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Transparent conducting electrodes (TCEs) play an important role in transporting electrons to an active layer,
which directly affects electrochemical reactions in electrochromic (EC) energy-storage devices. However, ho-
mogeneous and fast electron supply to electrochemically active layer is mainly limited by interfacial properties of
the TCE. Especially, a rough interfacial structure leads to redundant voids for electron scattering, and an oxygen
vacancy acts as an intrinsic electron-trapping site in TCE. Thus, we propose a highly smooth morphology and
oxygen vacancy passivated TCE to boost electron and Li ion transport without an active material (WO3)
adjustment. These nanostructures are synthesized with simultaneous effects of W co-doping and H20, during
spray pyrolysis deposition (W-FTO/H205) for application in EC energy-storage devices. The highly dense and
smooth surface of W-FTO/H,0, provides a homogeneous electron supply to WO3, which induces uniform Li ion
transport into WO3. And the oxygen vacancy passivated structure encourages electron mobility, which leads to
in-depth Li ion transport. Consequently, the EC energy-storage electrodes fabricated with W-FTO/H30, as a TCE
exhibited ultra-fast switching speeds (2.3 s for coloration and 0.6 s for bleaching) and a high rate capability
because of the high electron mobility. An all-solid-state cell fabricated with W-FTO/H205 as a TCE exhibited
remarkable cyclic stability (transmittance retention of 92% and specific capacitance retention of 95.8% after
2,000 continuous cycles) because of the homogeneous electron transfer at the interface. Therefore, we demon-
strate that tailoring interface structure of TCE is a promising strategy to improve the performance of EC energy-
storage devices.

1. Introduction active layers (cathodic and anodic layers) during reduction/oxidation

(redox) reactions [5]. Because the color change progress in EC devices is

Extensive advances in electrochemical-reaction-based energy-saving
applications, such as Li ion batteries, supercapacitors, fuel cells, and
electrochromic (EC) devices, have been achieved over the last few de-
cades [1-3]. Notably, EC devices, which can save ~ 40% of the total
energy consumption of a building when used as smart windows, are
considered promising for use in energy-saving applications to modulate
external solar heat with reversible color changes [4]. EC devices have a
sandwich structure with a sequence of layers that include a transparent
conducting oxide, a cathodic layer, an electrolyte, an anodic layer, and a
transparent conducting oxide. The color changes in EC devices are
derived from the insertion/extraction of Li ions and electrons at the
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accompanied by the transport of Li ions and electrons, EC devices can
simultaneously perform an energy-storage function similar to pseudo-
capacitors. Thus, the multi-functionality provided by color changes and
energy storage broadens the application potential of EC devices to
include EC energy-storage devices such as EC supercapacitors and EC
batteries, which can indicate the level of stored energy and real-time
energy consumption through their color variations [6,7]. Hence,
function-integrated EC energy-storage devices are highly desirable for
future applications. However, some significant shortcomings, such as
cycle stability and switching kinetics, hinder the successful commer-
cialization of EC energy-storage devices.
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Because of the sandwich-layered configuration of EC energy-storage
devices, developing their interfacial properties could be a powerful
strategy to promote Li ion and electron transport such that the long cycle
stability and switching kinetics of the devices are improved. To upgrade
the long cycle stability, hybrid structures like core-shell and organ-
ic-inorganic active materials have been fabricated for reversible charge
transport at the active layer/electrolyte interface during the electro-
chemical reaction [8,9]. Additionally, to enhance the switching kinetics,
many research groups have synthesized porous and composite structures
that increase the Li ion diffusivity and electron conductivity, respec-
tively, of the active materials, which affect the electrochemical kinetics
at the active layer/electrolyte interface [10,11]. Most past studies have
mainly focused on adjusting the active materials to improve the elec-
trochemical behavior at the active layer/electrolyte interface. However,
as much as the active layer/electrolyte interfacial properties have been
adjusted, the interfacial properties of the transparent conducting elec-
trode (TCE) play an important role in supplying homogeneous and fast
electron transport to the active layers, which directly affects the elec-
trochemical reversibility and kinetics of EC energy-storage devices.
Nevertheless, the introduction of a TCE with tailored interface proper-
ties, such as surface morphology and chemical bonding states of trans-
parent conducting oxides to achieve exceptionally fast and stable EC
energy-storage devices has not been performed.

When the TCE surface morphology in this connection is rough,
redundant voids can be formed between the TCE and WOj3 layer, which
is a representative cathodic EC material, after the spin-coating and
annealing process. These voids function as barriers for the electron
pathway into the WOj3 layer and the preferred delamination centers of
WO3 by repetitive electrochemical reactions [12,13]. Additionally, a
rough interfacial structure for a TCE not only increases the electron
scattering at the interface but also allows charge aggregation to develop,
which enforces inhomogeneous electron transport, resulting in an infe-
rior electrochemical reversibility [14]. At the same time, the introduced
oxygen vacancy (Vo) acts as an intrinsic electron-trapping site in TCE,
resulting in decreased electron mobility related to the electrochemical
kinetics. Additionally, the interfacial Vo can provide Li ion trapping sites
during electrochemical reactions, reducing the reversibility [15,16].
Therefore, inducing a TCE interface stabilized structure with a uniform
morphology and low Vg concentration, leading to homogeneous and
rapid charge transport, can be a fundamental method to improve the
cyclic stability and switching kinetics of EC energy-storage devices.

In this study, a highly dense and smooth interfacial morphology and
an oxygen vacancy passivated structure of fluorine-doped tin oxide
(FTO) films were developed based on the simultaneous effects of W co-
doping and Hy02 during ultrasonic spray pyrolysis deposition, which
stabilizes the interface of the TCE for EC energy-storage devices. The
highly dense and smooth interfacial morphology of FTO facilitates a
homogeneous electron supply to the WOs layer, which results in
reversible electrochemical reactions in EC energy-storage devices.
Additionally, the oxygen vacancy passivated structure of FTO enables
rapid electron transport to WO3, leading to ultra-fast electrochemical
kinetics. We believe that the interface stabilized FTO is impactful as a
TCE, giving rise to homogeneous and fast charge transport, and can be a
novel solution to enhance the cycle stability and switching kinetics of EC
energy-storage devices.

2. Materials and methods

Three types of FTO films were fabricated using ultrasonic spray py-
rolysis deposition (USPD). The precursor solution for the bare FTO films
was prepared by dissolving 0.68 M of tin chloride pentahydrate
(SnCl4-5H20, SAMCHUN) and 1.20 M of ammonium fluoride (NH4F,
JUNSEI) in deionized (DI) water with 5 vol% ethyl alcohol (C2HsOH,
Duksan). To obtain the W co-doped FTO films (W-FTO), 2 at% tungsten
chloride (WClg, Aldrich) was added to the bare FTO precursor solution.
The tailored interface-stabilized FTO films were prepared by adding
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13.5 vol% hydrogen peroxide (H20,, JUNSEI) to the W-FTO precursor
solution (W-FTO/H203). The precursor solutions for the three types of
FTO films were stirred for 4 h until they became transparent. Prior to the
USPD, the glass substrate (Eagle XG™, Corning) was cleaned with
ethanol and DI water to ensure the uniform deposition of the FTO films.
All the precursor solutions were ultrasonic spray pyrolysis deposited on
the glass substrates rotating at 5 rpm in a furnace maintained at 420 °C
by using an ultrasonic atomizer (1.6 MHz). The flow rates of the carrier
gas (air composed of 78% N3 and 21% O;) and deposition times of all the
FTO films were the same at 15 L/min and 23 min, respectively. In
addition to the synthesized FTO films, commercial FTO films (7.7 Q/[])
were purchased from Pilkington and used after cleaning with ethanol
and DI water.

Thereafter, a WO3 film (effective area of 3.4 cm?) was equally spin-
coated on the three types of fabricated FTO films (bare FTO, W-FTO, and
W-FTO/H30,) and commercial FTO for application to EC energy-storage
devices. The precursor solution for the WO3 films was prepared by dis-
solving 10 wt% tungsten chloride (WClg, Aldrich) in 2-propanol
((CH3)2CHOH, Aldrich) for 3 h while stirring in a glove box main-
tained with an Ar atmosphere. The obtained transparent blue WClg so-
lution was spin-coated twice on the FTO films at 2,000 rpm for 30 s, and
then the spin-coated WClg films were annealed at 300 °C for 1 h,
resulting in WO3. Therefore, four types of EC energy-storage electrodes,
composed of WOj3 coated FTO films on a glass substrate (namely, WOs//
bare FTO, WO3//W-FTO, WO3//W-FTO/H,0,, and WO3//commercial
FTO) were successfully obtained.

The surface morphology and topography of each FTO film were
characterized using field emission scanning electron microscopy
(FESEM; Hitachi S-4800) and atomic force microscopy (AFM; PSIA XE-
100). The crystal structure of each FTO film was investigated using X-
ray diffraction (Rigaku D/max 2500, Cu K, radiation). To reveal the
chemical bonding states of the FTO films, X-ray photoelectron spec-
troscopy (XPS; ESCALAB, Cu K, radiation) and Fourier transform
infrared spectroscopy (FTIR; Thermo Fisher Scientific, Nicolet-iS50)
were performed. The electrical and optical properties of the FTO films
were measured using a Hall-effect measurement system (Ecopia, HMS-
3000) and ultraviolet-visible (UV-vis) spectroscopy (Perkim-Elmer,
Lambda-35), respectively.

The electrochemical and EC energy-storage performances of all the
FTO films as TCEs were established using a three-electrode system
consisting of WO3 coated FTO half-cells as the working electrode, Ag
wire as the reference electrode, and Pt wire as the counter electrode with
1 M of LiClO4 (in propylene carbonate) as the electrolyte. To investigate
the in-situ EC energy-storage performance, UV-vis spectroscopy and
potentiostat/glavanostat (Metrohm Autolab, PGSTAT302N) measure-
ments were used in simultaneous collaboration. For the electrochemical
impedance spectroscopy (EIS), a potentiostat/galvanostat was utilized
by using a sinusoidal signal with a 10 mV amplitude in the frequency
range of 0.1-100 kHz. To obtain three-dimensional (3D) images and
depth profiles for the Li ion behaviors, time-of-flight secondary ion mass
spectroscopy (ToF-SIMS; ION-TOF, Korea Institute of Science and
Technology) analyses were conducted.

To fabricate all-solid-state cells for EC energy-storage devices, each
component was successfully united with the WO3 coated FTO substrate
(effective area of 3.4 cm?) as the working electrode (WOs//bare FTO,
WO3//W-FTO, WO3//W-FTO/H50,, and WO3//commercial FTO), a Pt
coated glass substrate as the counter electrode, and a gel polymer
electrolyte. The precursor solution for the Pt films was prepared by
dissolving 4 M chloroplatinic acid hydrate (HoPtClg-6H20, Aldrich) in 2-
propanol ((CH3)2CHOH, Aldrich). After stirring for 3 h, the transparent
yellow solution was spin-coated once on the glass substrate at a speed of
2,000 rpm for 30 s, then the films were annealed at 450 °C for 30 min in
a box furnace, resulting in Pt counter electrode. To prepare the gel
polymer electrolyte, 2.5 M lithium perchlorate (LiClO4, Aldrich) was
dissolved in the solvent that is composed of propylene carbonate
(C4HgO03, Aldrich) and acetonitrile (CoH3N, Aldrich). After stirring for 1
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min, 10 wt% poly(methyl methacrylate) (PMMA, Aldrich) was added,
and then the solution was stirred in a chemical bath at 50 °C for 1 h.
Finally, the transparent solution was dried in the oven at 110 °C for 8 h,
resulting in the gel polymer electrolyte. The working and counter elec-
trodes were assembled together with gel polymer electrolyte by double
layered tape (3 M, 60 pm thickness per layer) as a spacer frame, then the
assembled electrodes were dried in a vacuum oven at 50 °C for 6 h,
resulting in the all-solid-state cells.

3. Results and discussion

Fig. 1 shows schematic representation of preparation process of a
working electrode and a counter electrode, and corresponding assembly
of all-solid-state devices for three types of FTO films as a TCE (bare FTO,
W-FTO, and W-FTO/H305). Three types of FTO films were successfully
synthesized with different kinds of precursor solutions via USPD.
Significantly, to realize identical properties of WO3 films, we conducted
a spin-coating and an annealing process under the same atmosphere in
an enclosed chamber. As a result, we could obtain a consistent thickness
in the range of ~ 198.93-211.03 nm and homogeneous morphology of
WO3 layers on all FTO films as shown in top-view and cross-sectional
FESEM images (Figure S1).

Modifying the surface morphology of the FTO films for the TCE is
suggested as a fundamental method to promote the electrochemical
behaviors of electrons and Li ions by designing interfaces with the active
WO3 material for EC energy-storage devices. Fig. 2(a—f) show top-view
and cross-sectional FESEM images of the (a and d) bare FTO, (b and e)
W-FTO, and (c and f) W-FTO/H505 films. The surfaces of all FTO films
were interlocked with pyramid-shaped crystallites. For a surface
morphology comparison, Fig. 2(a and b) show that W-FTO exhibited an
increased ratio of small-sized crystallites among the larger crystallites,
as compared to bare FTO, generating relatively a compact surface
structure. This was generated by the W-doping effect, which creates
additional nucleation sites at the grain boundaries, leading to hetero-
geneous nucleation [17,18]. Consistent with the surface morphology,
the crystallite size distribution of W-FTO exhibited two different
Gaussian-fitted size scales, with small-sized crystallites (~144.9-184.6
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nm) found among larger ones (~312.6-371.2 nm), leading to a compact
structure, whereas bare FTO exhibited only one size scale
(~280.3-384.2 nm) (Figure S2). In addition, the cross-sectional SEM
images in Fig. 2(d and e) show that W-FTO exhibited a slightly lower
surface roughness, as compared to bare FTO. As shown in AFM results in
Figure S3, the root-mean-square roughness (Rps) of W-FTO slightly
declined to 31.46 nm from that of bare FTO (35.19 nm). The reduced
surface roughness of W-FTO is theorized to be due to the suppressed
(110) orientation corresponding to the pyramidal shape of the crystal-
lites. This can be explained by the increase in HCl gases generated from
the pyrolysis of WClg adsorbing on polar flat (F)-faces {101}, thus
slowing the (110) growth, which is also supported by the XRD results in
Fig. 2g [19]. In contrast, the kurtosis roughness (Ry,) values, which
indicate the roughness distribution uniformity, were similar between
the bare FTO (2.89) and W-FTO (2.90), as confirmed by AFM
(Figure S3). If Rxy < 3, a sample has a widespread roughness range,
while Ry, > 3 indicates a narrow roughness range [20]. A surface
morphology with heterogeneous roughness (low Ry,) restrained the
electron transport by disturbing homogeneous electron transport and
creating voids at the interface between the FTO and WOg layer. These
generated voids not only act as electron scattering centers, but also
generate the preferred delamination of a WOg3 layer with long-repetitive
electrochemical reactions. Accordingly, W-FTO, which exhibited a het-
erogeneous roughness, would be inappropriate as a TCE for EC energy-
storage devices with a long life. The W-FTO/H05, which exhibited a
reduced Rps and high Ry, maintained an interface stabilized
morphology to provide a homogeneous electron supply to the repeated
electrochemical reactions. In Fig. 2(c and f), W-FTO/H205 shows a
densely packed morphology and a smooth surface. Accordingly, W-FTO/
H50, displayed an extremely narrow crystallite size distribution in the
range of ~ 165.8-198.6 nm to sustain homogeneous grain growth
(Figure S2). These interesting morphological changes could be
explained by the crystallite growth behavior being influenced by the
polarity of the planes. Generally, crystal growth of FTO films is het-
erogeneous, resulting in polycrystalline structure for the (110), (101),
(200), and (211) planes [21]. Accordingly, many attempts have been
made to characterize the (200) preferred orientation, which is related to
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range of 36-40° of all FTO films.

a smooth surface and favored electron transfer channels, by increasing
the polar halogen gases, such as HCl and HF, during pyrolytic deposition
[22,23]. However, polycrystalline features and surface roughness limi-
tations still exist due to the less-polar nature of exposed the (110),
(101), and (211) planes, leading to the inferior adsorption of halogen
gases. With the strong oxidizing property of HoO2, W-FTO/H202 retains
an oxygen-rich bonded nature that can induce the polarity of the planes
[24]. Thus, the plentiful HCI gases generated from WClg and H203 can
be vigorously adsorbed to the (110), (101), and (211) planes, which
suppresses the crystal growth related to the pyramidal-shaped grains.
Accordingly, W-FTO/H;0- exhibited a high crystallinity in the strongly
(200) preferred orientation with suppressed specific peaks, as
confirmed in Fig. 2g. Therefore, the highly dense and smooth surface of
W-FTO/H30; is expected to the result of the strong (200) preferred
crystal growth being suppressing in different crystal growth directions.
Because of the ability of HyOy to produce a dense and smooth
morphology, considerable roughness changes were observed in the AFM
results (Figure S3). The W-FTO/H20, exhibited a narrow roughness
distribution, consistent with the high Ry, value of 3.92, and an
extremely reduced Rys of 22.19 nm. We additionally observed a surface
morphology of commercial FTO films to verify the interface stabilization
of the W-FTO/H30,. In Figure S4(a—c), the commercial FTO showed

high and heterogeneous surface roughness with Ry, of 35.02 nm and Ry
of 3.16, which is far from the homogeneous carrier transport to an active
layer. In this stream, the interfacial morphology of W-FTO/H;0,, which
retains low Rps and high Ry, confirmed the interface stabilization of
TCE, which supports homogeneous electron transfer at the interface of
the WOs5 layer.

The crystal structure that accelerates the electron transfer of the FTO
films was confirmed by XRD analysis (Fig. 2(g and h)). The three types of
FTO films exhibited the crystalline structures with characteristic
diffraction peaks that are well matched with the tetragonal rutile SnO,
of (110), (101), (200), and (21 1) planes at 26.6°, 33.89°, 37.99°, and
51.82° (JCPDS no. 88-0287), respectively. Additionally, the enlarged
XRD of the (200) plane in Fig. 2h shows that the bare FTO exhibited a
slightly lower diffraction angle (37.93°) than that of pure SnOs. This was
a result of the substitution of 0% (ionic radius of 0.132 nm) with the
larger F~ (0.133 nm), which indicates successful FTO formation based on
Bragg’s law (nh = 2dsin®) [25]. However, the diffraction peaks of W-
FTO and W-FTO/H30; shifted to a higher position than that of pure
SnO,. This is due to the substitution of Sn*t (0.069 nm) with the smaller
W5 (0.060 nm), and is a proof of W-doping in FTO for both the W-FTO
and W-FTO/H;0, [26]. Furthermore, W-FTO exhibited an almost
extinct (110) intensity, which is due to the WClg producing HCI gases to
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suppress the (110) growth, which was in good agreement with the
reduced surface roughness and compact morphology of W-FTO.
Accordingly, the W-FTO (200)/(110) ratio, which indicates the degree
of parallel crystal growth, was enhanced, as compared to bare FTO (1.6),
which is consistent with the reduced surface roughness. For W-FTO/
H20, a drastically increased (200)/(110) ratio of 8.2, occurred as a
result of the HyO4 effect, which supports the dense and smooth surface
morphology.

XPS and FTIR analyses were performed to investigate the chemical
bonding states of the three types of FTO films. In the Sn3d XPS results
(Fig. 3a), Sn3dy,s and Sn3dy,/3 XPS core-level spectra of all the FTO films
were separated into two characteristic peaks. One peak (blue filled) was
located at approximately ~ 486.38 eV for Sn3ds,» and approximately ~
494.80 eV for Sn3ds,,, indicating a Sn-Sn bond, corresponding to the
binding energy of Sn** in the SnO, phase. The other peak (red filled)
was located at approximately ~ 487.31 eV for Sn3ds/2 and ~ 495.73 eV
for Sn3d3/ indicating a Sn-F chemical bond, which is a clear evidence of
the F substitution in SnOy [25]. Thus, successful formation of F-doped
SnO; phase can be determined from the Sn3d XPS results for all the
samples. Additionally, to investigate the F doping concentration in the
FTO films, the peak area ratio of Sn-F/Sn-Sn was calculated for all
samples, as shown in red bars in Fig. 3c. The bare FTO and W-FTO
exhibited similar F doping concentrations (0.286 for bare FTO and 0.282
for W-FTO). This indicates that W®" substitution into Sn** was accom-
plished without a reduction in the F doping concentration in SnO; due to
the lower electronegativity of W (1.47) compared to that of Sn (1.96),
leading to an alleviated electron capture, which can be attributed to the
enhanced electron density. Likewise, W-FTO/H20; retained similar F
doping levels (0.280 for Sn-F/Sn-Sn). Fig. 3b shows that the FTO sam-
ples identically revealed three characteristic peaks related to Vo, Sn-OH,
and Sn-O bonding states at ~ 532.4, ~531.48, and ~ 530.20 eV,
respectively, in the O1s XPS core-level results [27]. Interestingly, each
FTO film exhibited different Vo concentration. To precisely compare the
Vo concentration for the three types of FTO films, the peak area ratio of
Vo/Sn-O was calculated, as shown by green bars in Fig. 3c. An increased
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Vo concentration (0.15) was generated for W-FTO/H20,, as compared
to bare FTO (0.11). When W atoms are substituted for Sn sites, addi-
tional Vg are introduced at the nearest neighbor sites of the W atom to
form the preferred configurations of electronic structures with lowest
total energies in W-doped SnO,, which demonstrates the increased Vg in
W-FTO [28]. Thus, the increased Vo generates extra free electrons,
which leads to enhanced electrical conductivity as a result of high
electron concentrations. In contrast, defective W-FTO films with rich Vg
can limit facile electron supply by increasing lattice disorder and
providing charge trapping sites, which guides the unfavorable interfa-
cial structure for fast electron transport to the active WOj3 layer.
Accordingly, it should be noted that an almost extinct Vg structure was
generated in W-FTO/H»0,, originates from the strong oxidizing effect of
H30,-Hy02 decomposes into HOy™ by the reaction of HyOy + OH™ —
HO5™ + H30 in the solution, with the resultant HO5~ inducing a strong
oxidizing property. HOy™ triggers Vo passivation by combining with
dangling bonds at vacant oxygen sites. Finally, after the pyrolysis at 420
°C, the resultant W-FTO/H505 film retained a stabilized Vg passivated
structure. Additionally, the chemical bonding states of the FTO films
were demonstrated by FTIR analysis (Fig. 3d). The infrared features
were equally emitted at 455.89, 473.70, and 599.32 cm™! for all sam-
ples, and were matched with the vibration mode of O-Sn-O, Sn-F, and
Sn-O, respectively [28]. W-FTO shows the weakest O-Sn-O vibration
mode, as compared to the bare FTO and W-FTO/H;0;,. This was
attributed to the increased Vo, which deform the O-Sn-O vibration mode
by forming a Vp-Sn-O group and compression effect induced by repul-
sive force between Sn** and Vo [29]. Therefore, the obvious enhance-
ment of the O-Sn-O and Sn-O vibration modes in W-FTO/H505 ensured a
Vo passivated structure, which is consistent with the XPS results. This Vo
passivated structure can effectively relax the lattice distortion, which
directly affects the electron mobility. To confirm the lattice distortion of
all FTO films, the Urbach energy (E,) was calculated, which was deter-
mined by the degree of structural disorder and imperfection in the films
(Figure S5). Typically, E, increases with the generation of vacancy de-
fects in crystalline films [30]. The greatly reduced E, of W-FTO/H20,
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Fig. 3. XPS spectra of (a) Sn 3d and (b) O 1 s, (c¢) peak ratios of Sn-F/Sn-Sn and V,/Sn-O, and (d) FTIR spectra obtained from all FTO films.
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demonstrated the relaxed lattice distortion due to the Vg passivated
structure. In contrast, W-FTO displayed an increased E,. This was
resulted from the abundant Vg, which could cause an inferior electron
mobility. The XPS, FTIR, and E, results shows excellent consistency,
which contributes to the validity of the chemical bonding states for all
FTO films. Therefore, W-FTO/H505 can induce the interface stabiliza-
tion with Vg passivated structure, which boosts the electron mobility by
relaxing lattice distortion and eliminating charge trapping sites at the
interface.

The remarkable morphologies and chemical bonding states of W-
FTO/H,0, are expected to improve its electrical and optical properties,
which have a direct impact on the EC energy-storage performances.
Fig. 4a depicts the electrical properties of the three types of FTO films,
including resistivity, carrier concentration, and Hall mobility. The car-
rier concentration drastically increased from bare FTO to W-FTO. This
can be explained by the W-doping effect, which is the defect formation
reaction of Wgp,™* + 2e” + Og + Vo*" + 2e” + 1/205 — SnOx:W. Ac-
cording to this reaction, W substitution generates four extra electrons
with the simultaneous effects of high-valency W ions (W®") and Vo
formation. Although, W-FTO/H20, showed a decreasing electron con-
centration tendency, as compared to W-FTO, it still retained a notable
value of 8.47 x 10%° cm™3. This carrier concentration behavior results
from the decline in Vo due to the passivation effect of HyO,, while W
substitution still provides two additional electrons. W-FTO displayed a
lower Hall mobility value than bare FTO, which can be result from
distorted lattice structure induced by the abundant V. Interestingly, W-
FTO/H,0; exhibited dramatic enhancement in Hall mobility, with a
value of 31.17 ecm?/(V s), as summarized in Table 1. The high Hall
mobility of W-FTO/H20; is caused by the stabilized Vo passivated
structure, which relaxes the lattice distortion and the electron trapping.
As a result, because of the enhanced electron concentration by W co-
doping and electron mobility by Vo passivation, W-FTO/H,04
revealed an excellent electrical resistivity of 2.10 x 10" Q-cm and a
sheet resistance of 4.1 Q/[]. Fig. 4b shows optical properties of all the
FTO films depicted as transmittance changes in the range of 300-900
nm. W-FTO/H,0 exhibited a noticeable enhancement in transmittance
in the full wavelength range, which shows a good visible transparency of
86.7%, as calculated by average transmittance at 400-700 nm. This was
mainly attributed to the smooth surface morphology and reduced Vg to
relieve the photon scatterings. On the other hand, commercial FTO
showed inferior optical and electrical properties in comparison with W-
FTO and W-FTO/H;05, which supports the superior quality of the
fabricated FTO films as a TCE (Figure S6). Consequently, when calcu-
lating the figure of merit, which represents the TCE quality of the
electrical and optical properties, by using equation ¢ = T*%/Rgp,, W-FTO/
H,0, showed the highest value of 5.58 x 102 Q~}, as compared to bare
FTO and W-FTO (Figure S7a). Significantly, W-FTO/H30, showed the
best TCE properties with an average transmittance of 86.7% and a sheet
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Table 1
Summary of electrical and optical properties of all FTO films.
bare FTO W-FTO W-FTO/H204

Carrier concentration (cm™>) 5.73 x 10%° 9.90 x 10%° 8.47 x 10%°
Hall mobility (sz/(V s)) 26.24 24.34 31.17
Resistivity (Q cm) 4.40 x 10 2.49 x 10 2.10 x 10
Sheet resistance (Q/[]) 8.0 4.4 4.1
Transmittance (%) 80.3 80.0 86.7
Figure of merit (x102Q 1) 1.39 2.50 5.58

resistance of 4.1 Q/[], as compared with previously reported FTO films
(Figure S7(b and c)) [31-39]. Although the reported FTO films mainly
focus on the dense morphologies with large grain size and low Rp,s, W-
FTO/H505 can hold the superior average transmittance and sheet
resistance simultaneously, which results from the highly dense and
smooth morphologies (low Rys and high Ry,) and oxygen vacancy
passivated structure, respectively, which is expected to enhance the
electrochemical reactions of the EC energy-storage devices.

Fig. 5 shows the EC energy-storage performances of half-cells fabri-
cated with each FTO as a TCE. All half-cells were equally coated with
WO3 under the same conditions throughout the spin-coating and
annealing process to investigate the impacts of FTO on the EC energy-
storage performances. Fig. 5a shows cyclic voltammetry (CV) curves
measured using three electrode system from — 0.7 to 1.0 V (vs. Ag wire)
at a scan rate of 20 mV/s. All samples displayed a broad redox curve
without any sharp peaks, which is representative of the electrochemical
behavior of amorphous WOg3 [40]. The amorphous WOs holds reversible
color change by the insertion/extraction of Li ions and electrons under
the applied voltage, as described by following equation (1):

WO;(bleached) +xLi* +xe™ <> Li,WO;(colored)

It should be noted that the CV area exhibited an increasing behavior
from bare FTO to W-FTO/H30,, which indicates enhanced electro-
chemical activity induced by the increased quantity of charge trans-
ports. A comparison of the bare FTO and W-FTO shows that the high
electron concentration of W-FTO with lower sheet resistance triggers
more activated electrochemical reactions in WO3. Moreover, W-FTO/
Hy0, showed a significant increase in the CV area. This indicates the
outstanding reaction charge capacity of WO3, which is influenced by the
TCE property. The dense and smooth morphology of W-FTO/H203,
devoid any protruding surface roughness, facilitated homogeneous
electron transport throughout the WOg5 layer interface, which provokes
the increased electrochemical redox reaction. The interfacial charge
transfer resistance can be clearly demonstrated by analyzing EIS results
in Figure S8. The series resistance (Rg), which is determined by the
interfacial resistance between the TCE and active layer, showed the
lowest value in W-FTO/H302, as compared to the other samples, which
demonstrates the activated charge conductance. Furthermore, the
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Fig. 4. Electrical and optical properties of all FTO films: (a) plots representing electrical properties of resistivity, carrier concentration, and Hall mobility, (b)

transmittance variations in the wavelength range of 300-900 nm.
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Fig. 5. Half-cell EC energy-storage performances fabricated by each FTO TCEs: (a) CV curves measured from —0.7 V to 0.3 V at a scan rate of 20 mV/s, (b) In-situ
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galvanostatic charge/discharge curves at 1 A/g and following in-situ transmittance variations at 633 nm, (f) plots of specific capacitances with regard to 2-10 A/g.

Nyquist plot slope in the low-frequency region implies an ionic diffusion
behavior, which is called the Warburg impedance [41]. The fact that W-
FTO/H205 had the steepest slope in Warburg impedance showed that
the electrode displayed the best Li ion diffusion kinetics. This result may
be attributed to the oxygen vacancy passivated structure, which accel-
erates the fast electron transport to WOj3 layer, promoting the electro-
chemical kinetics. Figure S9 clearly shows Li ion diffusion behaviors
with respect to the electrochemical kinetics. Figure S9(a — c) exhibited
the CV curves of all electrodes, taken at gradually increased scan rates,
retained their original profiles. Interestingly, a remarkable current
density increase at both reduction and oxidation peaks was observed in
W-FTO/H304, which could be identified from plots of peak current
density against the scan rates for all electrodes under cathodic (tri-
angles) and anodic (circles) reactions at — 0.4 V (Figure S9d). The
Randles — Sevcik equation was used to calculate the Li ion diffusion
coefficient (Dy;) using the results shown in Figure S9d [5]. The Dy values
shows an increasing tendency from bare FTO to W-FTO/H20; for both
anodic and cathodic reactions, demonstrating the fast Li ion extraction
and insertion (Figure S9e). The EC performances (Fig. 5b) showed
excellent consistency with the electrochemical activity and kinetics for
all electrodes. The in-situ transmittance curves at 633 nm were obtained
by double-step chronoamperometry measurements under repeated po-
tential variations of — 0.7 V (colored) and 1.0 V (bleached) for 60 s each,
and the results are summarized in Table 2. Consistent with the electro-
chemical activity and kinetics, which are influenced by the electrical
conductivity of TCE, W-FTO displayed an increased transmittance
modulation (/A\T) and fast switching speeds compared to the bare FTO.
Interestingly, W-FTO/H,05 displayed a rectangular transmittance curve
and widened A\T (61.2%), which are related to the ultra-fast and active
EC performances, respectively. Also, the current density-time response
of W-FTO/H20, displayed higher current density peaks and rapid
response times for each redox potential, which shows great consistency
with the enhanced AT and switching speeds, respectively. (Figure S10).
Especially, with the novel influence of the oxygen vacancy passivated

structure to accelerate the electron mobility, W-FTO/H50, exhibited the
best switching speeds (2.3 s for coloration and 0.6 s for bleaching)
among the three types of WO3//FTO electrodes (Fig. 5c and Table 2).
Additionally, W-FTO/H20, showed the highest coloration efficiency
(CE), which is considered a crucial parameter for comprehensive veri-
fication of EC devices (Fig. 5d). The CE can be evaluated according to the
change in optical density (OD) with the applied charge density (Q/A) as
described in equations (2) and (3):

CE = AOD/(Q/A) 2

AOD = log(T,/T.) 3

The increase in CE is attributed to the transmittance modulation and
switching speeds, which are influenced by the electrochemical activity
and kinetics, respectively [7].

Fig. 5e shows the galvanostatic charge-discharge (GCD) curves
(black line) at a current density of 1 A/g and the simultaneous trans-
mittance variation (red line), which provides a pseudocapacitive ability
to the EC electrodes. W-FTO/H205 showed a perfectly symmetric
triangular GCD curve, indicating excellent electrochemical reversibility
during charge-discharge, which originates from the enhanced electro-
chemical kinetics [42]. Additionally, the longer charge-discharge times
of W-FTO/H»03 indicates a higher energy storing capacity, showing
good consistency with the enlarged AT. Accordingly, W-FTO/H30,
exhibited a better energy-storage capacity of 63.3F/g at 2 A/g as shown
in Fig. 5f. In particular, W-FTO/H302 exhibited a superior high rate
capability with a specific capacitance retention of 77.2 % at stepwise
current densities from 2 — 10 A/g, which is directly affected by the high
electron mobility. To prove a superiority of W-FTO/H,0; as a TCE for EC
energy-storage electrodes, we tested half-cell EC energy storage per-
formances of commercial FTO as a TCE (Figure S11). As summarized in
Table S1, the WOs3//commercial FTO exhibited inferior EC (lower
transmittance modulation, switching speeds, and CE) and energy-
storage performances (lower specific capacitance and high rate

Table 2
EC energy-storage performances of bare FTO, W-FTO, and W-FTO/H,0-, electrodes.
Transmittance modulation (%, 633 nm) Coloration speed (s) Bleaching speed (s) CE (cm?/C) Specific capacitance (F/g, at 2 A/g)
bare FTO 46.5 9.4 11.0 30.9 30.1
W-FTO 52.4 7.4 6.2 43.1 44.8
W-FTO/H204 61.2 2.3 0.6 52.9 63.3




M.-H. Jo et al.

capability). Thus, we suggest a TCE for high-performance EC electrodes
could be fabricated by designing a stabilized interface to encourage the
ultra-fast and electrochemical activity.

To investigate the feasibility of using such a device for both EC and
energy-storage applications, all-solid-state cells consisting of WOs3
coated bare FTO, W-FTO, W-FTO/H505, and commercial FTO as the
working electrode, Pt coated glass substrate as the counter electrode,
and a gel polymer electrolyte (LiClO4 + PMMA + PC) were fabricated.
Fig. 6a shows transmittance variation across the wavelength range in a
fully discharged state (2.0 V) and charged state (—2.0 V) of the multi-
functional devices. As shown in Figure S12, W-FTO/H20, showed
excellent transparency (83.8%) in the discharged state and deep blue
color (32.3%) in the charged state, which demonstrates the successful
operation of EC energy-storage devices. Accordingly, W-FTO/H204
exhibited a widened transmittance modulation of 51.5% at 633 nm than
bare FTO (41.3%) and W-FTO (43.0%). Specially, the device fabricated
with W-FTO/H305, as a TCE displayed outstanding long cycle stability in
both EC and energy-storage function even after 2,000 continuous cycles
with a transmittance retention (AT/AT,) of 92.0% and a specific
capacitance retention (An/An,) of 95.8% while bare FTO and W-FTO
shows drastic degradation from 500 cycles resulting in inferior cycle
retention (Fig. 6(b and c)). Figure S13(a — ¢) shows transmittance var-
iations at 633 nm over 2,000 cycles and Figure S13(g — i) shows GCD
curves at 5th and 2,000th cycle of the three types of devices. W-FTO/
H0; retains great transmittance modulation (46.35%) and specific
capacitance (43.2F/g at 2A/g) after the 2,000 continuous cycles,
compared to bare FTO (30.48% and 20.4F/g) and W-FTO (32.08% and
33.6F/g), which is attributed to the great electrochemical stability. From
the transmittance variation curves within the middle of long cyclic EC
measurement for three types of devices (Figure S13(d — f)), W-FTO/
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H50, revealed ultra-fast switching speeds (0.9 s for coloration and 0.7 s
for bleaching) as a result of oxygen vacancy passivation effects, which
accelerates the electron transport to an WO3. Moreover, the EC energy-
storage devices fabricated with W-FTO/H205 as a TCE showed improved
CE (102.3 cm?/C), which is mainly ascribed to the synergistic effect of
the widened transmittance modulation and efficient charge transport
(Figure S14). Additionally, the all-solid-state devices fabricated with W-
FTO/H,05 as a TCE displayed better optical memory performance,
which is maintaining the colored states for much longer times under the
open-circuit state (Figure S15). This can be attributed to the interface
stabilization effects of TCE, which prevents the amount of internal
electronic leakage in the electrodes. Consequently, all-solid-state device
fabricated with W-FTO/H,05 as a TCE exhibited the competitive specific
capacitance and cyclic performances of specific capacitance retention,
as compared to previously reported WOs-based energy-storage devices
[9,43-47] (Table S2). The EIS results after 5th and 2,000th cycles of W-
FTO/H504 and bare FTO confirmed the electrochemical stability at the
electrode/electrolyte interface (Figure S16). The bare FTO exhibited
increased semi-circle radius, which indicates increased charge transfer
resistance at the interface. This can be attributed to the poor electro-
chemical reversibility, which originates from the inferior electron
transfer structure produced by the rough surface morphology and rich
Vo structured FTO film. In contrast, W-FTO/H20, displayed a similar
semi-circle radius after 2,000 cycles, indicating a thoroughly preserved
charge transfer resistance at the interface. The tailored interface stabi-
lization with a smooth surface and oxygen vacancy passivated structure
of W-FTO/H20, induced homogeneous electron transport and fast
electron mobility, respectively, leading to higher electrochemical ac-
tivity and kinetics, which directly affects the electrochemical revers-
ibility during long cycles. Additionally, to verify the superiority of the
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fabricated FTO films as a TCE for EC energy-storage devices, we tested
EC energy-storage performances of all-solid-state cell that is composed
of commercial FTO as a TCE. The all-solid-state EC energy-storage cell
which is composed of commercial FTO as a TCE showed inferior long
cycle stability of a transmittance retention (43.2%) and a specific
capacitance retention (41.0%) after continuous 2,000 cycles
(Figure S17). The commercial FTO revealed drastic degradation in both
EC and energy-storage function from 100 cycles, which results from the
rough surface morphology and low electron mobility of FTO. To
demonstrate the behavior of Li ions in the electrode, ToF-SIMS analyses
were performed on the bare FTO and W-FTO/H30, electrodes after
charging for the same duration and under the voltage. Fig. 6d shows 3D
images from ToF-SIMS depth profile experiments showing the spatial
distribution of the elemental °Li* in a space of 100 pm (x-axis) x 100 pm
(y-axis) x 450 nm (z-axis, depth). The blue spots represent intercalated
Li ions at the WO3/electrolyte interface up to a depth of approximately
~ 150 nm, where both bare FTO and W-FTO/H,0, exhibited similar
distributions, meaning that uniform Li" intercalation was achieved near
the interface, regardless of the TCE property. In contrast, black spots
representing the in-depth Li ions in the bulk WOj5 film revealed different
distribution states, as compared to bare FTO and W-FTO/H305. W-FTO/
H,0; exhibited an in-depth Li ion distribution along the z-axis towards
the TCE, which was generated by the oxygen vacancy passivated
structure, facilitating fast electron mobility. Fig. 6e shows the depth
profiles of SLi™ for bare FTO and W-FTO/H,0s, as obtained from the 3D
images. First, W-FTO/H,0 presented slightly increased Li" quantity, as
compared to bare FTO, which results from the decreased charge-transfer
resistance to activate electrochemical activity as confirmed in EIS
(Figure S8 and Figure S16). Additionally, W-FTO/H204 showed excel-
lent Li* concentration maintenance to a depth of 450 nm, whereas bare
FTO exhibited a sharp decline, leading to a relatively shallow Li ion
intercalation. To provide clear evidence for homogeneous Li™ interca-
lation over the entire area of the electrode, local Li* depth profiles for 10
randomly chosen points (100 x 100 nm?) on the WO5 surface, as shown
in Figure S18, were investigated. W-FTO/H20, showed in-depth Li*
profiles for all 10 points, as compared to bare FTO, supporting the
uniform Li" intercalation throughout the WO5 layer, which results from
the homogeneous electron transport of the TCE. Fig. 6f depicts a sche-
matic illustration of the tailored interface stabilization of W-FTO/H502
as a fundamental method to promote homogeneous and fast charge
transport. For a more direct understanding of the multi-functionality of
EC energy-storage devices, LED (FK185, 1.5 V) was operated with the
devices (Fig. 6g). The charged (colored) device could light up the LED
until it was completely discharged (gradually turned to colorless), which
demonstrated the successful operation of the multi-functional device. W-
FTO/H50, exhibited stronger illumination intensity of 313 Ix, as
compared to bare FTO of 188 1x, which is attributed to the higher energy
density of the electrode. This was further confirmed by the Ragone plot
shown in Fig. 6h. W-FTO/H205 revealed higher energy density (23.6 W
h/kg) at a power density of 1577.6 W/kg, maintaining a high energy
density retention with an increasing power density, as compared to bare
FTO and W-FTO.

4. Conclusion

An interface stabilized FTO was developed as a TCE by engineering
the interface with active WO3 layers as a fundamental method to pro-
mote electronic and ionic transport in EC energy-storage devices. W-
FTO/H30, was successfully fabricated using simultaneous effects of W
co-doping and Hy0- during spray pyrolysis deposition of FTO. The dense
and smooth surface morphology of FTO induced homogeneous electron
transport to WOs, leading to a uniform Li ion transport. Additionally, the
oxygen vacancy passivated structure promoted fast electron mobility,
triggering enhanced electrochemical kinetics. Consequently, the EC
energy-storage devices fabricated with W-FTO/H,05 as a TCE exhibited
excellent EC energy-storage performances. Specifically, ultra-fast
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switching speeds (2.3 s for coloration and 0.6 s for bleaching) and su-
perior long cycle stability up to 2,000 cycles both in electrochromic and
energy-storage function with high retention of 92% and 95.8%,
respectively. Thus, the novel interfacial engineering of TCE to boost
electron and Li ion transport can offer new possibilities for ultra-fast and
stable EC energy-storage devices.
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