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ABSTRACT: Mesoporous tungsten trioxide (WO;) films are AR

prepared by the combination of the template-assisted sol—gel method Cl/g\d Ultrasonic Spray

and ultrasonic spraying deposition (USD) for supercapacitors, and * , N
then the surface morphology and electrochemical performance of the H-¢-¢-0-H l\g = !

films are studied. Compared to WO; prepared by the traditional " S om
hydrothermal synthesis and spin coating method, the films obtained o . :

by USD exhibit advantages such as low cost, minimal material usage, H{"\/Hc% o\/jtou FTO @

and suitability for large-area in-line manufacturing. Additionally, the
mesoporous structure of USD-produced films is also supportive of ion
transportation. Due to the high specific surface area of WO; films
deposited by USD, it is a material capable of use in a high-
performance energy storage device. Through the control of spray
coats, the film thickness and specific capacitance can be effectively
controlled. Electrochemical measurements show that the mesoporous WO; films possess excellent electrochemical performance with
a maximum specific capacitance of 109.15 F/g at 0.5 A/g. The cycling performance up to 5000 cycles of mesoporous WOj; films is
due to the stable nature of nanocrystalline produced by the combination of USD and sol—gel chemistry.
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1. INTRODUCTION

The widespread popularity of electric vehicles and various
portable and wearable electronic products has stimulated the
demand for high-performance energy storage. Supercapacitors
are promising energy storage devices, which are mainly divided
into two types, electrochemical double-layer capacitors

oxides, such as RuO,, IrO,, MnO,, NiO, SnO,, and V,O,. The
power density of metal oxides is higher than that of EDLC
materials. Among all metal oxides, the most representative is
RuOQ,, which has been widely studied.'”>* Because Ru itself is
a noble metal, its cost is high and it is easy to pollute the
environment, which limits its commercial application. Consid-

(EDLCs) and pseudocapacitors. The capacitance of a
supercapacitor depends largely on the electrode materials.
Generally, the materials used in supercapacitors are carbon
materials, conductive polymers, and metal oxides. In order to
achieve high specific surface area and produce high
capacitance, carbon materials are usually used in electric
double-layer capacitors (EDLCs), and the most popular
material is activated carbon,'™* or based on this to develop
materials with different shapes, such as carbon nanotubes,>®
graphene,7’8 carbon onion,”'? aerogel,11 xerogel,12 templated
carbon,"*'* carbide-derived carbons (CDCs),"*™"” and so on.

Carbon materials have high specific surface areas, electro-
chemical stability, and unique electrical, chemical, thermal, and
mechanical properties. However, their relatively high resistivity
limits the performance of carbon materials as supercapacitor
electrodes. Conductive polymers also have various advantages
as electrode materials in supercapacitors. However, due to the
intercalation/deintercalation of ions in redox reactions,
conductive polymers are prone to expansion and contraction,
resulting in mechanical degradation of electrode materials.'®
The materials of metal oxides are mainly transition metal
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American Chemical Society

7 ACS Publications

ering the cost and environmental issues, WO; is used in this
study as the electrode of the supercapacitor. According to the
literature,23_26 WO, itself has unique characteristics, such as
good electrochemical stability, low cost, high conductivity, and
no pollution, and exhibits great potential as a material for
supercapacitors. The electrochromic and energy storage
capacities, as the advantage of tungsten trioxide, have attracted
much attention and expectations for transparent wearable
devices recently.””**

In most studies, the hydrothermal method is used to
synthesize metal oxides. However, it requires a high-temper-
ature and high-pressure environment. The template-assisted
gel—sol method””™*" has been widely used to form
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Scheme 1. Schematic Diagram of the Mesoporous WO; Film Preparation
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mesoporous metal oxide. This technique was introduced in this
study and demonstrated as a better technique because it was
operated at room temperature and atmospheric pressure. The
deposition technique used in this study is ultrasonic spray
deposition (USD). The material deposited on the FTO
substrate using USD*>** is compared with that using the spin
coating method in most literature.”*** Although the spin
coating method is a convenient laboratory technique, it is not
suitable for large-scale manufacturing. In addition, the dip
coating method is another approach to preparing films.***’
However, the thickness of the upper and lower parts of the
coated object produced by this process is uneven, and the
solvent volatilization is large. Other methods such as chemical
vapor deposition,™ sputtering,”*’ and electrodeposition®' ~**
either require high vacuum or some special processing
equipment, which leads to high capital. However, the USD
can be controlled by a computer with repeatability and can be
easily adjusted via various parameters that are used to precisely
control the film thickness, such as spraying rate, spraying times,
etc. It has the advantages of low cost, large-area coating, and
the capability of in-line mass manufacturing. Our goal is to
examine the capacitance of mesoporous tungsten trioxide
(WO,) films deposited by USD for use in wearable devices.
The innovation of this work is the combination of USD, which
is a low-cost and suitable process for scalable in-line
production, and template-assisted sol—gel chemistry to
synthesize mesoporous WO; with favorable capacitance. The
superior energy storage capacity of mesoporous WO; films and
the promising USD method are very competitive and can be
used to replace the leading products and techniques in the
market.

2. EXPERIMENTAL SECTION

2.1. Preparation of Sol Solution. Since the reagent is
sensitive to moisture, the sol solution preparation needs to be
carried out in a low-moisture environment. Poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) (1.5 g,
P123, Sigma-Aldrich) was weighed in a glove bag with
moisture less than 30%. P123 was dissolved in 10 mL of
absolute ethanol (>99.5%) and stirred with a magnet for 30
min until P123 was completely dissolved. Then, 892.5 mg of
tungsten hexachloride (WCly) (>99.9%, Acros Organics) was
added. After the sol was stirred for 12 h, it was transferred into
an injection syringe and mounted on an ultrasonic spraying
system.

2.2. Preparation of Gel and Tungsten Trioxide Films.
Before spraying, the FTO glass (TEC-1S, Pilkington, 20 Q/[)
was cleaned with alcohol, acetone, deionized water, and
isopropanol through an ultrasonic oscillator for 3 min each and
placed in the spraying area under the spray nozzle. After 12 h
stir, the sol was transferred into an injection syringe and a
liquid flow injection pump (brand: YSC, model: SP series) was
used to send the sol into the ultrasonic spraying nozzle at a
flow rate of 0.25 mL/min. The ultrasonic spraying system is
mainly composed of a table-type ultrasonic spraying machine
(brand: Dispensing Technology, model: DT-300), ultrasonic
spray nozzle (brand: Sono-Tek, frequency: 120 kHz), and
ultrasonic spraying controller (brand: Sono-Tek). In addition,
it is also equipped with a gas delivery system with a gas flow
controller (brand: Cylinder World), which can carry the
atomized sol in a nitrogen flow with a flow rate of 6.9 slm
down to the FTO glass. The vibration frequency of the nozzle
was adjusted to 120 kHz with a power of 4 W. Through the
computer-controlled nozzle, the WO; sol was sprayed back and
forth evenly on the FTO glass S cm below the nozzle at a
speed of 3.8 cm/s. After the FTO glass was sprayed, an
iridescent blue film was formed on the surface. Then, the
sprayed sample was placed in a container filled with water
vapor for hydrolysis. The final step was calcination. The sample
was hydrolyzed for 12 h on a hot plate maintained at 350 °C in
the air for 1 h. The purpose is to remove the P123 and
complete WO; oxidation and crystallization at the same time.
After calcination, the sample was taken out and cooled to room
temperature in the air. Scheme 1 presents a schematic diagram
of the mesoporous WO, film preparation process.

2.3. Characterization of Deposited Tungsten Trioxide
Films. The crystallinity of the films was characterized by X-ray
diffraction (XRD) using a Cu K target, scanned over a range of
20 = 20—65° using 0.05° per step. Raman spectroscopy was
carried out using a 488 nm line of a 15 mW argon ion laser.
Nitrogen physisorption was executed using Micrometrics
ASAP 2020 after the samples were degassed at 250 °C under
a vacuum for 4 h. The nanoscale characterization was
inspected by transmission electron microscopy (TEM, Philips
FEI CM200). X-ray photoelectron spectroscopy (XPS) was
employed to examine the tungsten oxide films. A Kratos
system with an Al Ka X-ray source was used. The base
pressure of the analysis chamber was less than 10™° Torr, and
high-resolution spectra of individual binding states were
recorded using a sweep time of 60 s at a pass voltage of 40
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eV. The surface morphology of the film was carried out by
scanning electron microscopy (JSM-5600). Fourier transform
infrared (FTIR) (Thermo 6700 FTIR spectrometer) was
introduced to obtain the FTIR spectra by mixing the powder
of tungsten oxide with the KBr powder. By placing the sample
in 1 M LiClO,/PC electrolyte (the reference electrode is
saturated Ag/AgCl, and the counter electrode is a Pt wire), the
potentiostat (brand: Biologic, model SP-150) and the
electrochemical measurements were performed at room
temperature in the atmosphere.

3. RESULTS AND DISCUSSION

3.1. Surface Morphology of Mesoporous Tungsten
Oxide Thin Film. Figure 1 shows the SEM image of the
magnified surface morphology and structure of the prepared
tungsten trioxide. It can be found that the tungsten trioxide
coating on the FTO electrode has mesoporous structures and
the film consists of tungsten oxide nanocrystallites.’® The
mesoporous structure is due to the addition of P123 as a
template. The use of different hydrophilic and hydrophobic
properties between polymer chains, which are incompatible
with each other, results in microscopic phase separation
(microphase separation).”” Then, P123 is oxidized and
removed during calcination to produce a mesoporous
structure. Thus, through field emission scanning electron
microscopy (FE-SEM), tungsten trioxide molecules form a
large number of nanometer-scale mesoporous structures on the
FTO conductive glass.

3.2. Structural Characterization of Mesoporous
Tungsten Oxide Thin Film. The WO, film obtained using
USD and template-assisted sol—gel method demonstrated a
monoclinic phase from XRD (Figure 2) and Raman (Figure 3)
characterizations. The XRD pattern showed crystalline features
of both the monoclinic (I) y-phase (JCPDS 43—1035) and the
monoclinic (IT) e-phase (JCPDS 87—2402), a result that is
consistent with previous reports.48’49 The Raman spectrum
also agrees with the XRD result that indicated a monoclinic
phase,”’>* including peaks around 267, 717, and 809 cm™ for
the y-monoclinic phase and around 640 and 679 cm™ in the
shoulder for the e-monoclinic phase. The broad and relatively
weak peaks in XRD are attributed to the mesoporous nature of
the films, which disrupts long-range order.”’

Figure 4a is the transmission electron microscopy (TEM,
FEI CM200) image, and Figure 4b is the selected electron area
diffraction (SEAD) patterns obtained from tungsten trioxide
films. The nanocrystalline nature of WOy is confirmed by TEM
imaging. The lattice spacing of 0.37 nm and the indexing of the
associated SEAD patterns indicate that WOj is present as the
monoclinic y-phase, which agrees with XRD and Raman
characterization.*

X-ray photoelectron spectroscopy (XPS) was used to study
the chemical composition and W oxidation states of the WO4
films. Figure 5 shows the XPS W 4f spectra of the tungsten
oxide thin films. The peaks at 36.3 and 38.1 eV are assigned to
W, while those at 34.5 and 37.2 eV are assigned to WS 3354
Moreover, W*" is considered the linear combination product of
WS with a lower W valence state or related to oxygen
vacancies in WO;.>

Figure 6 shows the FTIR spectra obtained from the WO;
films and P123. The most significant peak of P123 is the C—H
stretching signal around 2980—2850 cm™’, and these features
are completely removed after annealing of the film.>> The
signal around 1760—1690 cm™' is due to the formation of

-_—

Figure 1. Surface morphology of mesoporous (red arrows) tungsten
oxide from SEM under (a) 300,000x, (b) 100,000%, and (c) S000x
magnifications.

carbonate (C=0) impurities in the process of decomposition.
The hydroxyl groups show a broad feature between 3200 and
3700 cm™'. This impurity may come from either incomplete
annealing or adsorption from ambient in the experiment.*®
The feature in the low wavenumber around 600—1000 cm™ is

due to the O—W=—0O stretching, which has three modes at 642,
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Figure 2. XRD pattern of the tungsten trioxide film prepared in this
work.
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Figure 3. Raman spectrum of the WO; film prepared in this work.
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Figure 4. (a) TEM images and (b) selected electron area diffraction
(SEAD) pattern obtained from WOj films deposited in this work.

719, and 837 cm™!, and W=O0 stretching at 971 cm L5758
Due to highly disordered sol—gel films in local bonding,
broadening these features. The nanocrystalline tungsten oxide
films obtained by USD and sol—gel chemistry demonstrated a
single broadband in this region.

Figure 7a indicates the nitrogen physisorption isotherms and
Figure 7b shows the pore size distributions and specific surface
area of WO;. The shapes of the isotherms plot of WO,
obtained in this work correspond to type IV of the BET
classification, characteristic of mesoporous materials.”” %" The
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Figure 5. XPS spectra of the WOj; thin films.
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Figure 6. FTIR spectra of P123 and WO; films after annealing.
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Figure 7. (a) Nitrogen physisorption isotherms obtained from
mesoporous WO; produced in this work and (b) pore size
distributions and specific surface area obtained from this work.

pore size is about 4—10 nm, and the specific surface area is 114
2
m-/g.
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3.3. Electrochemical Measurement of Mesoporous
Tungsten Oxide Thin Film. In order to understand the
capacitance of the deposited WOj; film, different numbers of
coats of WOj; spraying were prepared on FTO glass, and 1 M
lithium perchlorate dissolved in propylene carbonate was used
as an electrolyte. Platinum electrodes were used as auxiliary
electrodes, silver/silver chloride electrodes were used as
reference electrodes, and constant current was applied for
charging and discharging at room temperature. The difference
in weight between the blank FTO glass before and after
spraying was measured through an electronic balance. Then,
the weight of WO, that is sprayed on the surface of FTO glass
can be obtained. In this experiment, under the current density
of 0.5 A/g, the potential range is 0 to —1.5 V. Figure 8 shows
the specific capacitance measured by galvanostatic charge—
discharge (GCD) under different spray coats.

[,

20

90

60

Specific capacitance(F/g)

1 1

4 6 8
Spray coat

(e

Figure 8. Relationship between specific capacitance and spray coats.

According to the specific capacitance calculation equation
It

T mAV (1)

The value of I (current density) here is fixed at 0.5 A/g, C is
the specific capacitance (F/g), t is the time (second) of charge
and discharge, AV is the potential range (0 to —1.5 V), and m
is the weight (g) of the active material. The calculated average
values of specific capacitance for two, three, four, five, and
eight coats are 22.86, 71.47, 100.24, 69.59, and 54.85 F/g,
respectively. The specific capacitance increases with the
increase of spray coats from two to four due to the increase
of the active material thickness. However, the specific
capacitance decreases after four coats as it is too thick, and

the ion adsorption/desorption becomes difficult for the full
depth of the material. Five and eight coats are chosen after four
coats as thick samples.

Table 1 shows the electrochemical properties of WO; from
different studies. It can be seen from previous literature that
the specific capacitance of mesoporous WO; prepared by USD
is better than the films prepared by other methods. This is
because of the higher specific surface (114 m?/g) area of WO,
films were synthesized using sol—gel chemistry and USD.
Higher surface area indicating more lithium ions insertion and
extraction compared with the materials made in the form of
bulk with low surface area using castin_; and calcination (36
m?/ g)66 or hydrothermal (32.2 m?/ g).6

Figure 9 is the cyclic voltammogram (scan rate 10—100 mV/
s) of three, four, and five spray coats with the potential range of
0 to —1.5 'V, respectively. The specific capacitance of three,
four, and five spray-coated mesoporous tungsten oxide
electrodes is calculated according to eq 2, where v is the
scan rate (V/s).

C= /‘ Idv

2mvAV )
The calculated specific capacitance value is listed in Table 2.
The closed curve shown in the figure is mainly the storage
behavior of the pseudocapacitance. The pseudocapacitance
behavior of WO; is due to ion adsorption/desorption,
accompanied by the relationship of reversible redox reaction
between W and W*', and its chemical reaction can be
deduced as follows.

WO; + xM + +xe” & M, WO, (3)

The specific capacitance of four spray coats is higher than
those of three and five coats, which is due to five coats being
too thick and bad for ion adsorption/desorption on the
material. It has an insufficient amount of active material for
three coats. The larger specific capacitance of three coats than
that of five coats indicates that thickness is a more important
impede factor for capacitance.

The samples of mesoporous WO; sprayed three, four, and
five coats were subjected to constant current charge and
discharge at room temperature with three different current
densities of 0.5, 1, and 2 A/g, respectively. The specific
capacitance calculation is according to eq 1. Figure 10 shows
the GCD curves of mesoporous tungsten oxide in the potential
range of 0 to —1.5 V for three different spray coats. The
specific capacitance of five spray coats is lower than that of
three coats, and this is due to the large thickness of five coats

Table 1. Capacitance of Tungsten Oxide Prepared by Different Methods

the range of scan rate CV specific current GCD specific
material method potential (V) (mV/s) electrolyte capacitance (F/g) density capacitance (F/g) refs
WO, sol—gel and USD —-1.5-0 10 1M 81.04 0.5A/g 100.24 this
LiClO,/PC work
electrochemical deposition -0.7-0.5 S 1 M H,S0, 49.3 1 42.6 43
sol—gel -0.7-1 20 1M 78.5 56
LiClO,/PC
sol—gel —-0.7-1 1M 2 95 62
LiClO,/PC
hydrothermal —0.8—0.8 S 1 M Na,SO, 77 1 80 63
solvothermal -1-0.5 S 0.5 M 82 1 37 64
Na,SO,
ultrasonication assisted —1-1 30 0.1 M KCl 0.058 65
coprecipitation
40882 https://doi.org/10.1021/acsomega.3c05677
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Figure 9. Cyclic voltammogram of different spray coats with different scan rates: (a) three, (b) four, and (c) five coats.

Table 2. Specific Capacitance of Three, Four, and Five
Spray Coats with Different Scan Rates

scan rate specific capacitance (F/g)
(mV/s) three coats four coats five coats
10 73.94 94.21 33.94
20 32.97 64.41 17.10
S0 10.07 25.75 4.90
100 3.53 9.93 1.69

blocking the adsorption/desorption of the material. The
specific capacitance of three coats is higher than that of five
coats, which also indicates that thickness is a more important
factor for capacitance.

Figure 11 shows the GCD curves of three, four, and five
spray coats at a current density of 0.5 A/g, and the capacitance
values are 85.42, 109.15, and 66.89 F/g, respectively. Figure 12
shows the relationship between current density and specific
capacitance. The specific capacitance values were calculated by
eq 1. It can be seen that the specific capacitance of mesoporous
WO; sprayed four coats is better than that of other spray coats.
The low specific capacitance of five spray coats than that of
three coats can be because the thick film is not good for ion
adsorption/desorption on the material. For the same spray
coats, the specific capacitance follows the order 2 A/g < 1 A/g
< 0.5 A/g. At higher current densities, intercalation of lithium
ions into the inner active sites of material becomes more
difficult, and the specific capacitance is reduced.

Figure 13 is the Ragone plot of the power density and
energy density of the mesoporous WO; electrode with four
spray coats. The energy density is calculated by eq 4 and the
power density is calculated by eq S. E is the energy density
(Wh/kg) and P is the power density (W/kg).

40883

E =05 X C(AV)? (4)

P =E/At (%)

The calculated energy density at 0.5 A/g is 32.28 Wh/kg with a
power density of 219.53 W/kg, 1 A/g of 18.52 Wh/kg with a
power density of 415.03 W/kg, and 2 A/g of 8.01 Wh/kg with
a power density of 659.15 W/kg.

Figure 14 shows a graph of the relationship between the
number of spray coats and the film thickness. It can be seen
that it shows a linear relationship, indicating that ultrasonic
spraying can accurately control the film thickness through the
number of spray coats. The plot of the relationship between
film thickness and specific capacitance is shown in Figure 15,
and it can be found that the number of spray coats affects the
thickness of the film and has a greater imépact on its
capacitance. It is pointed out from the literature®® that if the
thickness of the electrode layer is thinner, because there are
fewer active materials on the electrode, it cannot provide
higher capacitance. More active material contained in a
relatively thick electrode layer can provide a higher
capacitance. If the thickness of the electrode is too large, the
capacitance is reduced. This is because the increase in the
electrode thickness will cause the transfer of electrolyte ions
into and out of the active layer to be even more difficult. The
depth of the electrolyte ions entering the active layer becomes
shallow; therefore, there is an optimized electrode layer
thickness. Figure 16 is the SEM cross-sectional view of the
mesoporous WOj sprayed four coats, and the film thickness of
mesoporous WO; is about 1.36 um, which is the optimized
film thickness for specific capacitance in this study.

Figure 17 shows the stability of the mesoporous WOj;
electrode sprayed four coats. A 1 M lithium perchlorate in
propylene carbonate was used as the electrolyte, and constant
current was applied to the sample at 0.3 A/g in the potential
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GCD plots at different current densities under different spray coats: (a) three, (b) four, and (c) five coats.
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Figure 11. GCD curves of mesoporous WO; with different spray
coats at a constant current density of 0.5 A/g.

range of 0 to —0.9 V. It can be found that the capacitance
drops rapidly in the first 100 cycles, which can be attributed to
the irreversible chemical reaction in the process of charging
and discharging. The chemical reaction leads to the
disappearance of the surface oxidation function, thus losing
the pseudocapacitive properties of the surface.”” As the
number of cycles progresses, the wettability of the electrode
material becomes better or the active material that has not
been activated is gradually activated, and the capacitance
increases slightly. From Figure 17, it can be found that the
ultrasonic sprayed mesoporous WO; has good stability. After
4000 cycles of constant current charging and discharging, it
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Figure 12. Relationship between current density and specific
capacitance under different spray coats.

can be seen that the specific capacitance value maintenance
rate is still 84% of the initial cycle. The adsorption and
desorption of lithium ions cause the material to detach from
the films in a liquid solution. Actually, the durability will be
greatly improved if the film can be encapsulated by a solid-state
electrolyte during device fabrication. The durability of WO,
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film in this work is much better than that of previous reports
(37.5% specific capacitance deterioration after 200 cycles)"'
due to the stable characteristic of the nancrystalline WO; made
from the combination of template-assisted sol—gel chemistry
and USD technique.

In order to understand the relationship between the spray
coats and the resistance of the mesoporous tungsten oxide
electrode, electrochemical impedance spectroscopy (EIS) was
used to perform the AC impedance/constant potentiometer
(SP-150) measurements with a frequency range of 40 kHz to
100 mHz using the 1 M lithium perchlorate in propylene
carbonate as the electrolyte at room temperature. Figure 18
shows the AC impedance diagram of three, four, and five spray

in four coats.
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Figure 17. Specific capacitance stability of the mesoporous tungsten
oxide electrode sprayed four coats under 5000 cycles at a constant
current density of 0.3 A/g.
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Figure 18. Overlay of Nyquist diagrams with different spray coats.

coats. The figure exhibits a straight line in the low-frequency
area and part of the semicircle in the high-frequency area. The
diameter of the semicircle corresponds to the charge transfer
resistance (R,).

The enlarged high-frequency area is shown in Figure 19. In
the high-frequency area, the R, of the mesoporous WO,
electrode is 4.703, 2.081, and 3.833 Q for spray three, four,
and five coats, respectively. The R value of four spray coats is
the smallest, about 2.25 times smaller than that of three spray
coats and about 1.84 times smaller than five spray coats.
Through this experiment, it can be obtained that the number
of spray coats affects the thickness of the film and has a greater
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Figure 19. Enlarged high-frequency area of Nyquist diagrams with
different spray coats.

impact on its capacitance. When the film has a too low number
of spray coats, because of the small amount of active material
and high impedance, the measured capacitance is small. The
mesoporous WO; with more spray coats and larger film
thickness, although its impedance is relatively low, its small
capacitance is speculated that too thick a film will be
unfavorable for the entry and exit of lithium ions in the
electrolyte.

The R, of four spray coats shows a large value of 2.081 Q at
0.75 V, indicating that the charge exchange and compensation
at the material—solution interface at this potential are more
difficult. This R, (2.081 Q) is based on the low conductivity of
WO, at such high positive potentials.*"

From previous reports, it can be found that the hydro-
thermal method is currently the mainstream method to prepare
nanoscale tungsten oxide. Compared with the high-temper-
ature and high-pressure conditions and special processing
equipment required by the hydrothermal meth-
0d,?¥*#206699783 "the preparation of WO, by the sol—gel
method and USD in this experiment has many advantages. For
example, it can be synthesized at a low temperature, requires
less equipment, can be freely customized, the ratio can be
adjusted according to the materials, product uniformity is easy
to achieve, and precise control of the film structure is easy,
such as porosity, specific surface area, etc. In this study, the
common lithium salt is used in the electrolyte. The electrolyte
used in the previous literature®>****°***737% s ysually a
high-concentration strong acid (such as H,SO,) because the
dissociated hydrogen ions are smaller than lithium ions. It is
relatively easy in terms of capacitance; therefore, the
capacitance is usually much higher than that of lithium ions.
From the literature, the specific capacitance was in the range of
545—797 F/g when WO; materials were obtained from the
hydrothermal method”®*"*> and 465—588 F/g from the
solvothermal method.”””> High-concentration strong acids
are highly dangerous. Once the liquid leaks, it will cause harm
to the human body and organisms that come into contact with
it and strong acids will pollute the environment. The recycling
of a strong acid is not easy. Lithium salts are quite safe and
environmentally friendly, which is suitable for use in a wearable
device.

4. CONCLUSIONS

In this study, ultrasonic spray deposition combined with the
sol—gel method was used to manufacture mesoporous WO,
electrodes. By adjusting the number of spray coats, the

thickness of the mesoporous WO; film can be controlled and
the capacitance can be optimized. It has a specific capacitance
of 9421 F/g at a scan rate of 10 mv/s, and a specific
capacitance of 109.15 F/g at a current density of 0.5 A/g. The
film thickness affects impedance and specific capacitance. After
5000 cycles of charging and discharging in the long-term
cycling test, its performance indicates its good capacitance
stability. The superior energy storage capacity of mesoporous
WO; films and promising USD technique exhibit competitive
advantages in the market.
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