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ABSTRACT

Electrochromic (EC) devices have been studied in recent decades as devices for optical property changes and
energy-saving technologies, which has broadened their applications to include smart windows, sunglasses,
and rear-view mirrors. Recently, multifunctional EC energy storage devices have attracted global attention
because they can store and release energy during color changes. Herein, we demonstrate a hybrid com-
posite structure of porous fluorine-doped tin oxide (FTO) microspheres on vanadium oxide films. Porous
FTO microspheres were successfully synthesized using solvent-assisted ultrasonic spray pyrolysis.
Vanadium oxide precursor solutions for the spin-coating process were prepared with porous FTO micro-
sphere contents of 0, 1, 2, and 3 wt%. The hybrid composite EC energy storage film with 2 wt% porous FTO
(V,05-FT02) exhibited superior EC and energy storage performances of widened transmittance modulation
(53.79 % at 415 nm) and competitive specific capacitance (486.3 F/g at a high current density of 10 A/g) with
high cyclic stability of 87.96 % up to 500 cycles. Thus, the suggested V,05-FTO hybrid structure demon-
strates feasibility as a promising research strategy for developing multifunctional highly capacitive elec-

trochromic layers.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Given the rapid increase in global energy consumption, the de-
velopment of efficient energy storage media and energy saving
technology have attracted huge global attention to prevent a further
energy crisis [1]. Electrochemical devices such as lithium-ion bat-
teries (LIBs), supercapacitors, and electrochromic (EC) devices have
emerged as powerful alternatives to conventional fossil fuel-based
energy sources because they provide significant advantages such as
eco-friendliness, abundant source materials, and high efficiency
[2-4]. In particular, EC systems have been introduced as a promising
energy-saving strategy that can selectively adjust the sunlight pe-
netration ratio by changing the transmittance [5-7]. General EC
devices comprise three classes of functional layers: (1) EC layers for
inducing redox reactions and color changes, (2) transparent con-
ductive layers for electrical connections, and (3) electrolyte layers. To
improve the performance of EC devices, it is important to modify the
EC layers, which can directly affect the major characteristics of EC
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devices, such as the transmittance modulation, switching speeds,
and coloration efficiency (CE) [8-10]. Metal oxide-based materials,
such as V,0s, NiO, and WO3 have been frequently adopted as EC
layers owing to their high film transmittance, excellent electro-
chemical stability, and low cost [11-13]. In particular, vanadium
oxide can provide high transmittance modulation and competitive
energy storage performance, thereby expanding the application
fields of EC layers [ 14]. Multifunctional capacitive EC layers can offer
unique characteristics that simultaneously reflect the charging state
of devices through color variations [ 15]. However, it is still difficult to
achieve both a high specific capacity and high EC performance in
multifunctional devices. To overcome this limitation, EC layers with
high electrical conductivity, high transmittance, and good energy
storage performance are required, which have not yet been broadly
studied.

Fluorine-doped tin oxide (FTO) has attracted significant interest
as a transparent conducting layer for optoelectrical devices owing to
its high transmittance, high conductivity, and good chemical dur-
ability [16]. In addition, tin oxide (SnO,) has been widely utilized as
an anode material for LIBs because of its high Li-ion storage cap-
ability, with a theoretical capacity of ~782 mAh/g. The superior en-
ergy storage performance of FTO can be further enhanced by
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Fig. 1. (a) Schematic illustration of the synthetic route for the porous FTO microsphere by the ultrasonic spray pyrolysis and (b) advantages of the porous FTO microspheres

anchored vanadium oxide layer for the electrochemical reactions.

generating pores, which effectively enlarge the specific surface area
and offer favorable Li-ion diffusion pathways. Owing to these ad-
vantages, porous FTO is considered a promising active material for
various electrochemical devices. However, the optical properties of
FTO are difficult to control during the Li-ion insertion and desertion
reactions, which limits the independent application of FTO for EC
electrodes. Therefore, to develop a high-performance EC energy
storage electrode, a hybrid composite structure of highly capacitive
materials with an optically adjustable EC layer is required.

In this study, we report a porous FTO microsphere-anchored
vanadium oxide film hybrid composite structure (V,05-FTO) fabri-
cated via ultrasonic spray pyrolysis (USP) followed by a sol-gel
process. The porous FTO microspheres are homogeneously dis-
tributed on the vanadium oxide film in the optimized sample, and
we demonstrate the effects of the components. Vanadium oxide
offers an optically adjustable EC layer matrix, and porous FTO mi-
crospheres support the EC energy storage performance metrics, such
as the specific capacity, switching speeds, and CE owing to their
highly capacitive characteristics and high electrical conductivity.
Thus, the fabricated V,05-FTO electrode exhibits excellent EC energy
storage performance, and its applicability as a multifunctional de-
vice is evaluated using a full cell with a Pt electrode.

2. Experimental details

The capacitive EC layer was prepared via a spin-coating process
using a mixture of porous FTO microspheres and V,0s precursor
solution. The porous FTO powder was synthesized using USP with a
vertical chamber. To synthesize the porous FTO microspheres, a
precursor solution was first prepared by dissolving 0.68 M tin
chloride pentahydrate (SnCl4.5 H,0, SAMCHUN) and 1.2 M ammo-
nium fluoride (NH4F, JUNSEI) in deionized (DI) water. After vigorous
stirring for 3 h, 50 vol% organic solvent (acetone, SAMCHUN) was
added to the precursor solution for the solvent-assisted USP process.
After vigorous stirring for 3 h, the transparent solution was poured
into an ultrasonic atomizer (1.6 MHz). In order to generate the
droplet, we applied DC 40 V to the ultrasonic atomizer and the
generated droplets were carried into the vertical chamber. The
pyrolysis temperature of the vertical chamber was fixed at 420 °C
using the upper, middle, and lower heaters. The flow rate of the
carrier gas (air consisting of 21 % O, with a balance of N,) was set to
2.5 L/min. The resultant powder was collected through a stainless
mesh bag filter (stainless steel, SUS 304), and porous FTO micro-
spheres were obtained by sweeping off the filter. To synthesize the
sol precursor for the solvothermal method, 0.4 g of vanadium
chloride (VCls, Alfa Aesar) was dissolved in ethanol (CH3CH,OH,
Aldrich). Then, the sol precursor was poured into an autoclave for a

10 h solvothermal process at 180 °C. After centrifugation, the re-
sultant vanadium precipitates were dissolved in 2-propanol
((CH3),CHOH, Aldrich) to prepare the precursor solution for the
spin-coating process. Then, the porous FTO powder was added in
varying amounts of 0, 1, 2, and 3 wt% (hereafter referred to as bare
V,0s, V,05-FTO1, V,05-FT02 and V,05-FTO3, respectively). To pre-
pare the EC electrode, the spin-coating process was conducted with
the resultant precursor solutions on commercial FTO substrates
(2000 rpm for 30 s) and then heat-treated to 450 °C in a box furnace.
The mass of coated active material was fixed at ~20 pg/cm? for all the
fabricated films to obtain the reliable results.

The morphologies of the prepared films were observed using
field-emission scanning electron microscopy (FESEM: Hitachi, S-
4800). X-ray diffraction (XRD: Bruker DE/D8 Advance using Cu Ka
radiation) was performed to identify the crystal structure, and the
chemical states were characterized using X-ray photoelectron
spectroscopy (XPS: ESCALAB 250, Al Ka source). To measure the
electrical properties, a Hall effect measurement system (Ecopia,
HMS-3000) was utilized. The electrochemical properties were esti-
mated using a potentiostat/galvanostat (PGSTAT302 N, FRA32 M,
Metrohm Autolab B.V., Netherlands) comprising a three-electrode
system with Ag wire as the reference electrode and Pt wire as the
counter electrode in 1 M LiClO4 (dissolved in propylene carbonate)
electrolyte. Transmittance variations at a wavelength of 415 nm were
recorded using ultraviolet-visible (UV-vis) spectroscopy (Perkin-
Elmer, Lambda-35) during the electrochemical measurements.

3. Results and discussion

Porous FTO-anchored vanadium oxide films were prepared via a
two-step procedure using USP followed by spin-coating process.
Fig. 1a shows the synthesis procedure for the porous FTO micro-
spheres. Highly porous microspheres were successfully obtained
using an organic solvent-assisted USP process. The precursor solu-
tion was prepared from a mixed solvent of DI water and a highly
volatile organic solvent (acetone), which had different boiling points
(BP) (100 °C for DI water and 56 °C for acetone). Interestingly, the
difference in the BPs of the solvents induced a unique phenomenon
during the USP process, generating a highly porous particle mor-
phology [17]. The USP process can be divided into four steps: (1)
atomization of the precursor solution, (2) droplet transportation, (3)
solvent evaporation, and (4) crystallization. In the first step, the ul-
trasonic atomizer generates micro-scale precursor droplets, the
amount and sizes of which can be adjusted by changing the manu-
facturing parameters, such as the frequency, amplitude, and time.
Second, the generated droplets are transported to the pyrolysis
chamber along with the gas flow. Third, the solvent in the
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Fig. 2. FESEM image of (a) FTO microspheres, top-view images of (b,c) bare V,0s, (d) V,05-FTO1, (e) V,05-FTO2, (f) V,0s-FTO3, cross-view images of (g) bare V,0s, and (h)

V,05-FTO2.

transported droplets evaporates due to the heat of the pyrolysis
chamber, and the droplets gradually transform to precipitated par-
ticles. During this step, the acetone solvent evaporates earlier than
the DI water because of its lower boiling point, which generates a
pore structure in the FTO microspheres. Finally, the precipitated
particles become solid particles with the decomposition of the
precursor in the pyrolysis chamber. To prepare the highly capacitive
EC layer, various amounts (1 wt%, 2 wt%, and 3 wt%) of porous FTO
microspheres were dispersed in a vanadium oxide precursor solu-
tion and coated onto commercial FTO glass using a spin-coating
method. In Fig. 1b, the resultant porous FTO-anchored vanadium
oxide layers were successfully fabricated and the optimized film
morphology could boost the performance of capacitive EC layer.
During the electrochemical reactions, Li* can be inserted into both
the vanadium oxide film and porous FTO microspheres, enabling a
large energy storage capability with a simultaneous transmittance
change [18]. Moreover, the porous structure of the FTO microspheres
offers a favorable Li* transfer pathway with high electrical con-
ductivity, which can facilitate the energy storage performance at
high current densities and reduce the switching speed [19].

Fig. 2 presents FESEM images of the fabricated samples to con-
firm the surface morphology. In Fig. 2a, the FTO microspheres show
predominantly highly porous structures with size of 1.89-2.76 um
(2.24pm on average). Interestingly, the FTO microspheres show
randomly developed porous morphologies owing to the synthesis
mechanism during the USP process. The morphology can be varied
according to the arrangement of the organic solvent within the
precursor droplets, which results in this morphological character-
istic. Fig. 2b shows a high-resolution FESEM image of the bare V,05
film, revealing a particle size range of ~91.7 nm to ~149.3 nm. This
homogeneous rod-like film morphology is a typical structure of
vanadium oxide with a relatively low sintering temperature (450 °C).
To investigate the morphology of the V,05-FTO hybrid composite
structure, low-resolution FESEM images were obtained for bare
V505, V,05-FTO1, V,05-FTO2, and V,05-FTO3 (Fig. 2c-f, respec-
tively). As expected, bare V505 exhibits a uniform and smooth film
morphology without any composite materials. In addition, the
amount of anchored porous FTO microspheres increases as the

amount of added porous FTO increases from 1 wt% to 3 wt%. Among
them, the V,0s5-FTO2 film appears to be the optimized hybrid
composite structure with well-distributed porous FTO microspheres
on the vanadium oxide film. When the amount of porous FTO added
reaches 3 wt%, the microspheres agglomerate because of the ex-
cessive amount of porous FTO. This agglomeration reduces the
porous FTO dispersion level on the vanadium oxide film, degrading
the hybrid composite effects, such as the electrical conductivity
enhancement [20,21]. To confirm the thickness of the vanadium
oxide films and the detailed composite structure, cross-view FESEM
images were also obtained for the bare V,0s5 and V,05-FTO2 elec-
trodes (Fig. 2g and h, respectively). Both V505 layers show a uniform
thickness of 176.4-181.5 nm, and V,05-FTO2 shows anchored porous
FTO microspheres on the vanadium oxide film. A porous FTO-an-
chored film morphology is developed owing to the difference in
V505 film thickness and the size of porous FTO microspheres, ex-
posing a large surface area of porous FTO, which can improve the the
improved energy storage performance with sufficient Li* insertion
sites [22,23]. In addition, to investigate interior structure in detail,
we conducted TEM analysis of porous FTO microspheres, bare V,0s,
and V,05-FTO2 (Fig. S1). In Fig. S1a, the difference between light and
dark regions were confirmed, signifying the overall porous structure
of porous FTO microspheres. Fig. S1b,c shows the morphology of the
bare V,0s, and V,05-FTO2, which results are well-matched with the
FESEM data.

Fig. 3a shows the XRD results obtained for the bare V,0s, V,05-
FTO1, V,05-FTO2, and V,05-FTO3 samples. The two peaks observed
at approximately around 20.2° and 26.1° correspond to the orthor-
hombic (001) and (110) crystal structures of V,0s, respectively.
Owing to the low amount of added porous FTO, there is no distin-
guishable change between the bare V,05 and the other samples. The
Raman analysis was also conducted after being coating on bare glass
substrates (Fig. S2). According to the results, all samples showed
bonding and stretching modes of V,05 orthorhombic phase, and the
peaks of FTO were overlapped by V,0s peaks at ~148 cm™! and
475 cm™! due to the similar peak location with low amount of porous
FTO microspheres. The peaks were indicated by blue letters and can
be assigned with a stoichiometric SnOx phase (1 <x < 2) and band
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Fig. 3. (a) XRD curves and XPS core-level spectra of (b) V 2p, (c) Sn 3d obtained from bare V,0s, V,05-FTO1, V,05-FT02, and V,05-FTO3.

gap energy for SnO,, respectively. Moreover, XPS analysis was per-
formed to determine the detailed structural properties. Fig. 3b
shows the XPS results for the V 2p region, exhibiting four peaks at
around 524.9, 522.8, 517.3, and 516.4 eV, corresponding to V>* 2py,,
V4 2pyja, V>* 2p3jp, and V4 2psp,, respectively. Fig. 3¢ shows the Sn
3d core-level spectra, demonstrating the existence of porous FTO
microspheres in the V,05-FTO1, V,05-FTO2, and V,0s-FTO3 films
compared to the bare V,0s film with no peak. The films with porous
FTO added show Sn-F bonding at around 496.3 eV and 487.7 eV,
which confirms that the F-doped tin oxide structure was developed
successfully. Further, Sn** 3ds; and Sn** 3ds, bonds are observed at
around 495.1 eV and 486.6 eV, respectively [24,25]. Thus, the suc-
cessful formation of the orthorhombic V,05 structure and the hybrid
composite structure with porous FTO microspheres are confirmed by
these results.

Fig. 4a shows the electrical conductivities of the films, which can
directly affect the EC energy storage performance. The films were
prepared on an insulating bare glass substrate to obtain precise
electrical properties using a Hall effect measurement system. As the

amount of porous FTO increases, the electrical conductivity im-
proves. Here, the V,05-FTO2 shows the highest electrical con-
ductivity of 5.01x10™ S/cm among all the samples (compared to
3.47x 107°, 4.69x 1073, and 4.36x 10™> S/cm for bare V,0s, V,05-
FTO1, and V,0s5-FTO3, respectively). The excellent electrical char-
acteristics are attributed to the well-dispersed porous FTO micro-
spheres, which possess high electrical conductivity. Interestingly,
V,05-FTO3 shows lower electrical conductivity than V,05-FTO2 be-
cause of the excessive addition of porous FTO, which induce ag-
glomeration. The electrochemical impedance spectroscopy (EIS) data
for all the electrodes are shown in Fig. 4b with the applied circuit
model. The EIS data generally comprise Rs (composite resistance of
the electrode), R, (charge transfer resistance), Z, (Warburg re-
sistance), Cq (double-layer capacitance), and C,s (pseudocapaci-
tance), which circuit model is depicted in Fig. S3. The Nyquist plots
present a single semicircle in the high-frequency region and an in-
clined line in the low-frequency region. The semicircle commonly
projects the internal resistance of the electrode, and the slope sig-
nifies the ion diffusivity. V,05-FTO2 exhibits the smallest semicircle,
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Fig. 4. (a) Electrical conductivity and (b) Nyquist plots of EIS results obtained from bare V,0s, V,05-FTO1, V,05-FT02, and V,05-FTO3.
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implying high electrical conductivity. In addition, the V,05-FTO2
sample shows the steepest slope in the low-frequency zone. These
results are caused by the hybrid composite structure of well-dis-
persed porous FTO, which provides high electrical conductivity with
additional Li* storage sites and favorable ion transfer pathways [26].
Cyclic voltammetry (CV) analyses were performed to determine
the electrochemical characteristics. Each of the CV curves in Fig. 5a
was obtained in 1 M LiClO4 electrolyte from - 0.5-1.0 V with a fixed
potential rate of 20 mV/s. In this potential range, the electrochemical
reaction can be represented by the following equation [27,28]:

V,05 (colored) + x Li* + X e < LiyV,05 (bleached) (1)

Here, -0.5V promotes the intercalation of Li* into the V,0s
structure, which forms Li,V,0s5 in a bleached state. When the op-
posite potential of + 1.0V is applied, Li* is released from the LiyV,05
lattices to form V,0s again, which is a stable phase at the anodic
potential. As the amount of porous FTO increases, the CV peak area
increased, signifying enhanced capacitance of the electrochemical
reactions [29]. The shifted CV peaks to lower values for the porous
FTO composite samples are attributed to the low Li* insertion vol-
tage of porous FTO compared with that of the V,05 matrix [30]. To
evaluate the EC performance, the transmittance variations were
traced with chronoamperometry analysis using applied potentials of
-0.5V and 1.0V at a wavelength of 415nm (Fig. 5b). Here, AT is
defined as the difference between the highest transmittance at the
bleached state (T,) and the lowest transmittance in the colored state
(T;). Furthermore, the switching speeds are defined as the time re-
quired to reach 90 % transmittance of the bleached and colored
states. Notably, V,05-FTO2 shows the fastest switching speeds (2.1s
to reach the colored state and 4.1 s for the bleached state) with the
widest AT of 53.79 %, which is mainly caused by the optimized hy-
brid composite structure of V,0s and porous FTO microspheres.
V,05-FTO3 exhibits a poor AT and switching speeds compared with
V,05-FT02. The excessive amount of porous FTO microspheres de-
grades the hybrid composite effects due to the agglomerated porous

FTO microspheres [31]. These results imply that the optimized ad-
dition amount and distribution of the porous FTO microspheres are
the main factors affecting AT and the switching speeds. Furthermore,
as a crucial factor for the EC performance, CE is calculated using Eq.
(2) [32,33]:

CE = AOD/(Q/A) (2)

AOD = log (Ty/Tc) (3)

where Q indicates the integrated charge, and A is the reaction area.
Fig. 5¢ shows the curves of the optical density (OD) variation ac-
cording to the applied charge density at 415 nm. The CE values are
calculated as 53.17, 59.98, 68.76, and 47.62 cm?/C for the bare V05,
V,05-FTO1, V,05-FT02, and V,05-FTO3 samples, respectively. The
greatest CE value is obtained for V,05-FT02, and this result can be
attributed to the successfully composed hybrid composite structure
of V,05 and porous FTO microspheres. To confirm the energy storage
performance and verify the potential for multifunctional EC energy
storage applications, Fig. 6 shows the specific capacitances (Cp) of
the bare V,05 and V,05-FTO2 films with varied current densities of
2,4,6,8,and 10 A/g. The specific capacitances were calculated using
discharge time of galvanic charge-discharge curves (Fig. S4) ac-
cording to Eq. (4) below [34]:

Csp = I/(mdV/dt) (4)

At these current densities, the specific capacitances of V,0s5-
FTO2 are 532.9, 513.9, 504.6, 492.3, and 486.3 F/g, respectively.
Moreover, the cyclic stability of bare V,05 and V,05-FT02 was also
evaluated by applying - 0.5V and 1.0 V sequentially for 500 cycles
(Fig. S5). V,05-FTO2 exhibits superior retention of transmittance
modulation from 54.83 % to 48.23 % after 500 cycles (retention
rate of 87.96 %) compared with the bare V,0s film (retention rate
of 82.01 %). This result demonstrates the high cyclic stability of
V,05-FTO2 due to the improved electrical conductivity by porous
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FTO microspheres. In Fig. S6, SEM analysis after 500 cycles of bare
V,05 and V,05-FTO2 was also performed to investigate the degree
of morphology change. After 500 cycles, both samples appeared
the agglomeration of V,05 particles by repeated cycles. However,
the porous FTO microspheres maintain their initial morphology,
which has a significant impact on the cyclic stability of the V,05-
FTO2. To investigate the full cell energy storage performances,
galvanostatic charge-discharge curves of bare V,0s and V,0s-
FTO2 full cell were measured with varied current densities of 2.0,
4.0, 6.0, 8.0, and 10.0 A/g in Fig. S7a,b. Also, we added the specific
capacitance retention and coulombic efficiency at a current den-
sity of 2.0 A/g during 10 cycles in Fig. S7c. Both bare V205 and
V205-FTO2 full cell show angled galvanostatic charge-discharge
curves, implying the pseudocapacitive reactions. Moreover, V205-
FTO2 full cell exhibited excellent specific capacitance and cycle
stability compared with bare V205, maintaining high coulombic
efficiency. This result is mainly contributed to the high-capacitive
porous FTO microspheres, which possess large active area with
high electrical conductivity. This competitive energy storage
performance is attributed to the well-dispersed porous FTO
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microspheres, which offer additional Li* storage sites with favor-
able ion transfer pathways.

To demonstrate the practical application of porous FTO-anchored
vanadium oxide films as multifunctional EC energy devices, 4 cm x
4 cm EC devices were fabricated using bare V,05 and V,05-FTO2 as
working electrodes and Pt-coated glass as the counter-electrode
with a 2.5M LiClO,4 gel polymer electrolyte. Fig. 7a shows photo-
graphs of the colored (2.5V, discharged) and bleached (-2.5V,
charged) states of the fabricated EC devices with the V,05-FTO2
electrode, which confirm the color change based on the charging
state. To compare the energy storage capability of the EC devices,
LEDs were operated using charged EC devices (Fig. 7b). The lighting
times of the EC devices are measured as ~17 s for bare V,05 and ~24 s
for V,05-FTO2, which is consistent matches with the specific capa-
citance data in Fig. 6. Thus, the EC devices with the V,05-FTO2
working electrode exhibit competitive energy storage performance
along with optimized EC performance.

In this study, we developed highly capacitive porous FTO-an-
chored vanadium oxide layers and confirmed the feasibility of their
application in multifunctional EC energy storage devices. The V,0s-
FTO2 film showed optimized EC performance including high trans-
mittance modulation, fast switching speeds, and a high CE value,
which are attributed to the high electrical conductivity and large
bandgap of the composite porous FTO microspheres. Moreover, the
V,05-FTO2 film exhibited a superior specific capacity owing to the
additional Li* storage sites of porous FTO with favorable ion transfer
pathways. Thus, porous FTO-anchored vanadium oxide layers with
optimized EC energy storage performance can be utilized as com-
petitive candidates for multifunctional EC energy storage devices.
Table 1.

Table 1
Summary of EC performances measured from all V,05 electrodes.

Samples Ty T Transmittance Coloration Bleaching CE

(%) (%) modulation speed speed (cm?/C)
(%, 415 nm) (s) (s)
bare V,05 59.53 9.51 50.02 4.8 53 53.17
V,0s-FTO1 6119 10.04 5115 39 5.7 59.98
V,05-FT02 63.8 10.01 53.79 21 41 68.76
V,05-FTO3 5442 9.19 45.23 3.9 7.6 47.62

Fig. 7. (a) Photograph of operated electrochromic energy-storage multi-functional device at+ 2.5V and (b) time-driven images of lighting LEDs during discharging process.
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4. Conclusion

In this study, we developed porous FTO-anchored vanadium
oxide films for multifunctional EC energy storage device applica-
tions. Highly porous FTO microspheres were successfully synthe-
sized using a solvent-assisted USP process. Moreover, by adjusting
the amount of porous FTO added, a hybrid composite structure of
vanadium oxide with well-dispersed porous FTO microspheres was
obtained. The optimized V,05-FT02 exhibited good EC performance,
such as rapid switching speeds (2.1 s and 4.1s for coloration and
bleaching, respectively), a high transmittance modulation of 53.79 %,
and the highest CE value of 68.76 cm?/C. Moreover, V,05-FTO2 also
showed a competitive specific capacitance of 486.3 F/g at a high
current density of 10 A/g. The EC performance enhancements were
attributed to the composite porous FTO microspheres, which pos-
sessed high electrical conductivity with a large bandgap, leading to
fast switching speeds and high transmittance modulation. Moreover,
the porous FTO microspheres provided additional Li* storage sites
with favorable ion transfer pathways, which improved the specific
capacitance. Therefore, V,05-FTO2 is a promising candidate for
multifunctional EC energy storage devices.
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