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ABSTRACT: Microsupercapacitors (MSCs) are promising
energy storage devices to power miniaturized portable
electronics and microelectromechanical systems. With the
increasing attention on all-solid-state flexible supercapacitors,
new strategies for high-performance flexible MSCs are highly
desired. Here, we demonstrate all-solid-state, flexible micro-
pseudocapacitors via direct laser patterning on crack-free,
flexible WO3/polyvinylidene fluoride (PVDF)/multiwalled
carbon nanotubes (MWCNTs) composites containing high
levels of porous hierarchically structured WO3 nanomaterials
(up to 50 wt %) and limited binder (PVDF, <25 wt %). The work leads to an areal capacitance of 62.4 mF·cm−2 and a volumetric
capacitance of 10.4 F·cm−3, exceeding that of graphene based flexible MSCs by a factor of 26 and 3, respectively. As a noncarbon
based flexible MSC, hierarchically nanostructured WO3 in the narrow finger electrode is essential to such enhancement in energy
density due to its pseudocapacitive property. The effects of WO3/PVDF/MWCNTs composite composition and the dimensions
of interdigital structure on the performance of the flexible MSCs are investigated.
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■ INTRODUCTION

Microsupercapacitors (MSCs) with 3-dimensional (3D)
interdigital structures have attracted much attention due to
the unique on-chip design for energy storage and its advantage
in the enhancement of energy density.1−6 With the ever
increasing use of portable electronic devices, all-solid-state
flexible SCs have caught much interest.3,7−11 Flexible MSCs,
which circumvent the limitations of rigid substrates and are
potentially compatible with reel-to-reel production, are
especially promising. Carbon materials, such as graphene or
carbon nanotubes (CNTs), have been utilized in MSCs;3,7 they
are also the only materials showing favorable flexibility so far.12

Nonetheless, the aggregation and restacking problems of
graphene during fabrication processes cause a low capacitance
by hampering ionic access to the surfaces. Nanostructured
metal oxides with several oxidation states have been widely
investigated for energy storage applications owing to the
presence of pseudocapacitive.8,13−15 To date, pseudocapacitive
materials based flexible 3D MSCs, particularly with a scalable
fabrication method, have not been reported. On one hand,
introducing pseudocapacitive nanomaterials into electrodes for
capacitors with traditional processes involving solvent evapo-
ration, drying, or annealing often creates mud cracks because of
shrinkage-related biaxial tensile stresses, leading to unstable and
even poor performance of devices.16 On the other hand, it

remains challenging to form and maintain the micron-sized
interdigital structures on flexible materials.
WO3 has high pseudocapacitance, resulting from electro-

chemical intercalation/deintercalation with protons following
the application of a low voltage, represented as17,18

+ + ← →+ −x xWO H e H WOx3 3 (1)

Its high intrinsic density (>7 g·cm−3) implies that WO3 has
the higher volumetric power/energy performance.19 It is also
highly resistant to strong acids. Chang et al. previously reported
that the utilization of crystalline tungsten oxide mixtures as
electrodes resulted in a capacitance of up to 290 F·g−1;20 Yoon
et al. reported a specific capacitance of 451 F·cm−3 from a
mesoporous nanostructured WO3.

21 Jeong et al. fabricated
WO3 nanoparticle impregnated ZrO2−SiO2 sheets for energy
storage and reported a capacitance of 313 F·g−1.22 It is well-
known that 3D hierarchical nanostructures boast high surface/
body ratios, large surface areas, and higher permeability, thus
being beneficial to the enhancement of supercapacitor perform-
ance.23,24 Hercule et al. reported that the hierarchical
architecture allows for the synergistic contribution of mixed
electrode materials and leads to a better electrochemical
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performance.25 In this work, all-solid-state flexible MSCs, as
shown in Figure 1, were prepared by a scalable process of direct

laser patterning on crack-free flexible WO3/polyvinylidene
fluoride (PVDF)/multiwalled carbon nanotubes (MWCNTs)
films containing porous hierarchically structured tungsten
trioxide (WO3) nanomaterials (up to 50 wt %) and limited
binder (PVDF, <25 wt %). The work leads to an areal
capacitance of 62.4 mF·cm−2 and a volumetric capacitance of
10.4 F·cm−3, exceeding that of graphene based flexible MSCs3

by a factor of 26 and 3, respectively.

■ RESULTS AND DISCUSSION
Most of the nanomaterials based MSCs reported previously are
too thin to provide sufficient energy.1,19 The high energy and
power densities reported from thin electrodes do not scale up
with the thickness of the electrode, while thick electrodes are
conducive to higher energy densities, but may decrease charge/
discharge rates, thus lowering power.26 We designed and
fabricated interdigitated electrodes with minimized width of,
and gap between, the fingers to allow for more active
nanomaterials on the electrode areas, lower internal impedance,
and higher charge/discharge rates (Figure 2). In addition, the

fact that only part of the electrodes (<10 μm) near the
geometric electrode/electrolyte interface can be utilized as a
result of the poor penetration of solid-state electrolyte hampers
the practicality for thick electrode active nanomaterials being
used for solid-state SCs in traditional sandwiched structures.27

Therefore, the interdigital structure is essential to the
application of thick nanomaterials-containing electrodes in all-

solid-state SCs by downsizing each finger electrode, thus
shortening the distance for solid-state electrolytes to wet.

Hierarchically Nanostructured Tungsten Oxide Fab-
rication. Different from the hydrothermal processes used for
the fabrication of nanostructured tungsten oxide at 120−180
°C in autoclaves,28,29 we developed an acid-directed hydro-
thermal process to form hierarchical tungsten oxide nanostruc-
tures at low temperature (70−90 °C) under atmospheric
conditions by leveraging the chelating ability of citric acid. By
changing the ratio of Na2WO4 and citric acid solutions, reactant
concentrations, and pH value, a family of tungsten oxide
nanostructures could be prepared as shown in Figures 3 and S1.
With the decreasing concentrations of reactants and pH value,
the morphology of tungsten oxide precipitates varied from
spheres comprised of needle bundles, nanoplates, and nest-like
hollow spheres to spheres consisting of nanoplates with
increasing duration. In this work, the WO3 powder with nest-
like morphology (Figure 3D) was used as the pseudocapaci-
tance material for the MSCs on account of its hierarchical
morphology and relatively higher yield than the other two
(Figure 3E,F) produced by our growth method. Figure 4
displays more details of the nanostructured materials. Figure
4A,B shows that our tungsten oxide nanostructures consisted of
a few highly porous spherical shells self-assembled by
nanoplates of 30−80 nm in thickness. XRD spectra (Figure
4F) reveals that only the spectrum of WO3·H2O could be
observed with preferential growth in the (111) direction
(ICDD PDF 00-043-0679). It was converted to WO3 after
annealing in air at 500 °C for 2 h to remove citrate ligands.
Accordingly, the smooth surface of the nanoplates in the nest-
like nanostructures became rough and even porous (Figure
4C,D). The high resolution transmission electron microscopy
(HRTEM) image in Figure 4E shows lattice fringes of scraped
hierarchical WO3 nanostructures. The interplanar spacing
values of 0.367, 0.379, and 0.264 nm correspond to the crystal
planes (200), (020), and (220) of the monoclinic WO3 phase
(ICDD PDF 04-005-4272), respectively.
To prevent crack formation, the freestanding electrode films

were prepared prior to integration onto supporting substrates
(Surlyn, 25 μm), thereby avoiding the restraint from the
substrate against their natural contraction during the drying
process. MWCNTs were used to improve the electrical
conductivity of the electrodes, and likewise, acetylene carbon
black was used for comparison. PVDF possesses a high
dielectric constant and excellent chemical corrosion resistance
and is commonly used as a binder in energy storage
systems.30,31 The interconnected hollow structures of WO3
powder in the composite not only offered spaces to
accommodate the solid-state electrolyte and low hurdles for
ionic diffusion but also functioned as a scaffold to maintain the
porous structure of the electrodes. These benefits remained
even after the electrode was compressed for better electric
conductivity before usage, as shown in Figure 5A. Figure 5B,C
shows that the thickness of compressed WO3/PVDF/
MWCNTs (0.5:0.25:0.25) film is ∼60 μm, and the outer
surface of WO3 structures was fully covered by PVDF/
MWCNTs matrix. Figure S2A,B shows that the dry film was
freestanding and crack-free even if its surface area shrunk down
to ∼20% of the initial casting size. Figure S2C,D demonstrates
the excellent flexibility of WO3/PVDF/C films, both in the
freestanding form and with the use of a Surlyn substrate.

Electrochemical Measurement of Electrodes. To
investigate the impact of film compositions on its electro-

Figure 1. Images of MSCs. (A) A freestanding MSC, (B) wrapped
onto a pen, (C) under an optical microscope (scale bar: 500 μm).

Figure 2. Schematics of the mechanism of MSCs. (A) MSC design
with interdigitated electrodes in the form of narrow fingers and with
minimized spacing in between. (B) Protons intercalate with
pseudocapacitive materials.
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chemical properties, four types of WO3/PVDF/C composite
films (films 1 to 4) were fabricated and used as direct electrodes
for electrochemical studies (Figure S3). Their cyclic voltammo-
grams were characterized from −0.2 to 0.8 V and are
summarized in Figure 6. The curves demonstrate an evolution
from a rectangular shape for the PVDF/MWCNT electrode to
a dolphin-like shape for electrodes with increasing WO3
components, suggesting varying contributions of pseudocapci-
tance and electric double layer (EDL) behavior.20,32

Film electrodes with a high level of WO3 (50%) exhibited
higher capacitances, with a maximum specific capacitance of 77
F·cm−3 at a scan rate of 5 mV·s−1 for film 1. By replacing
MWCNTs with the same mass of acetylene carbon black in film
2, the cyclic voltammetry (CV) curves (Figure 6C)
demonstrate a relatively narrow tip within 0.6−0.8 V, indicating
poorer EDL capacitance (EDLC) due to smaller specific surface
area of acetylene carbon black than MWCNTs. However, the
volumetric capacitance of film 2 was still higher than films 3 and
4 containing less WO3. The shape in Figure 6D (film 3)
exhibits a higher EDLC contribution than pseudocapacitance to
the total capacitance, resulting from the higher ratio of
MWCNTs to WO3. By assuming that the capacitance of the
four electrodes at high potential range (0.6−0.8 V) is pure
EDLC and does not change over the whole voltage range, the
respective contribution of EDLC and pseudocapacitance to the
overall capacitance can be plotted (Figure S4) and
evaluated.33,34 The contribution of pseudocapacitance to the
whole capacitance of the electrodes is 46%, 70%, and 44% for
films 1, 2, and 3, respectively. The higher value for film 2 is due
to the relatively low EDLC of acetylene carbon black compared
with film 1.
Brunauer−Emmett−Teller (BET) surface area analysis and

Barrett−Joyner−Halenda (BJH) pore size and volume analysis
(Figure S5 and Table S1) show that the presence of
hierarchically nanostructured WO3 increases the pore size of
electrode by 25% comparing the data of film 1 (50% WO3) and

film 4 (no WO3). Film 2 showed the lowest pore size because
of the smaller surface area of acetylene carbon black than
MWCNTs. Although WO3 reduced the total pore volume of
electrodes (partially because of the low density of MWCNT
materials), the contribution of pseudocapacitance significantly
outweighs the negative impact of this materials.

Fabrication and Performance of MSCs. Among the
processes used to fabricate MSCs, laser technology is especially
promising as it allows for scalable fabrication of interdigital
MSCs. Cao et al. fabricated an on-chip MSC using a laser to
pattern MoS2 nanosheets and reported an areal capacitance of 8
mF·cm−2.5 Here, a femtosecond laser was used to fabricate the
interdigital structure with high width-to-depth aspect ratio on
WO3/PVDF/MWCNTs composite films. The minimized
thermal effects of the laser ablation kept the narrow finger
electrodes from breaking. WO3/PVDF/MWCNTs composite
films were fixed onto a flat and rigid surface for the subsequent
laser patterning as shown in Figure 7. The WO3/PVDF/
MWCNTs film functioned as both active material and electron
collector for MSCs. Surlyn served as an adhesive and substrate
to stabilize the finger electrodes during the laser patterning,
while low tack polyethylene (PE) tape was used to facilitate the
detachment of MSCs from the glass slides following drop
casting of poly(vinyl alcohol) (PVA)/H2SO4 electrolyte and
removal of excess water.
Film 1 was used to fabricate MSCs. The photo image of

MSC is shown in Figures 1 and S6 with a finger width of 200
and 30 μm of spacing. After the laser ablation, the surface of
finger electrodes was covered by a 2 μm layer of WO3
nanoparticles with diameters of 100 nm as shown in Figure
S7. XRD spectra (Figure S8) show that new phases in small
amount were formed during the laser ablation and were
associated with WO2 (2θ = 36.84) and W (2θ = 40.16) due to
the reduction reaction of carbon with tungsten trioxide.35

Energy dispersive X-ray (EDX) linescan spectra (Figure S9)
indicate that the interior composition was not changed within

Figure 3. SEM images of hierarchical tungsten oxide nanostructure with different growth conditions. (A) pH = 1.5, Na2WO4 (0.25 M)/citric acid
(0.25 M) = 1:1, 90 °C, 0.5 h; (B) pH = 1, Na2WO4 (0.25 M)/citric acid (0.25 M) = 1:1, 90 °C, 0.5 h; (C) pH = 1, Na2WO4 (0.125 M)/citric
acid(0.125 M) = 1:1, 90 °C, 1 h; (D) pH = 0.5, Na2WO4 (0.08 M)/citric acid (0.10 M) = 0.8, 90 °C, 2 h; (E) pH = 0.5, Na2WO4 (0.05 M)/citric
acid (0.10 M) = 1:2, 90 °C, 6 h; (F) pH = 0.5, Na2WO4 (0.02 M)/citric acid (0.10 M) = 1:2, 90 °C, 8 h. Scale bars are 5, 10, 1, 5, 10, and 10 μm in
(A−F), respectively.
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the finger electrode structure after the laser ablation. The laser
ablation could burn the carbon and PVDF out and cause

slightly higher composition of tungsten and oxygen only in the
surface area of the finger electrodes. Figures 1A,B and S6A,B
show photographs of a prepared flexible MSC before and after
detachment from the glass substrate. In our experiments, Film 4
(PVDF/MWCNTs) was burned out during the laser ablation,
failing to form interdigital structures. Hence, the metal oxide
(WO3) also presumably played a role as flame retardant in our
work. Our use of pulsed laser also benefited the laser
patterning, as it reduces the risk of burning of the polymer
substrates towing to excessive ablation. MSCs were ready for
electrochemical testing after being coated by PVA/H2SO4

hydrogel electrolyte and removal of excess water (>4 h).
PVA/H2SO4 hydrogel played a critical role in keeping the
fingers from contacting one another and breaking during the
detachment from the substrate. Three types of MSCs were
constructed with finger widths of 50, 100, and 200 μm,

Figure 4. Characterization of nanostructured tungsten oxide. (A, B) SEM images of nest-like WO3·H2O and (C) WO3 (after annealing at 500 °C in
air for 2 h). (D) TEM images of WO3. (E) HRTEM images of WO3 (inset, the fast-Fourier transform image). (F) XRD spectra of tungsten oxide
before and after annealing. Scale bars are 1 μm, 200 nm, 200 nm, 100 nm, and 2 nm in (A−E), respectively.

Figure 5. Scanning electron microscopy (SEM) images of a
compressed WO3/PVDF/MWCNTs (0.5:0.25:0.25) film. (A) Top
perspective view; (B, C), cross-sectional views. Scale bars are 1, 100,
and 500 μm in (A−C), respectively.
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respectively. The spacing between neighboring fingers was ∼30
μm. Figures 8, S10, and S11 display the electrochemical
performance of these MSCs. The shape of CV curves is affected
by both the electron−proton transfer mechanism at the surface
of pseudocapacitance materials and the internal resistance.36 At
the high scan rate of 100 mV·s−1, the CVs in Figure 8A,B,E
retain a nearly symmetrical rectangular shape and instantaneous
response upon the reversal of applied voltage, indicating a high
power of our MSCs.37 The highest areal and volumetric
capacitance achieved was 62.4 mF·cm−2 and 10.4 F·cm−3,
respectively, from the MSC with 100 μm finger electrodes,
measured at a scan rate of 20 mV·s−1 and 0−0.8 V voltage
window as shown in Figure 8C. A 17% decrease to 8.65 F·cm−3

was observed when the scan rate was increased to 100 mV·s−1.
The interdigital structure significantly improved ionic diffusion
in thick electrodes, which explains the improvement in the
specific capacitance of the MSC electrode up to 41.6 F·cm−3,
even higher than that of electrodes in a liquid electrolyte (2 M
H2SO4) of a three-electrode system (36.8 F·cm−3).
Although the MSC with 50 μm-wide fingers has a larger

cross-sectional surface area than 100 μm-wide fingers and thus
a higher expected volumetric capacitance, it has a lower relative
capacitance (7.7 F·cm−3); this can be attributed to a larger

impact of the increasing electric resistance of the smaller finger
electrode on its performance. The lowest capacitance (3.05 F·
cm−3) of the MSCs with 200 μm-wide fingers indicates that the
interdigitated design has less contribution when the size of the
fingers increases far beyond the wetting distance of the solid-
state electrolyte. Wider fingers, though, have lower internal
resistance, shown by the electrochemical impedance spectros-
copy (EIS) (Figure 8D). The EIS was measured in the
frequency range of 1−1000 Hz. Compared with 1.5−2.5 Ω of
resistance shown in the EIS spectra for four types of film
electrodes in 2 M H2SO4 solution in the form of the Nyquist
plots (Figure S12), the microsized finger electrodes mainly
resulted in the increased internal resistance. The double layer
low frequency spikes all start at ∼9 Hz, and the steep lines
indicate nonideal capacitive response due to the surface
roughness and nonuniform active layer thickness. The steep
slope of the double layer spike also makes the Warburg
impedance less conspicuous.38,39

When the spacing between neighboring fingers increased
from 30 to 50 μm (finger width = 100 μm), the MSC showed a
volumetric specific capacitance of 6.29 F·cm−3 at a scan rate of
20 mV·s−1 as shown in Figure S13. The decreased performance
could be associated with the reduction of active materials on
electrodes, given the total device area. Figures 8E and S14 show
that specific capacitance calculated from CV curves of an MSC
after detachment from the glass substrate did not experience
significant variation under different bending conditions. The
cyclic properties of MSCs were also tested; a 20% decrease was
observed after 1000 cycles on a glass slide and 2000 cycles
detached. The typical galvanostatic charge/discharge curves of
the MSC collected at different current densities are shown in
Figure 8F. The highest energy density and power density was
found to be 0.97 mWh·cm−3 and 62 W·cm−3, respectively.

Figure 6. Electrochemical performance of WO3/PVDF/C electrodes with an Ag/AgCl reference electrode. (A) CV profiles of film 1 (WO3/PVDF/
MWCNTs 0.5:0.25:0.25), film 2 (WO3/PVDF/acetylene carbon black 0.5:0.25:0.25), film 3 (WO3/PVDF/MWCNTs 0.2:0.55:0.25), and film 4
(PVDF/MWCNTs 0.75:0.25) in 2 M H2SO4 at a scan rate of 20 mV/s. (B−E) CV curves of film 1, 2, 3, and 4, respectively, at different scan rates in
2 M H2SO4 solution.

Figure 7. Schematic of the fabrication process for MSCs. (A) The
WO3/PVDF/MWCNTs films formed were attached onto rigid
substrate. (B) Laser patterning. (C) Detachment of as prepared MSCs.
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■ CONCLUSION

This work demonstrated an advantageous method to fabricated
all-solid-state flexible MSCs based on self-standing, crack-free
nanomaterials containing composite films. Nest-like WO3
nanostructures prepared with a low temperature hydrothermal
process were used as pseudocapacitive materials for MSCs. The
increasing composition of WO3 in the composite electrodes
contributed to higher specific capacitances. The interdigital
structure realized by direct laser patterning on thick composite
electrode was the key to the ultrahigh volumetric capacitance
and energy density of our flexible MSCs. The MSC with fingers
with a width of 100 μm and a spacing of 30 μm exhibited the
highest energy storage performance. The performance of these
MSCs can be further enhanced by optimizing electrode
materials, the wetting property between the electrode and the
electrolyte, and the laser processing.

■ EXPERIMENTAL SECTION
Synthesis of Porous Hierarchical WO3 Nanostructures and

Characterization. In a typical experiment, 100 mL of Na2WO4 (0.08
M) solution and 100 mL of citric acid (0.10 M) were added into a

glass container, followed by adding HCl (5 M) to the container to
adjust the pH value to 0.5, monitored by pH tester (Oakton, EW-
35634-30). The container covered by a glass slide was subsequently
placed in a furnace maintained at 90 °C for 2 h. The final reactive
solution was clear, and the yellow nest-like WO3·H2O precipitates
could be found on the bottom and side wall of the reactor. These
precipitates were washed with DI water and centrifuged three times to
remove impurities. The WO3·H2O powder was dried in air at 100 °C
and then annealed in air at 500 °C for 2 h. All chemicals were bought
from Sigma-Aldrich. The prepared tungsten oxide nanomaterials were
characterized by scanning electron microscopy (LEO 1530 FESEM),
transmission electron microscopy (Tecnai TF-30), and XRD spec-
troscopy (Bruker D8 discovery, operating with a Cu Kα radiation
source filtered with a graphite monochromator [λ = 1.5406 Å]).

Femtosecond Laser Process. We used a vertical-polarized laser
(Uranus2000-1030-1000, PolarOnyx) with pulse duration of 700 fs, a
wavelength of 1030 nm, and a repetition rate of 120 kHz to form the
comb structures on WO3/PVDF/MWCNTs films directly. The
diameter of the focal spot was 1.5 μm. A mechanical shutter was
used to turn the laser on and off. A neutral density attenuator and
polarizer were used to control the power and polarization of the laser
beam. The sample was mounted on a computer-controlled xyz stage
(Newport XMS-160, XMS-100, and GTS-30 V for the x-axis, y-axis,
and z-axis, respectively). By translating the sample, the microstructures

Figure 8. Electrochemical performance of MSCs. (A,B) CV curves of WO3/PVDF/MWCNTs (0.5:0.25:0.25) based MSCs with the finger width of
100 μm at deferent potential windows and scan rates. (C) Volumetric capacitance and (D) EIS of MSCs with different finger widths. (E) CV curves
of MSC before and after detachment from the glass substrate. (F) Galvanostatic charge/discharge curves of MSCs (finger width of 200 μm)
collected at different current densities.
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were patterned by the focused laser pulses, and a CCD camera and
relay lens were used for real-time monitoring of the patterning process.
The laser energy was 2.45 μJ per pulse, and the scanning speed was 0.5
mm·s−1.
Fabrication for MSCs and Electrochemical Characteriza-

tions. The compressed WO3/PVDF/MWCNT film (∼60 μm) was
first attached onto a layer of Surlyn (25 μm, Solaronix) by heating at
110 °C for 20 min. Then, the flexible composite was adhered through
the same heating process to the surface of a low tack PE tape (75 μm)
which had been preliminarily covered on a glass slide as shown in
Figure 7A. The thickness of electrodes used was determined by the
power of our laser system. The WO3/PVDF/C electrode with
substrates was then patterned by the laser to form interdigital
structures (Figure S15). The WO3/PVDF/C films functioned as both
active materials for energy storage and electron collectors. PVA/
H2SO4 hydrogel, as an electrolyte, was prepared by mixing 6 g of PVA
(Mw = 89,000−98,000, Sigma-Aldrich) powder, 6 g of H2SO4 (Sigma-
Aldrich), and DI water (60 mL). The mixture was heated at 85 °C
under stirring until the solution turned clear. WO3/PVDF/C
electrodes and MSCs were characterized by CV and electrochemical
impedance spectroscopy using a BAS 100B Electrochemical Analyzer.
Galvanostatic charge/discharge measurements were conducted using a
Keithley 2400 source meter and an Agilent 34411A 61/2 digital
multimeter. The CV of electrodes was measured in a three-electrode
system (vs an Ag/AgCl reference electrode). A platinum foil was
placed 1 cm away from WO3/PVDF/C electrodes as the counter
electrode.
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