V., the Netherlands), and
by EIS. The EC energy-storage performance was determined in situ by a
combination of potentiostat/galvanostat and UV-vis spectroscopy in a
three-electrode electrochemical cell for a single flexible electrode and in
a flexible solid-state cell assembled with LiClIO4/PMMA-based electro-
lyte (2.5 M) and H3PtClg-6H20 film (4 M, in terpineol) as the counter
electrode. The bending tests of the flexible solid-state devices were
performed using an all-electric dynamic test instrument (ElectroPulsTM
E3000).

3. Results and discussion

Fig. la shows a novel formation mechanism of the a-quantized
WO3-H,0 films by the spontaneous hydrolysis of a spin-coated tungsten
chloride (WClg) solution reacted by HoO molecules without a subse-
quent high-temperature annealing process. WClg reacts with 2-propanol
(C3HgO) to form WOCI4 molecules (WClg + nC3HgO — W(OC3Hg),Clg.p,
+ nHCI, W(OR)Cls — WOCl4 + RCl) [25,26], which then undergo rapid
hydrolysis and condensation with the H;O molecules in the humid at-
mosphere of the chamber owing to its high reactivity with HyO,
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Fig. 1. (a) Schematic illustration of mechanism forming the a-quantized WO3-HO films, (b) DSC curve of the precursor solutions measured in temperature range of
35-300 °C, and (c) W 4f and (d) O 1 s XPS spectras and (e) FTIR curve of all the films.

eventually forming WOs3-H>O films on the substrates during the spin-
coating process (Fig. Sla) [27,28]. This is a unique energy-efficient
approach to fabricating flexible, high-performance electrodes on sub-
strates without using excessive chemicals such as acids (e.g., HCl and
citric acid) and/or high-temperature processes (>250 °C) [28-31]. The
formation of a-quantized WO3-H,O films was evidenced by the
appearance of an endothermic peak at 40-80 °C in the DSC curve cor-
responding to WClg solution and the absence of peaks related to other
precursors (Fig. 1b). The successful formation of a-quantized WO3-H;0
films by this phenomenon was further verified by XPS and FTIR spec-
troscopic analyses of the films fabricated at different annealing tem-
peratures. The W 4f XPS spectra (Fig. 1c) of WO3-80, WO3-150, and
WO3-300 exhibit two characteristic peaks at ~35.2 eV for W 4f;,2 and
~37.2 eV for W 4fs, corresponding to the binding energies of Wo" of
the WOj3 phase [29,32]. The characteristic peaks at ~34.2 eV for W 4f7 /2
and ~36.5 eV for W 4fs 5 correspond to W>* related to oxygen vacancies
(V,) in the WO3 phase. Interestingly, the W>*/W5" peak ratio (0.23 for
WO3-150 and 0.32 for WO3-80) increased with decreasing annealing
temperature, which could be attributed to the HoO molecules present in

the WOs lattice because of the low annealing temperature and can be a
critical evidence of the generation of numerous V, related to a-WOs
quantization. The O 1 s XPS spectra of WO3-300 (Fig. 1d) exhibited two
characteristic peaks at ~530.2 and ~531.4 eV corresponding to W — O
and — OH, while the O 1 s XPS spectra of WO3-80 and WO3-150
exhibited an additional peak at ~529.3 eV corresponding to — H20 in
addition to the two aforementioned characteristic peaks. The peak ratios
of —OH/W — O (0.40, 0.46, and 0.59 for WO3-300, WO3-150, and WOs-
80, respectively) and —H,O/W — O (0.28 and 0.31 for WO3-150, WOs-
80, respectively) gradually increased with decreasing annealing tem-
perature. This is in good agreement with the increase in the intensities of
W — OH:--H50 peak at 3544.1 emtandH- 0 — H peak at 1,616.5
em ™Y, indicating the significant intercalation of H,O molecules, as
determined by FTIR spectroscopy (Fig. 1e). That is, a high annealing
temperature of over 250 °C leads to the removal of H,O molecules
intercalated in the lattice and the incorporation of oxygen resulting in
the formation of stoichiometric WO3, as observed from the W 4f XPS
results (Fig. 1c) and previous works on WO3 [31,33]. However, in our
study, as the HyO molecules are the main reactant for WO3 formation,
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some of the molecules can absorb on transitional W°™ sites. Thus, the
film before annealing at 80 °C (Fig. S1c and d) is rich in W>* and even
W** owing to the presence of a large amount of absorbed H,0O mole-
cules, which leads to the formation of W — O bonds that impart blue
color to the films (Fig. S1a). However, annealing at 80 °C removes the
physically absorbed molecules and supply oxygen to the unstable
cationic sites, leading to the formation of HyO — W+ bonds with a bond
length (2.37 [o\) similar to that of W8 (2.38 Z\) in the typical WOg phase,
and the films turn colorless (Fig. S1b) [34]. Therefore, an amicable
structure with abundant defects can be beneficial for the electronic
properties of the films and thus to put their electrochemical and optical
performance toward a positive direction since the excess electrons are
delocalized on the 5d orbitals of WO3 [35].

Fig. 2a—c shows the top-view SEM images of the films prepared at
different annealing temperatures. All the films have a homogenous
structure with smooth and dense surfaces and no discernible particu-
lates; this indicates the successful fabrication of the film with a thickness
of 203.4-227.6 nm on the substrate (Fig. S2a and b) by the spontaneous
hydrolysis of WClg by the surrounding H,O molecules. However, in the
absence of H,0 molecules, the formation of the film structure (Fig. S2c)
and the W®" and H,0 related to the WO3-H50 phase is limited (Fig. S2d
and e). Although the size of the grains constituting the films appear to
decrease with decreasing annealing temperature, the effect of annealing
temperature on the a-WO3 phase was investigated in depth by Raman
spectroscopy. The Raman spectra of all the films (Fig. 2d) exhibited a
broad peak, which indicates the formation of a-WO3. This Raman peak
was deconvoluted into three characteristic peaks corresponding to W =
O stretching mode (960 cm’l) and W — O stretching mode (807 and 719
em™1). According to Shigesato et al. and Hepel et al., the peak at 807
em ! indicates structural order with regard to the W — O — W bond
angle and length [36,37]. Therefore, the increase in W = O/W — O peak
ratio with increasing annealing temperature from 300 °C to 80 °C in-
dicates the progressive amorphization of the film containing some de-
fects, such as vacancies and interstitials, as a result of structural
deformation due to the shortening and lengthening of the W = O bond
and the deficiency of W — O bonds in a random network structure
[34,38]. As other proof of the film amorphization, the XRD result
(Fig. S3) shows that the full width at half maximum (FWHM) of broad
peak related to amorphous nature is gradually widen from WO3-300 to
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WO3-80, which corresponds to the decreased size of amorphous phases
to induce the quantization [39,40]. This result can be affected to the film
density directly related porosity. X-ray reflectometry (XRR) is important
technique for measuring film density (p) from the critical angle (6.)
measured from the reflected beam intensity, by Fresnel equation (Eq.

(1)) [41]:

A2 '
yo_NA(Z+f)
b4 A

0. = (€8]

where y, is the Bohr atomic radius, 4 is the X-ray wavelength, N, is
Avogadro’s number, Z is the number of electrons per atom, f’ is the
atomic scattering factor, and A is the atomic weight. As determined from
the simulated XRR curve (Fig. 2e), the film density decreased with the
decreasing annealing temperature (~5.6, 4.8, and 4.5 g cm ™2 for WO3-
300, WO3-150, and WO3-80, respectively); this implies an increased in
the number of electroactive sites on the films by amorphization. In
typical a-WOs3, the defects formed by the scarcity of W= 0 and W — O
bonds can act as trapping sites for Li ions, which can negatively affect
the electrochemical behavior [42]. However, because the scarcity of W
= 0 and W — O bonds is compensated by the formation of W-OH bonds
by H20 molecules (H,O — W>* bonds), a-quantized WOs-H20 has a
stable structure despite its vacant cavities, which can facilitate efficient
charge transfer and stress relief the during electrochemical reaction
between electrons and Li ions at the electrode [43].

The new characteristics of a-quantized WO3-HoO are expected to
improve its electrical and optical properties, which would be beneficial
for its EC energy-storage performance. The first interesting property is
the remarkable increase in the electrical conductivity of the film with
decreasing annealing temperature (Fig. 3a and Table S1); the electrical
conductivity of WO3-80 was 2720 times of that of WO3-300, which can
be attributed to the increase in both carrier concentration and mobility.
The increased carrier concentration is attributed to the addition of
localized electrons in the d orbitals by the enrichment of W°T with V,, as
determined from chemical formulae of WO3-150 (WO3¢s-H20) and
WO3-80 (W03 60-H20). The localized electrons merged with the con-
duction band (CB) level and formed a continuum of states with a
metallic character by shifting the Fermi level (Ef) close to the CB level,
thereby improving the electrochemical activity of the films by acting as
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reactive sites [25,44]. In addition, the high Hall mobility can be
attributed to the amicable electronic structure of a-quantized WO3-H50,
as confirmed from Urbach energy (E,), which is related to the degree of
disorder of the films by Eq. (2) [45,46]:

a = a,exp(hv/E,) 2

where « is the absorption coefficient and hv is the photon energy. The
E, found below the absorption band edge of the compound is governed
by the deformation of phonon states in the film resulting from structural
disorder [46]. The gradual decrease in E, (Fig. S4a) indicates the
relaxation of film distortion in the case of WO3-80 due to the compen-
satory interaction of the longer W-OH bond, which can be the main
reason for high Hall mobility in the films. The transmittance curves
(Fig. 3c) exhibited distinct differences in the transmittance of the films
fabricated at different annealing temperatures; the result indicates the
suitability of the film for EC energy-storage devices. The optical trans-
mittance of the films decreases with increasing annealing temperature
narrowing of optical band gap (Eg) due to some structural effects such as
improved grain size or lattice deficiency in the films [47,48]. However,
since abundant V, can widen the E, (Fig. 3b), the transmittance peak at

300-600 nm blue-shifted, while the intensity of the peak at 600-900 nm
decreased due to significant carrier scattering (Fig. 3c). To determine the
reason for the unique transmittance behavior, we compared the energy
band structures of the WO3-300 and WOs3-80 by integrating the Er values
determined by ultraviolet photoelectron spectroscopy (UPS) with a
photon energy of 21.22 eV (Fig. S4b), E, (Fig. 3b), and valence band
maximum (VBM, Fig. S4c and d). Unlike WO3-300, the energy band
structure of WO3-80 indicates the widening of E; due to the shifting of
CBM to a higher energy because of the high electron density of the CB.
Consequently, the Ep shifted toward the CBM and a new defect level
formed at —5.91 eV in the Eg, which is consistent with the quantization
of crystalline WO3 with abundant V, (Fig. 3d) [44,49]. The results
indicate an original concept for the quantization of a-WO3 owing to the
formation of abundant V,, in the electronic structure, which is beneficial
for improving device to transparency as well as electrochemical reaction
capacity and kinetics.

Fig. 4a shows the cyclic voltammetry (CV) curves of the electrodes
prepared with the WO5 films fabricated at different annealing temper-
atures measured in the voltage range of —0.7 to 1.0 V at a scan rate of 20
mV-s~!. All the electrodes exhibited a broad redox curve without any

Fig. 4. (a) CV curve of all electrodes prepared with

different annealing temperature measured in the
three-electrode system by applying potential range
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peak current density (J,) with respect to the varied
scan rates for all electrodes under cathodic reactions
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sharp peaks corresponding to the EC behavior of a-WOj3, and the area of
hysteresis loop gradually increased with increasing current density over
the applied potential range in the order of WO3-300 < WO3-150 < WO3-
80 electrode, indicating an increase in electrochemical activity resulting
in the insertion/extraction of more Li ions from the active material due
to the presence of abundant V,, acting as reactive sites for Li ions [50].
The redox current densities of the electrodes above 0 V increased with
decreasing annealing temperature, which can be attributed to the H,O
molecules in a-WOj3 providing fresh electrochemical sites, thereby
improving the EC energy-storage performance. This was confirmed from
the unique chemical binding state of the inserted Li ions on the a-
quantized WOs3-H0 films under sequentially applied cathodic poten-
tials of 0.2 V and —0.4 V. While the cathodic reaction of typical WO3
involves the chemical binding of Li>O resulting in coloring or charging
of the electrode, the cathodic curves of a-quantized WO3-H2O films (0.2
V, Fig. S5) exhibited a dominant peak corresponding to interstitial Li
(Li;, 84.6%) along with a minor peak related to Li;O (15.4%). In addi-
tion, the Li>O peak (Li-O, 21.3%) became more intense at cathodic —0.4
V, indicating the typical Li-insertion process of a-WOs3. Therefore, unlike
basic WOs, the presence of Li; in the a-quantized WO3-H2O films can be a
crucial evidence of the presence of a large number of electroactive sites
for Li insertion due to structural interaction between the V, and H,O
molecules in a-WO3 [43,50]. In addition, the Li-ion diffusion coefficient
(Dy) of the WO3-80 electrode, calculated from the plot of peak current
density (Jp) and versus the square root of scan rate (C,), was significantly
high at cathodic (—0.4 V) and anodic (—0.4 V) reactions, together with
even one at 0.2 V related to the H,O molecule (Fig. 4b and 4c with
Table S2), indicating fast electrochemical kinetics at Li-O and Li; due to
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the synergistic effect of increased number of electroactive sites and
enhanced electrical conductivity [37,51]. Therefore, as shown in
Fig. 4d, the strong electrochemical activity widened the transmittance
modulation (AT = 70.5% at 633.0 nm) and increased the switching
speeds (2.4 s for coloration:t, and 0.5 s for bleaching:tp) of the WO3-80
electrode. Consequently, the WO3-80 electrode exhibited the best
switching performance compared with that of the other films and pre-
viously reported WOs-based electrodes (Table S3 and Fig. 4e) [29,52-
59]. Moreover, compared with the other films, the WO3-80 electrode
exhibited the highest coloration efficiency (CE), which is an important
parameter for the comprehensive assessment of EC devices (Fig. 4f) and
can be calculated from optical density (OD) and applied charge density
(Q/A) by Egs. (3) and (4) [60]:

CE = AOD/(Q/A) 3)

AOD = log(T,/T.) 4

The performance improvement is mainly ascribed to the synergistic
effect of the wide transmittance modulation due to the improved elec-
trochemical activity and efficient charge transport because of the in-
creases in electrical conductivity and Dy;.

The EC energy-storage performance was evaluated using single
flexible electrodes formed by spin coating the a-quantized WO3-H30
films on an indium tin oxide (ITO)/PEN substrate under 25% humidity
conditions (hereafter referred as WO3-80/25%). To determine the effect
of humidity on the formation of a-quantized WO3-H3O films, the per-
formance of WO3-80 films prepared under 0% humidity conditions
(WO3-80/0%) was also evaluated. CV was performed in the potential

-
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Fig. 5. (a) Comparison of in situ transmittance curve between W0O3-80/25% and WO3-80/0% flexible electrodes, (b) galvanostatic charge/discharge curves of the
flexible electrodes traced at current density of 1 A/g in potential range from —0.7 to 0.3 V, (c) determination of the b-values (filled circle for cathodic —0.4 V and
filled triangle for anodic —0.4 V) using the relation (i = avb) between current (i) and sweep rate (v) in the CV curves, (d) plot of specific capacitance as a function of
the current density, (e) schematic illustration of the structure of the flexible solid-state devices with both EC and energy-storage, (f) real photograph of the flexible
solid-state devices that are lighting 1.5 V white LED, (g) transmittance curve in wavelength range of 400-900 nm as the result of discharged and charged states (h)
variation of transmittance at 633 nm and specific capacitance at 1 A/g current density versus repetitive bending cycles with a curvature radius of 1.3 cm (inserted
photographs of mechanical bending processes on the flexible solid-state devices), and (i) comparison of the EIS curves between before and after bending processes of

300 cycles.
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range of — 0.7 to 0.3 V at a scan rate of 20 mV s, and the results are
shown in Fig. S6a. As can be seen, the electrochemical activity of the
WO3-80/25% flexible electrode is considerably higher than that of the
WO03-80/0% electrodes, as determined from the wide CV curve area of
the WO3-80/25% electrode, indicating the increase in AT (Fig. 5a). In
addition, the WO3-80/25% flexible electrode exhibited competitive
switching speeds. While both electrodes exhibited high switching speeds
for the coloration process because of the presence of abundance V,, the
bleaching speed of the WO3-80/25% flexible electrode was higher than
that of the WO3-80/0% electrode, which can be attributed to H,O
molecules that stabilized the a-WOg structure with abundant V, despite
the low annealing temperature. In contrast, in the absence of Hy0O
molecules, the V, were a major drawback in the trapping of Li ions.
Hence, the Dy; (0.81 x 1078 em? s71) of the WO03-80/0% flexible elec-
trode during the anodic process was the lowest (1.03 x 1078 em? s~ for
the cathodic process of the WO3-80/0% flexible electrode, and 2.57 x
1078 and 2.80 x 1078 cm?s™! for the anodic and cathodic processes of
the WO3-80/25% flexible electrode, respectively), as shown in Fig. S6b.
The energy-storage performance of the flexible electrodes used as a
supercapacitor was evaluated by galvanostatic charge-discharge (GCD)
measurements performed at a current density of 1 A g~1 (Fig. 5b). The
symmetric triangular shape of GCD curves indicates a pseudocapacitive
behavior and good electrochemical reversibility of the electrodes
[51,61]. The GCD curves of the WO3-80/25% flexible electrode are more
symmetrical that those of the WO3-80/0% flexible electrode, which in-
dicates the higher energy-storing capacity and good electrochemical
reversibility of the WO03-80/25% flexible electrode owing to its
remarkably high electrochemical activity and kinetics. This was further
used to determine the type of contribution (capacitive (b ~ 1) or diffu-
sive (b ~ 0.5)) from the relationi = @ where i is the current and v is the
sweep rate in the CV curves. As shown in Fig. 5c, the calculated b values
of the a-quantized WO3-H>O films (W03-80/25% flexible electrode) are
close to 1, which suggest that their fast is because of the dominant
surface capacitive insertion/extraction processes [62,63]. Hence, the
improved electrochemical activity of the W03-80/25% flexible elec-
trode owing to the increased number of electroactive sites of the a-
quantized WO3-H5O films resulted in a higher specific capacitance (78.5
F g’l) compared with that of the WO3-80/0% flexible electrode (59.6 F
g™ 1. In addition, the WO5-80/25% flexible electrode exhibited a high
rate capability with 57.3% specific capacitance retention with an in-
crease in current density from 1 to 10 A g !, while WO03-80/0%
exhibited a low capacitance retention of 35.2%, which is mainly
ascribed to the increase in electrical conductivity and Dy; of the a-
quantized WO3-H,0 films (Fig. 5d). To confirm the practical applica-
bility of the flexible multifunctional devices with both EC and energy-
storage functions, a a-quantized WO3-H50 film (WO3-80/25%) coated
on an ITO/PEN substrate as an active material was assembled into a
solid-state cell composed of a Pt-coated ITO/PEN substrate as the
counter electrode and a gel polymer electrolyte (PMMA + LiClO4 + PC),
as illustrated in Fig. 5e. The charged colored device could light a 1.5V
white light-emitting diode (LED, FK185, 1.5 V 6-LED LIGHT) (Fig. 5f),
and upon discharge, the device became colorless (bleaching condition),
and the LED dimmed. Thus, the flexible device allows the visual moni-
toring of the amount of energy stored in it through color variation. This
was further confirmed by the successive variation of transmittance
under an applied potential; the dark-blue devices exhibited 37.3%
transmittance at 633 nm in a fully charged state of —2.0 V and turned
colorless with 82.5% transmittance at 633 nm upon discharge to 2.0 V
(Fig. 5g). In particular, the illumination intensity of the LEDs powered
by the WO3-80/25% flexible electrode was higher than that of the LED
powered by the W103-80/0% flexible electrode, which can be attributed
to the higher energy density improved owing to the higher electro-
chemical activity of WO3-80/25% (Fig. S6¢). The applicability of flex-
ible EC energy-storage devices comprising the a-quantized WO3-H20
films was evaluated ex-situ by examining the device performance over
300 bending cycles. As shown in Fig. 5h, the devices bent to a bending
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radius of 1.3 cm maintained their good performance with 76.1% AT
and 73.1% specific capacitance after 300 cycles as the realization of the
normal charging and discharging processes (see Fig. S7), which can be
attributed to the competitive tolerance of the a-quantized WO3-H20
films in maintaining the charge-transfer resistance of the electrodes, as
confirmed by EIS (Fig. 5i) despite the increase in series resistance due to
the damage of the ITO/PEN substrate used as a transparent conducting
electrode because of the presence of defective sites for mechanical stress
relaxation. In addition, this behavior brings about the competitive
cycling stabilities (transmittance retention of 85.90% after 1000-consec-
utive coloration-bleaching and capacitance retention of 86.5% after
1000 charging and discharging reactions at current density of 1 A/g) as
the flexible electrode for the EC energy-storage devices (see Fig. S8).
Considering that our study is the first to propose a low-temperature
synthetic process for a-WOs films that can be directly used in flexible
multifunctional devices as an active material, the results are indeed
encouraging and desirable.

Based on the unique results, we propose a possible mechanism for the
a-quantized WO3-H;O films for the realization and performance
improvement of flexible EC energy-storage devices. The a-quantized
WO3-H,0 films have an amicable structure with abundant defective
states because of the unique interaction between the intercalated HoO
molecules and transitional W>* in a-WOs;, despite a low annealing
temperature of 80 °C. As an attractive characteristic, the fabricated film
has a defective structure, which is conductive to increasing the number
of the electroactive sites by the deformation of the bonds between W and
O due to amorphization. However, the presence of HoO molecules sta-
bilizes the structure, leading to efficient charge transfer and stress
alleviation during electrochemical reactions; consequently, the AT and
specific capacitance of the flexible multifunctional devices are improved
and could be visually monitored. In addition, since the abundant V,
result in the quantization of the a-WOs electronic structure, the elec-
trical conductivity related to the electrochemical kinetics of the film
increased owing to the increases in both carrier concentration and
mobility, which resulted rapid switchability and high rate capability of
the flexible EC energy-storage devices. Therefore, we strongly believe
that our study provides new comprehensive foundation for the devel-
opment of active electrodes for flexible EC energy-storage devices.

4. Conclusions

In summary, we developed an advanced flexible electrode based on
a-quantized WO3-H,O films fabricated by the spontaneous hydrolysis of
spin-coated WClg solution by H,0 molecules in the surrounding atmo-
sphere at a low-annealing temperature of 80 °C. The new low-
temperature process provides an efficient framework with improved
performance and a wide application scope, which cannot be achieved
with high-temperature synthetic processes. During the synthesis of a-
quantized WO3-HO films, the H,O molecules triggered the hydrolysis
and condensation of WOCl4 molecules to form the a-WO3 phase and
provided abundant defective states and stabilized the deficient chemical
structure of the films, resulting in the quantization of a-WOs3 having
numerous electroactive sites, abundant V,, and a wide E,. The a-quan-
tized WO3-HO films exhibited efficient charge transfer and stress alle-
viation during electrochemical reactions, which resulted in the
activation of AT modulation (70.5% on a rigid fluorine-doped tin oxide
(FTO) substrate and 53.8% on a flexible ITO/PEN substrate) and specific
capacitance (78.5 F g1 at current density of a 1 A/g ! on a flexible ITO/
PEN substrate) for EC energy-storage devices. Moreover, the devices
maintained their good performance (76.1% AT and 73.1% specific
capacitance) even after 300 bending cycles at a bending radius of 1.3
cm. Furthermore, the increase in electrical conductivity of the electrode
due to increase in carrier concentration and mobility, resulted in the
rapid switchability (2.4 s for coloration and 0.5 s for bleaching on a rigid
FTO substrate and 3.7 s for coloration and 2.9 s for bleaching on flexible
ITO/PEN substrate) and higher rate capability of the multifunctional
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devices. Such low-temperature-synthesized a-quantized WO3-HO films
can offer new possibilities for the design and development of active
electrodes for flexible EC energy-storage devices.
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