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Boosting areal capacitance in WOs-based

supercapacitor materials by stacking

nanoporous composite films

Chia-Chun Wei," Po-Hung Lin," Chin-En Hsu," Wen-Bin Jian,"”* Yu-Liang Lin,” Jiun-Tai Chen,?
Soumallya Banerjee,** Chih-Wei Chu,* Akhil Pradiprao Khedulkar,” Ruey-An Doong,”

and Kazuhito Tsukagoshi'-®

SUMMARY

High-capacity energy storage devices are of interest in various ap-
plications, but are not always easy to scale up, and they may experi-
ence tradeoffs between areal and gravimetric capacitance. Here,
nanoporous WO3/MoOj3 films are prepared using electroexploding
wire and spray-coating techniques for the exploration of the trade-
offs between areal and gravimetric capacitance. The nanoporous
films are extended through nanoparticle stacking, which is accom-
panied by increasing thickness. The diffusion coefficient measured
with cyclic voltammetry increases exponentially with thickness and
reaches 1.12 x 10~7 cm?/s for Li-ion intercalations. In galvanostatic
charge-discharge curves, the highest areal capacitance of 496 mF/
cm?is obtained at 0.5 mA/cm? for an 18-um-thick film, and the gravi-
metric capacitance is 95.2 F/gat0.13 A/g fora 1.6-um-thick film. The
film thickness is adjusted to optimize either areal or gravimetric ca-
pacitances, and high retention abilities imply the possibility of appli-
cation in high-performance supercapacitive applications.

INTRODUCTION

The huge consumption of fossil fuel energy has led to energy crises, CO, emissions,
and climate change. The building, industry, and transport sectors have dominated
among all global energy consumption.” In addition, the building sector has
consumed approximately one-third of global energy and generated one-fourth of
the CO, emissions.’ To contain the CO, emissions and prevent an energy crisis, sus-
tainable and renewable energy resources with energy storage systems must be
developed.? As for the transport sector and vehicles, they are under transition to
electrification, and, consequently, energy storage systems have played the most
important role.” The continued development of energy storage systems will facili-
tate the prevention of climate change and energy crises, and it has accelerated
the applications of electric vehicles and portable electronics. One example is the po-
tential to save energy using smart windows based on electrochromic (EC) mate-
rials*~® that can reduce energy consumption and CO, emissions as well. Those EC
materials were implemented for the development of supercapacitors’ as well as
EC energy storage devices (ESDs).”

The energy storage system manifested itself in the significant application of green
energy and electric vehicles. There were several different types of energy storage
systems. The most well-established electrochemical energy storage systems were
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Pb batteries, which still possessed the world’s largest market and underwent steady
innovation in the design of their working electrodes with a high recycling rate.® In
addition, the technology of Li-ion batteries developed and evolved rapidly in the
past 3 decades due to specific features of high energy densities, low self-discharge
properties, high open-circuit voltage, and long lifespan.” The Li-ion batteries were
based on the mechanisms of Li-ion intercalation and deintercalation. However, there
was another type of energy storage system, the supercapacitor, that implemented
the mechanisms of ion adsorptions and surface redox reactions.”” When high-po-
wer charging or discharging was required, supercapacitors could either replace or
complement other types of batteries. Supercapacitors, also known as ultracapaci-
tors or electrochemical capacitors, consisted of two kinds of charge storage
mechanisms. The first kind of charge storage mechanisms was the electrochemical
double-layer capacitor (EDLC) that signified the adhesion of electrolyte ions on
the surface of charged electrodes to form the electric double layer with a nanoscale
separation gap.'®"" This mechanism existed in carbon-decorated electrodes and
required highly porous structures, and it exhibited a high-power density and remark-
able cycling reversibility. The second kind of charge storage mechanism was the
pseudocapacitor, which indicated the faradic reaction of oxidations and reductions
between the electrolytes and electrodes.”’ Although the cycling reversibility and
the power density were not comparable to the EDLC, the pseudocapacitor revealed
other benefits of high specific capacitances and energy densities. In the past 2 de-
cades, syntheses of nanomaterials progressed rapidly'*"'? and facilitated the ad-
vances of supercapacitors.” To integrate the advantages of the EDLC and the pseu-
docapacitor, asymmetric supercapacitor cells were proposed to decorate either one
or both positive and negative electrodes.'”

Hydrous ruthenium oxides (RuO,) were discovered to be excellent pseudocapaci-
tor materials that exhibited a high weight capacitance of up to 800 F/g,'® whereas
such noble metal oxide materials posed an intrinsic, noneconomic drawback and a
severe problem in mass production. Abundant metal oxides such as Fe3O4 and
MnO, were proposed and used alternatively for supercapacitors. For example,
the gravimetric capacitance of carbon-MnO, was estimated to be ~20 F/g.'® In
recent years, WO3 manifested itself as a high potential material for EC applica-
tions,”” and its hybrid composites had been demonstrated to be energy storage
smart windows.'” With the advances in nanotechnology, the bulk WO; had been
converted to nanomaterials, giving a high surface-to-volume ratio and enhancing
the supercapacitive property.'®?" Those nanostructured WOss almost presented
a high specific capacitance of ~400 F/g at 1 A/g,'” which was comparable to
that of RuO, supercapacitors. In addition to pure, nanostructured WOj3, there
were reports of hybridized composites and asymmetric supercapacitors based
on WOj3 using several chemical or physical synthesis methods. For instance, an
electrochemical co-deposition method was used to prepare WO3-V,05 compos-
ites for supercapacitive applications that exhibited an areal capacitance (C,eal)
of ~40 mF/cm? at 0.5 mA/cm?.?? However, hydrothermal synthesis and electro-
chemical polymerization were used to prepare honeycombed porous P5FIn/WO3
nanocomposites for supercapacitors, revealing an area capacitance of ~34 mF/
cm? at 0.1 mA/ecm?.?® All of these studies pointed to the importance of preparing
WO3-based porous materials. In addition, the areal capacitance normally
increased with an increase in the thickness of metal-oxide materials, and the con-
ductivity at outer surface and the probability of ion diffusing deeply into metal-ox-
ide films brought about the poor performance of energy storage. In all of these
issues, the porosity of metal oxides was demonstrated to exhibit an essential

role in enhancing energy storage.**
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In previous studies, we developed a scaling-up method to prepare nanoparticulate
films of WO3 and MoOj3 composites using the green technologies of electroexplod-
ing wire and spray-coating ’cechniques.5 We discovered that (WO3)g7.5(MoQO3)12.5
composite films exposed optimum EC properties, such as high charge density,
coloration efficiency, and transmittance variation. In the present work, we explore
deeply into energy storage capabilities for the same nanoparticulate (WO3)g7 5
(MoQ3)12.5 composite films, presenting a potential application as supercapacitor
electrodes. The intrinsic properties of the nanoparticulate films, including the nano-
porosity and stackability feature, are implemented for the development of high
supercapacitive performances that have rarely been explored. Currently, most of
the high-capacitance supercapacitors based on WO3; are fabricated on carbon-

based substrate such as carbon fabric and graphenes,”**’

which may lead to misin-
terpretations of contributions from either intrinsic WO3- or carbon-based material.”®
The nanoporous (WO3)1..(MoQOj3), composite film manifests itself as an easy scaling-
up structure on both sizes and areal capacities for supercapacitive applications. The

present study paves the way for developing high capacity on EC ESDs.

RESULTS AND DISCUSSION

Characterization of WO3; and MoO; nanoparticles (NPs)

WO3 and MoO3 NPs were synthesized using the electroexploding wire technique
and mixed in solution. The transmission electron microscopy (TEM) images of the
two species are displayed in Figure STA. For a detailed inspection, a high-resolution
TEM image of WOj3 is offered in Figure S1B, presenting an interplanar spacing of
~0.38 nm for the (021) plane of monoclinic WO3.° Accordingly, interplanar spacings
of ~0.18 and ~0.25 nm in Figure S1C are assigned to the (230) and (041) planes of
orthorhombic MoQOj3. Further investigation of NPs, including size distributions, X-ray
diffraction (XRD) analyses, and Raman spectroscopy analyses, were reported
previously.”

Characterization of WO3/MoO; composite films

In this study, we adopt nanoparticulate (WO3)g7.5(M0QO3)15 5 films for the further
exploration of supercapacitive and energy storage capabilities. Figure 1A presents
a side view of a scanning electron microscopy (SEM) image for a (WO3)g7.5(M0O3)12 5
film prepared with 5 mL of mixed WO3; and MoO3; NP suspensions. The molar
number of the 5-mL suspension corresponds to ~5.2 x 107 mol (see the detailed
calculations in the supplemental experimental procedures). The thickness of the
as-prepared composite film is estimated to be ~500 nm, which is marked in Fig-
ure TA. The thicknesses of the other nanoparticulate (WO3)g7.5(MoQO3)12 5 films pre-
pared with volumes of 10, 15, 20, and 25 mL are measured in SEM images shown in
Figures S2A—S2D. The thickness as a function of molar number of (WO3)g; 5
(MoO3)12.5 composites is displayed in the inset to Figure 1A. With the thickness of
the composite films determined, the sample names are designated accordingly as
presented in Table S1. The surface morphologies of (WO3)s7.5(M0QO3)12.5 composite
films were examined using SEM. Figures S3A and S3C reveal the morphology of the
as-prepared samples, whereas Figures S3B and S3D show the surface morphology
after the electrochemical test, with Li ions intercalated. After performing electro-
chemical measurements and putting the film in the colored state, additional clusters
(see Figure S3B) and, sometimes, microrods (Figure S3D), will be observed at the
surface. These additional materials could be attributed to Li compounds when the
carbonate-based electrolyte was used.””*° The elemental mappings of the side-
view images of sample WMo-05 are provided in Figures S4A-S4C. It is observed
that the W and Mo elements are uniformly distributed in the composite films. There
are no aggregations in the simple mixing of NP suspensions for the preparation of
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Figure 1. Morphology and energy storage performance

(A) Side-view SEM image of nanoparticulate WO3/MoOQOj3 films of sample WMo-05, with a scale bar
of 1 um. The thickness of ~500 nm and the FTO substrate are marked on the SEM image. The
thicknesses are estimated to be 489 + 39, 1,000 + 46, 1,280 + 85, 1,670 + 120, and 2,080 + 160 nm
for samples WMo-05, WMo-10, WMo-13, WMo-16, and WMo-20, respectively. The inset presents
the thickness in micrometers of the nanoparticulate films as a function of the molar number of WO3/
MoOj3 composites.

(B) Top-view AFM image of sample WMo-05 in the 3-dimensional configuration. The root-mean-
square roughness is ~42.2 nm within an area of 5 X 5 pm?.

(C) An EC ESD in its initial (top) and charged (colored) (bottom) states. The EC ESD is based on
sample WMo-20, with an active area of 3.5 X 4.0 cm? on 1 side of the FTO glass substrate. The
charge storage system consists of 2 ESDs connected in series to offer sufficient voltage for driving
LEDs.

(D) Discharging voltage as a function of time for the 2 ESDs connected with an LED. The discharging
period lasts longer than 8.5 min while the discharging voltage changes from —2.78 to —2.30 V.

(WO3)g7.5(MoO3)12 5 composite films. Moreover, Figure S5A offers Raman spectra of
the (WO3)g7.5(MoO3)12.5 composite films based on samples from WMo-05 to WMo-
20. The spectra only display differences in intensity for different samples, whereas
the characteristic peaks remain in the same position. The Raman spectrum of sample
WMo-13 is magnified in Raman shifts ranging from 600 to 1,000 cm™" and is pre-
sented in Figure S5B. The spectrum is fitted with several Gaussian peaks and sepa-
rated into bands at Raman shifts of 670, 713, 807, 816, and 896 cm™". The Raman
bands at 713 and 807 cm~" indicate the monoclinic structure of WO3 owing to the
stretching vibrations of O-W-O bonds.**'*? The bands at 670 and 816 cm ™" reveal
the orthorhombic MoOg3, attributed to the stretching vibrations of the triply coordi-
nated oxygen and the O=Mo and Mo-O-Mo bonds.>** In addition, the band at
896 cm™' denotes the monoclinic crystal phase of Mo0O3.°*% In addition, XRD
data in Figure S6 reveal similar profiles for samples of different film thicknesses.
X-ray photoelectron spectroscopy (XPS) spectra for the surface electronic structure,
presented in Figure S7, also provide consistent results among samples of different
thicknesses. In Figure S8, the XPS spectra of W 4f, Mo 3d, and Li 1s core levels for
sample WMo-20 are offered both before and after electrochemical testing. Accom-
panied by negligible chemical shifting of W 1s and Mo 3d, an additional band of Li 1s
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with a weak intensity can be observed in the spectrum after electrochemical testing.
This result demonstrates the presence of the Li compound at the surface thatis illus-
trated in the SEM images in Figure S3.

The nanoparticulate films reveal intrinsic nanoporosity due to the stacking of
different sizes of NPs. Figure 1B exhibits a top-view atomic force microscopy
(AFM) image of sample WMo-05. Fruitful cavities of different sizes appear on the sur-
face. In particular, the feature of nanoporosity benefits chemical or physical reac-
tions on the surface and ion diffusions in cavities and channels. The mass of the
(WO3)g7.5(M0O3)125 composite films for sample WMo-05 is evaluated as being
1.1 mg (see descriptions in the supplemental experimental procedures). For those
compact films prepared by either thermal evaporation or sputtering, such films shall
possess a thickness of 296 nm, whereas the thickness of sample WMo-05 is
~500 nm—much higher than that of compact films. With this preparation, the sur-
face-to-volume ratio and the porous feature are enhanced; thus, the nanoparticulate
films are suitable for physical and chemical reactions on the surface. The nanoparti-
culate (WO3)g7.5(M0O3)12.5 composite film based on sample WMo-20 is given as a
negative electrode, and another empty fluorine tin oxide (FTO) glass substrate is
used as a positive electrode for the assembly of a supercapacitive ESD. To demon-
strate the function of the ESDs, two ESDs are connected in series to double the
driving voltage for lighting up a light-emitting diode (LED). Figure 1C illustrates
the initial state and the charged (colored) state of the supercapacitive ESDs. The
two series-connected ESDs are charged for ~3 min, with —8 V applied on one nega-
tive electrode and one positive electrode grounded. The charged ESDs are then
connected to an LED. Figure 1D exposes the lighting up of an LED and the variation
of the potential as a function of time across the two ESDs. The period of the LED
lighting up is longer than 8.5 min, with a stable change of discharging voltages
from —2.45 to —2.30 V. The period is longer than that of the ~2 min measured in
our previous studies.” The energy storage capability of the ESDs is promoted simply
due to the increment of the nanoparticulate film thickness. The energy storage capa-
bility is further investigated with regard to the thickness of the nanoparticulate
(WO3)s7.5(M0oO3)12.5 composite films.

Cyclic voltammetry (CV) of WO3/MoO; composite films

Energy storage capabilities of the nanoparticulate (WO3)g7 5(MoO3)12 5 composite
films are inspected by either CV or galvanostatic charge-discharge (GCD) curves.
Figure 2A exhibits the CV curves of samples WMo-05 to WMo-20 at a scan rate of
20 mV/s, with a scan direction indicated. For samples WMo-16 and WMo-20, a wider
potential window from —2.0 to 2.0 V is used because the redox peaks shift to higher
voltages. All CV curves reveal reversible redox reactions in loops, implying an inser-
tion and extraction of Li* ions. Meanwhile, the color of the nanoparticulate film
changes to dark blue from the original transparent at negative voltages when Li*
ions are intercalated into (WO3)g7.5(M0QO3)12.5 composites. In the deintercalated
process at positive voltages, the films return to their transparent (bleached) color.
The CV loops are enlarged with an increase in film thickness that infers many more
Li* ions stored in the supercapacitive materials.

In the oxidation and reduction processes, the highest currents in the loop give
anodic (deintercalation) and cathodic (intercalation) peak currents for the evaluation
of diffusion coefficients (D) of Li* ions in the nanoparticulate films. The diffusion co-
efficient at 25°C is evaluated through the Randles-Sevcik equation: j, = 2.69 x
10°n3/2D"/2Cv'/2, where n=1 is the number of electrons transferred in the redox
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Figure 2. CV measurement

(A) CVs of samples WMo-05, WMo-10, WMo-13, WMo-16, and WMo-20 at a voltage scanning rate of
20 mV/s. The voltage scanning direction is indicated on the graph.

(B) Diffusion coefficients and areal capacitances of nanoparticulate (WO3)g7 5(M0oQO3)q2 5 films as a
function of film thickness. The red circles and the black squares at top represent diffusion
coefficients obtained in reduction (intercalation) and oxidation (deintercalation) processes,
respectively. The black squares, the red circles, and the blue triangles at bottom give the areal
capacitance evaluated at voltage scanning rates of 5, 10, and 20 mV/s, respectively.

reaction, C is the concentration of electrolyte, and v is the scan rate of the sweeping
potential.

The diffusion coefficients for intercalation and deintercalation are 2.96 x 10~"" and
5.51 x 107" cm?/s for sample WMo-05 that are much smaller than the values of
3.39 x 107"% and 1.18 x 107'° cm?%/s obtained previously,” owing mainly to the
decrement of the scan rate from 150 to 20 mV/s. In the present study, the diffusion
coefficients for intercalation and deintercalation significantly increase up to 1.72 x
1077 and 7.78 x 107" cm?/s for sample WMo-20 at the slow scan rate of 20 mV/s.
The diffusion coefficients in the logarithmic scale as a function of the nanoparticulate
(WO3)g7.5(MoO3)12 5 film thickness are exposed in the upper panel of Figure 2B. The
diffusion coefficient increases exponentially with an increase in the nanoparticulate
film thickness. The nature of Li* ion diffusion in the electrolyte does not change,
whereas the (WO3)g7 5(MoO3)12 5 films for the embodiment of ion diffusion and redox
reactions are extended from two-dimensional (thin film) to three-dimensional (thick
film) structures. Such an extension leads to the outcome of exponentially raised diffu-
sion coefficients. As revealed in Figure 2B, the diffusion coefficient of intercalation is
~2-3 times higher than that of deintercalation for thicker films, whereas it is ~6 times
higherfor sample WMo-05. For the thicker nanoporous film, the surface area expands
exponentially, which accelerates ion intercalation and deintercalation near the sur-
face without diffusing deeply into the crystalline bulk. Thus, the difference in diffusion
coefficients between the intercalation and deintercalation processes becomes
smaller. In addition, we adopt another method to estimate the diffusion coefficient.
Figures S9A-S9D exhibit the CV curves of samples WMo-05, WMo-13, WMo-20, and
WMo-180 at scan rates (v) from 2 to 20 mV/s. The linear least-squares fitting to the
data of the peak current density (j,) and v'/2 give slopes that are used to estimate
diffusion coefficients at 25°C.”**® Figure S9E shows the j, as a function of the square
root of the voltage scan rate. The inset to Figure S9F points to the same feature of an
exponential increase in the diffusion coefficient as a function of the film thickness. For
thefilm thatis ~18 pmin thicknessin Figure S9F, the diffusion coefficient seems notto
increase so rapidly, which is in line with methanol diffusion in poly(vinyl acetate)
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films.*” In addition, the diffusion coefficients of intercalation and deintercalation for
the thickest film reach upto 1.12 x 1077 and 3.19 x 1078 cm?/s, which are almost the
highest values ever recorded.

The CV curves are also used for the evaluation of areal capacitances according to the
equation C,ear = ([ Jdt)/(2v-AV), where Jis the current density, v is the scan rate,
and AV is the voltage range of the potential window. The C, e, as a function of nano-
particulate film thickness is offered in the lower panel of Figure 2B. The C,, at the
scan rate of 5 mV/s is ~6.46 mF/cm? for sample WMo-05 and it is increased ~5.6
times up to 36.2 mF/cm? for sample WMo-20. The Cgea's for sample WMo-20 are
36.2,27.6,and 19.6 mF/cm? at scan rates of 5, 10, and 20 mV/s. The C,,.. decreases
with an increasing scan rate for thicker films, whereas it does not change considerably
for thin films such as in sample WMo-05. The higher C, ., at a lower scan rate implies
sufficient time for Li* ion diffusion in nanoparticulate (WO3)g7 5(M0QO3)12 5 films.

To analyze the charge storage mechanism, the data of current densities and voltage
scan rates are fitted according to the equation j, = av®,”*“*’ where ais a constant, v is
the voltage scan rate, ji, is the redox peak current density, and b is the exponent. The
exponent b shall theoretically be in the range of 0.5-1. Figure S10 presents the data
oflog(jp) as a function of log(v) for samples WMo-05, WMo-13, WMo-20, and WMo-
180, and the b values are the slopes of those linear fittings. The exponent b in ion
intercalation does not vary with increasing thickness, whereas the b in ion deinterca-
lation decreases from 0.97 to 0.51. It implies a transition of the mechanism from the
EDLC to the pseudocapacitor during the discharging process. Electrochemical
impedance spectroscopies of samples WMo-05, WMo-20, and WMo-180 are pro-
vided in Figure S11. The data do not show noticeable semicircles in the high-fre-
quency region that indicate a capacitive behavior. Moreover, the straight-line
feature in the low-frequency region suggests a low ion diffusion resistance, making
them promising for supercapacitor applications. The intercept on the real imped-
ance axis (Z') represents the equivalent series resistance (R,) of 87.9, 86.1, and
88.1 Q - cm? for samples WMo-05, WMo-20, and WMo-180, respectively.

GCD of WO3/MoO3; composite films

The measurement of GCD curves provides another method to assess the energy
storage capability of the nanoparticulate films. It is measured at a constant current
supplied to the nanoparticulate film for both charging and discharging processes,
and the voltage is recorded as a function of time. In this study, GCD curves at several
different current densities are collected for the estimation of the specific capaci-
tance. Figure 3A unveils GCD curves of samples WMo-05-WMo-20 at a current den-
sity of 0.1 mA/cm? and a GCD curve of sample WMo-180 at a current density of 0.5
mA/cm?. For the thickest film of sample WMo-180, the GCD cycle takes a much
longer time at a low current density; thus, a higher current density of 0.5 mA/cm?
is used. When the thickness of the nanoparticulate (WO3)g7 5(M0oO3)12.5 film in-
creases, the charging and discharging time increases. For all of the samples, the
charging time is very close to the discharging time, which implies a relatively high
reversibility in electrochemical reactions.”' The discharging curve of sample WMo-
180 deviates away from the ideal triangular shape that indicates the redox process
and manifests itself as pseudocapacitor- and battery-type materials. The areal
capacitance is extracted using the equation C,.ey = (JAt)/AV, where J is the dis-
charging current density, At is the discharging time, and AV is the voltage range
of the potential window. From the GCD curves, the C,../'s are estimated to be
15.45 and 87.27 mF/cm? for samples WMo-05 and WMo-20. Those areal capaci-
tances are ~2.4 times higher than the values of 6.46 and 36.2 mF/cm? obtained
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Figure 3. GCD measurement and comparison of areal capacitance

(A) GCD curves of samples WMo-05, WMo-10, WMo-13, WMo-16, and WMo-20 at a constant
current density of 0.1 mA/cm? and of sample WMo-180 at 0.5 mA/cm?.

(B) Areal capacitances of nanoparticulate (WO3)g7 5(M0QO3)12 5 films as a function of film thickness at
current densities of 0.1 (black squares), 0.2 (red circles), and 0.3 mA/cm? (blue triangles). The
orange symbols point to the areal capacitances of the film, with thicknesses of ~9.0, 13, and 18 pm,
measured at current densities of 0.5, 1.0, and 1.5 mA/cm?. The inset shows a magnified area of the
dashed-line rectangle.

(C) Areal capacitances at various current densities of our samples and other groups’ materials,
including (i) WO3-V,0s composi‘ces,22 (i) porous P5Fin/WO3 nanocomposites,23 (iii) Gd-doped
WOj5 nanofilms,* (iv) Mo-doped a-WOj3 thin films,*° (v) Mo-doped WOj3 thin films,*” (vi) WO3-ZnO
composite thin films,* and (vii) WO3/PEDOT:PSS films."® The inset gives the configuration of the
areal capacitance measurements.

from the CV curves at the scan rate of 5 mV/s. In particular, the areal capacitance of
sample WMo-180 gives an outstanding benchmarked value of 496 mF/cm?

Figure 3B shows the areal capacitance as a function of the thickness of the nanopar-
ticulate (WO3)g7.5(MoO3)12 5 film. High current densities are used in GCD measure-
ments for samples WMo-90, WMo-130, and WMo-180. The areal capacitances are
estimated at the 10th loop of the GCD curve. With current densities increased
from 0.1 to 0.3 mA/cm?, the areal capacitance of the thinnest film (sample WMo-
05) does not vary apparently, whereas that of sample WMo-20 shows a significant
variation, giving a lower areal capacitance at a higher current density. For sample
WMo-20, the C,e of 87.3 mF/cm? at 0.1 mA/cm? drops down to 62.4 and 58.2
mF/cm? at current densities of 0.2 and 0.3 mA/cm?, respectively. The same trend
is observed for thicker films of samples WMo-90, WMo-130, and WMo-180 that
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the areal capacitance of the thickest film (WMo-180) reveals an abrupt decrease, with
current densities increased from 0.5 to 1.5 mA/cm?. Alternatively, the areal capaci-
tance does increase monotonically with the increasing film thickness, which indicates
the capability of the stacking features for nanoparticulate materials. Itis worth noting
that the C,cais 0f sample WMo-180 are 496, 291, and 243 mF/cm?at0.5,1.0,and 1.5
mA/cm?, respectively. The effective diffusion length of Li* ions in thick films is
longer, but the diffusion requires a longer time under the high current density. A
longer diffusion time is required for a thick nanoporous film with a high areal current;
thus, the C,e descends with increasing current densities.*”*® Here, the Cgea de-
creases with an increase in the current density, and the rate capability is used for
such an evaluation. For example, the rate capabilities of samples WMo-05 and
WMo-20 are ~75.4% and ~66.7%, respectively, with a current density increased
from 0.1 to 0.3 mA/cm? For sample WMo-180, it significantly decreases to
~48.9%, with current densities tripled from 0.5 to 1.5 mA/cm?. Similar trends
have been reported previously. For example, the rate capability is ~61.9% for
P5FIn/WO3; nanocomposites® when the current density increases from 0.03 to 0.1
mA/cm?. It is ~77% for WO3-ZnO composites,** with current densities varying
from 0.3 to 1.1 mA/cm?, and it is ~77% for WO3/graphene/polyaniline films, with
current densities changed from 0.05 to 0.15 mA/cm?

The outstanding C,reas of 87.3 and 496 mF/cm? for sample WMo-20 and WMo-180
are benchmarked against recent works such as 38.75 mF/cm? for WO3-V,O5 com-
posites,”” 34.1 mF/cm? for porous P5FIn/WO3 nanocomposites,”” 62.43 mF/cm?
for Gd-doped WOj3 nanofilms,*> 39.2 mF/cm? for Mo-doped a-WOj3 thin films,**
117.1 mF/cm? for Mo-doped WOs thin films,*” 15.24 mF/cm? for WO3-ZnO compos-
ite thin films,** and 5.3 mF/cm? for WO3/poly(3,4-ethylenedioxythiophene) polysty-
rene sulfonate (PEDOT:PSS) films.*® The comparison is summarized in Figure 3C,
with the current density indicated. Itis noted that sample WMo-20 exhibits a compa-
rably high C,ea1, whereas the film thickness can be piled up to further aggrandize and
raise the Cjrear. Sample WMo-180 shows the highest C,ea), Which is more than five
times higher than those reported previously, and it is measured in the same three-
electrode system, consisting of a Pt counterelectrode, an LiClO, electrolyte, and
an FTO (or InSn) current collector.

Gravimetric capacitance of WO3/MoO3; composite films

The gravimetric capacitance in F/g units is calculated to explore more about the en-
ergy storage mechanism in the nanoporous films. We calculate the loading mass for
all of our samples as described in detail in the supplemental experimental proced-
ures. For example, the mass loadings for samples WMo-20 and WMo-180 are
evaluated to be ~0.95 and 9.5 mg/cm?. The gravimetric capacitance of samples
WMo-20 and WMo-180 at 0.1 and 0.05 A/g are calculated to be ~91.9 and 52.2
F/g, respectively, which are higher than the 24 F/g for WO3 coated on glassy carbon
substrates’” and lower than 436 F/g at 1 A/g for WO3 nanofibers.'? Figure 4A displays
gravimetric capacitances of nanoparticulate (WO3)g7 5(M0QO3)12 5 composite films
with a thickness of less than 2.0 um at lower current densities of 0.1, 0.2, and 0.3
mA/cm?. At the current density of 0.1 mA/cm?, gravimetric capacitances of all of
the samples vary between ~81.3 and ~91.9 F/g. In addition, the gravimetric capac-
itance increases to a maximum and decreases with increasing film thickness. The
decrease in gravimetric capacitance comes from the stacking nature of the increment
of the third dimension of the film thickness. Similar behaviors have been reported in
the literature.”® Li et al. report that the gravimetric capacitance decreases when the
thickness of their films increases. The feature could be attributed to a gradual loss of
surface conductivity in thicker films.*® Figure 4B presents gravimetric capacitances
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Figure 4. Comparison of gravimetric capacitance

(A) Gravimetric capacitance of (WO3)g7 5(M0oQO3)q2.5 composite films with a thickness of less than
2.0 um at discharging current densities of 0.1, 0.2, and 0.3 mA/cm?.

(B) Gravimetric capacitance of (WO3)g7.5(M0QO3)125 composite films with a thickness greater than
9.0 pm under discharging current densities of 0.5, 1.0, and 1.5 mA/cm?. (C) Gravimetric capacitance
of all of the samples as a function of gravimetric current density in logarithmic scale. The black
dashed lines are the least-squares fitting lines to data in the low- and high-current density groups.

for thicker composite films at a current density higher than 0.5 mA/cm?. The gravi-
metric capacitance increases with an increase in film thickness that indicates the po-
tential to raise the gravimetric capacitance further with NP stacking. However, the
gravimetric capacitance significantly decreases to ~52.2 F/g due to a high areal cur-
rent density, indicating that the ions in the electrolyte must take a longer time to
diffuse in the third dimension (the thickness) of the nanoporous composite films.

The gravimetric capacitances of all of the samples with respect to gravimetric current
density are shown in Figure 4C. The data are categorized into two groups, with one
measured at areal current densities smaller than 0.5 mA/cm? and the other measured
ata higher areal current density. In the group of low areal current densities, the high-
est gravimetric capacitance of 95.2 F/g is obtained at 0.13 A/g for sample WMo-16.
However, the gravimetric capacitance presents an incremental tendency with
increasing film thickness at a decreasing gravimetric current density. The results high-
light the tradeoff between the areal and the gravimetric capacitances when the nano-
porous composite film expands in the direction of the film thickness. It was argued in

the reference papers of Wang et al.”* that the weight of the substrate as well as the
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electrode should be included in the estimation of gravimetric power density and en-
ergy density. That may underscore the importance of the scalable technique over
pursuing a high gravimetric capacitance.”’ Furthermore, the measurement of the
mass of working materials usually produces significant errors that lead to overstate-
ments of performance.®” As a consequence, the areal and gravimetric capacitances
are essential in the applications of different directions, and, in some situations, the
concept of areal capacitance plays a larger role in performance characterization.>?

The energy storage capability of the (WO3)g7.5(MoO3)125 composite films shall
depend largely on the electrolyte used in the GCD measurements. To investigate its
variation, we also performed GCD measurements for sample WMo-20 under the elec-
trolyte of 1 M HySO4. Figure S12A presents the GCD curves at a high constant current
density of 1.0 mA/cm? within the potential window between —0.4 and 0.5 V. The GCD
curves have a moderately symmetric feature between the charging and discharging
processes that points to a high electrochemical reversibility. The C,ea's of the 1st
and 10th cycles are estimated to be 151.7 and 121.9 mF/cm?. Comparing this with
that in the electrolyte of 1 M LiClO,4 + propylene carbonate (PC), the applied current
density is 10 times higher and the potential window is approximately one-half smaller
in the GCD measurements in 1 M H,SO,. Figure S12B provides a comprehensive
comparison of the C,e, of the nanoparticulate (WO3)g7 5(MoO3)15 5 composite films,
obtained in electrolytes of 1 M H,SO4 and 1 M LiClIO,4 + PC at different current
densities. It is noted that for the electrolyte of 1 M LiClO4 + PC, the C, e, is expected
to be lower than 87.3 mF/cm?. Nevertheless, it increases to 114.1 mF/cm? when the
electrolyte of 1 M H,SO, is applied to the GCD measurements. These results signify
the important roles of electrolytes for the estimation of the specific capacitance.

Retention ability and performance of symmetric devices

The retention ability of the energy storage capability is further explored through the
GCD measurements on samples WMo-20 and WMo-90 at current densities of 1.8
and 2.8 mA/cm?, respectively. Figures SA and 5C exhibit several cycles of charging
and discharging GCD curves for samples WMo-20 and WMo-90 within a potential
window in the range between 1.2 and —0.8 V. For sample WMo-20, the charging
and discharging time continuously decreases, as indicated by the orange arrow,
whereas the charging and discharging time of sample WMo-90 increases in the first
160 cycles and starts to decrease thereafter until the end.

According to the GCD curves, the retention of areal capacitance and the
Coulombic efficiency of samples WMo-20 and WMo-90 for 5,000 cycles are evalu-
ated and given in Figures 5B and 5D. The insets to Figures 5B and 5D offer the
corresponding areal capacitance with respect to cycle number. The capacitance
retention of sample WMo-20 exhibits a stable decay to 60% of its initial value.
The areal capacitance at 1.8 mA/cm? in the 1st and the 5,000th cycles are 27.8
and 15.9 mF/cm?, respectively. For sample WMo-90, the areal capacitance at
2.8 mA/cm? is ~59.3 mF/cm? in the beginning and it decreases to 46.6 mF/cm?
in the 5,000th cycle. The capacitance retention of sample WMo-90 surpasses
100% within ~1,000 cycles (see the red dashed line frame in Figure 5D), and it rea-
ches the highest value of ~139% in the 160th cycle. This phenomenon is in line
with that reported in the literature.”® It could be attributed to more and more
mixed regions of partially active and inactive regions in thicker films. These regions
are activated after certain cycles of charging and discharging GCD measurements,
and the retention ability could surpass its initial state, especially for thicker nano-
porous films. The Coulombic efficiency of both samples changes a little bit and re-
mains at ~99.6% and 99.7% of their original value throughout the measurement.
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Figure 5. Capacitance retention test

(A) Several loops of GCD curves of sample WMo-20 in the voltage range from 1.2 to —0.8 V at a
current density of 1.8 mA/cm?. The orange arrow provides a guide to the variation according to the
GCD loop number.

(B) Retention rate of capacitance (black squares) and Coulombic efficiency (blue dots) of sample
WMo-20 as a function of cycle number, measured at a current density of 1.8 mA/cm?.

(C) Several loops of GCD curves of sample WMo-90 at voltages ranging from 1.2 to —0.8 V at a
current density of 2.8 mA/cm?. The orange arrow shows the evolution trend of the GCD curve with
an increment of cycle number.

(D) Capacitance retention (black squares) and Coulombic efficiency (blue dots) of sample WMo-90
as a function of cycle number, measured at a current density of 2.8 mA/cm?. The red dashed-line
frame points to the region where the capacitance retention surpasses 100%. The insets to
Figures 5B and 5D offer areal capacitances as a function of cycle number.

The results imply a good retention ability of energy storage for nanoparticulate
(WO3)g7.5(M0O3)125 composite films. The GCD curves and areal capacitances
above are measured in a three-electrode potentiostat. To check the areal capaci-
tances of ECDs, we prepared a symmetric supercapacitive ESD (see Figure S13A)
based on sample WMo-20. The GCD measurements at a current density of 0.1 mA/
cm? are depicted in Figure S13B. The GCD measurements are carried out in the
potential window ranging from —1.5 to 1.5 V. The areal capacitance of the sym-
metric supercapacitive ECD is ~18.1 mF/cm?, which is approximately one-fifth of
the areal capacitance of the film measured in the potentiostat.

Overall, the nanoporous (WO3)1(MoO3), composite film presents promise for scalabil-
ity toward both areal and gravimetric supercapacitive applications. This study is one
entry in the increasing efforts to design and implement high-capacity EC and ESDs.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to and
will be fulfilled by the corresponding author, Wen-Bin Jian (wbjian@nycu.edu.tw).
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Materials availability
This study did not generate new unique materials.

Data and code availability

All of the datasets used in this study are available within the article and are described
in the supplemental information or are available from the corresponding author
upon reasonable request. There was no code generated in this study.

MoO3; and WO3; NPs suspension production

MoQO3 and WO3 NPs were synthesized in deionized water by the electroexploding wire
technique at a direct current voltage of 36 V using an NP generator (Metal Xano, Nano-
vie, Taiwan). The concentration of either MoO3 or WO3 NP suspension was estimated to
be ~4 x 1073 M and it was simply mixed to prepare (WO3)s7.5(M0QO3)12.5 suspensions.

(WO3)41.,(M00O3), composite film deposition

The mixed NP suspensions were used to deposit nanoporous, nanoparticulate films
on the FTO glass by a spray coater (Xano Spray Coating, Nanovie). The FTO glasses,
having a thickness of 2.2 mm and a sheet resistance of 7 Q/sq, were purchased from
Rui Long Optoelectronics (Taiwan). During the spray-coating deposition, the FTO
glass substrates were heated at 300°C on a hot plate and the spray nozzle was
kept at a distance of 9 cm away from the substrate. The details about preparations
and characterizations of NPs and (WO3); 4(MoO3), composite films were described
in our previous paper.”

WO3/MoO; supercapacitor ESD

The fabrication of supercapacitive ESDs with (WO3)g7 5(M0O3)12.5 composite films on
the negative electrode was described as follows. (WO3)s7.5(M0O3)12 5 suspensions
were spray coated on an FTO glass substrate with an area of 4.0 x 3.5 cm? that
was used as a negative electrode for the supercapacitive ESDs. The coated FTO glass
substrate was affixed on its four edges with frame spacers using double-sided acrylic
tape (Kinsten Industrial, Taiwan) with a thickness of 1 mm. Another empty FTO glass
substrate was attached on the acrylic tape on the positive electrode to form a super-
capacitive ESD. The edges of the ESD were sealed with a UV sealant (Padico, Japan)
while leaving a small hole for the injection of the electrolyte. Finally, a 1-M LiCIO4 + PC
electrolyte® was injected into the ESD using a syringe mounted with a sharp needle.
The working area of the ESD was ~4.0 x 3.5 cm?. The same procedure was applied to
fabricate symmetric ESDs in which (WO3)g7 5(M0O3)12. 5 composite films were coated
on the two opposite FTO glass substrates of the symmetric ESD.

Characterization

Morphologies and lattice structures of WO3 and MoO3 NPs were inspected using
TEM (JEOL ARM200F, Japan). The thicknesses of the nanoparticulate (WO3)g7 5
(MoO3)q2.5 films on the FTO glass substrates were measured using an SEM (Hitachi
SU-8010, Japan), and the surfaces of the films were inspected using an AFM
(SPA300HYV, Seiko Instruments, Japan). The Raman spectra of the nanoparticulate
films on the FTO substrates were taken with a 532-nm laser source by a Raman spec-
troscope (MRI, ProTrustTech, Taiwan). Crystalline structures were examined using
XRD (D8 Advance, Bruker AXS, Germany) with a Cu Ka radiation source (A =
1.5406 A). Surface electronic states of nanoparticulate films were collected using
XPS (PHI 5000 VersaProbe, UIVAC-PHI Instruments, Japan). CV and GCD measure-
ments were performed in a three-electrode system using a potentiostat (SP-50 Po-
tentiostat, BioLogic, France). Electrochemical impedance spectroscopy data were
collected using an electrochemical station (Autolab PGSTAT302N, Metrohm AG,
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Switzerland). Pt meshes were used for the counterelectrode, and the reference elec-
trode was the standard hydrogen electrode. The 1 M LiClIO,4 + PC electrolyte was
used in the potentiostat. The voltage scanning rates of 2, 5, 10, and 20 mV/s were
adopted in the CV measurements, and the current densities of 0.1, 0.2, 0.3, 0.5,
1.0, and 1.5 mA/cm? were applied in the GCD measurements.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2024.101836.
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