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ABSTRACT: The capacitances of supercapacitors with carbon and metal
oxides as electrodes are usually associated with the available surface areas of the
electrode materials. However, in this paper, we report that proton insertion, an
unusual capacitive mechanism, may effectively enhance the capacitance of metal
oxides with low surface area but specific structures. Tungsten trioxide (WO3) as
the electrode material for supercapacitors has always suffered from low
capacitance. Nevertheless, enhanced by the proton insertion mechanism, we
demonstrate that electrodes fabricated by an assembly structure of hexagonal-
phase WO3 (h-WO3) nanopillars achieve a high capacitance of up to 421.8 F
g−1 under the current density of 0.5 A g−1, which is the highest capacitance
achieved with pure WO3 as the electrodes so far, to the best of our knowledge.
Detailed analyses indicate that proton insertion dominates the electrochemical
behavior of h-WO3 and plays the key role in reaching high capacitance by
excluding other mechanisms. In addition, a thorough investigation on the temperature-dependent electrochemical performance
reveals excellent performance stability at different temperatures. This study provides a new approach to achieving high
capacitance by effective proton insertion into ordered tunnels in crystallized metal oxides, which is primarily important for the
fabrication of compact high-performance energy storage devices.
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1. INTRODUCTION

Regarding the increasing consumption of fossil fuels and
continuous worsening climate, renewable energy resources, as
well as clean energy devices, have started to take place in our
daily lives. In the meantime, energy storage systems with high
power density and/or high energy density have become more
and more desirable.1,2 Thereby, lithium-ion batteries3−5 and
electrochemical capacitors6−15 are regarded as the most
promising strategies for energy storage. Electrochemical
capacitors, also known as supercapacitors, are the proposed
energy storage systems for clean energy devices (e.g., hybrid
vehicles, electric vehicles, etc.) and renewable energy
generation facilities (e.g., wind power plant) benefiting from
their excellent characteristics: long cycle life, superior power
density, and high charging and discharging rates.1,2,16 More-
over, with the concept of flexible and wearable devices
becoming more and more popular, the convenience of the
fabrication of solid-state and cable/wire-based supercapacitors
drives the research on supercapacitors.17−27 On the basis of the
charge storage mechanism, supercapacitors can be divided into
two categories: electric double-layer capacitors (EDLCs) and
pseudocapacitors. For EDLCs, the charging mechanism is
associated with the absorption and desorption of charge carriers
at the electrode and electrolyte interfaces. However,
pseudocapacitors utilize fast and reversible surface redox
reactions so that they usually show much higher specific

capacitances and energy densities than EDLCs.16 For both
mechanisms of charge storage, the amount of charge that can
be stored is directly related to the amount of active material
that can be easily accessed, which are usually materials on the
surfaces. Accordingly, materials with large surface area, such as
porous materials, are desired for application. Thereby, the
synthesis of materials with large surface area attracts great
research attention.
However, a detailed mechanism analysis indicates that

pseudocapacitance can also come from the insertion of ions
into precise pathways in the crystalline networks. The benefit of
such pseudocapacitance is that large capacitance can still be
achieved in a short period. Moreover, such a mechanism is still
a capacitive process, which means that it will not be limited by
slow solid-state diffusion.28 This special pseudocapacitive
mechanism sheds light on a new approach to producing better
supercapacitors by using crystallized materials without porous
structures. However, pseudocapacitors with high capacitances
based on this mechanism are rarely reported.
Tungsten oxides are great electrochemically active materials

for energy storage.4,5,7,29−32 They have intriguingly fast and
reversible surface redox reactions, which is associated with the
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similar W−O bond lengths in tungsten oxides with different
oxidation states.33 Furthermore, the intrinsic high densities of
tungsten oxides show potential applications in the fabrication of
compact devices with excellent power performance.34 Theoret-
ically, tungsten oxides are formed by corner and edge sharing of
the WO6 octahedra. By ordered stacking of WO6 octahedra, a
considerable number of interstitial sites can be formed. Such
interstitial sites are effective accommodations for guest ions,
rendering the absorption and desorption of ions at the surface,
as well as insertion and deinsertion into the inner parts.33,35

Among the different crystal structures of various tungsten
oxides, the hexagonal-phase tungsten trioxide (h-WO3) would
be the most desired one for pseudocapacitors because it
provides larger hexagonal tunnels in addition to the typical
tetragonal tunnels.35−40 These precise tunnels may benefit the
insertion of guest ions into the tunnels existing in the h-WO3
crystal structure. As a result, a high capacitance is expected to
be obtained with h-WO3 as electrodes for supercapacitor
applications. To our best knowledge, pseudocapacitors based
on t-WO3 and m-WO3 have been thoroughly reported, while h-
WO3-based supercapacitors have been scarcely reported.
Here, we reported a facile hydrothermal method to

synthesize a novel assembly structure of h-WO3 nanopillars
via deintercalation of sodium tungstate. Surprisingly, the unique
well-aligned structures show great potential in using nonporous
crystalline materials as high-performance supercapacitor elec-
trode materials via the unusual insertion-based pseudocapaci-
tive mechanisms. As a result, the as-prepared h-WO3 nano-
pillars show a very high capacitance (421.8 F g−1 under the
current density of 0.5 A g−1), which is the highest value reached
by tungsten oxide materials so far, to the best of our knowledge.
The detailed mechanism and key factors to achieve such high
capacitance are thoroughly analyzed, which clearly reveals that
proton insertion into hexagonal tunnels in h-WO3 dominates
the pseudocapacitive behavior. Moreover, we carried out a
thorough investigation on the temperature-dependent capaci-
tance performance of the assembly structure of h-WO3
nanopillars because pseudocapacitance is based on a dynamic
process, which might be severely affected by temperature
variation.41−47 The results revealed great performance stability
at different temperatures and after rapid temperature-variation
shocks.

2. RESULTS AND DISCUSSION

2.1. Characterization of h-WO3 Nanopillars. As
aforementioned, h-WO3 is more desirable than t-WO3 and m-
WO3 for supercapacitors. However, h-WO3 is a metastable
phase,34 which means that it experiences phase transformation
during the formation of nuclei. Therefore, a capping reagent is
necessary to stabilize the formed h-WO3 structures.28,47−56

Herein, NaCl, a thoroughly investigated capping reagent, was
used. The results revealed that h-WO3 was successfully
fabricated. The formation process of h-WO3 has been
thoroughly investigated by Wang et al.,55,56 and the detailed
process is shown in Figure S1 in the Supporting Information
(SI). The as-prepared sample was examined by X-ray diffraction
(XRD), as shown in Figure 1. It is clear that the product
exhibits a single h-WO3 phase (JCPDS no. 75-2187, hexagonal,
P6/mmm). In addition, the intensive peaks indicate a well-
crystallized structure of the as-prepared sample. Moreover, it
should be noted that the intensity of the (001) peak is relatively
stronger than that of the standard patterns, suggesting that the

h-WO3 crystal may preferably grow along the [001] direction
during the hydrothermal reaction.
The morphologies of the as-prepared materials were studied

using scanning electron microscopy (SEM). As shown in Figure
2a, the as-prepared materials consist of h-WO3 bundles with

dimensions of submicrons. The magnified pictures shown in
Figure 2b,c clearly reveal that h-WO3 bundles are the assembly
structure of aligned h-WO3 nanopillars, which may result from
the preferable [001] growth of h-WO3. It should be noted that
some pores are observed on the cross section of the bundles
(Figure 3c), which may benefit penetration of the electrolyte.
Figure 3 displays transmission electron microscopy (TEM)

and high-resolution TEM (HRTEM) images of the as-prepared
assembly structure of h-WO3 nanopillars. Figure 3a clearly

Figure 1. XRD pattern of as-synthesized h-WO3.

Figure 2. Low-magnification (a), high-magnification (b), and cross-
sectional (c) SEM images of as-synthesized h-WO3.
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shows that an individual h-WO3 bundle is assembled by highly
aligned h-WO3 nanopillars. The dimension of one single bundle
is submicron, which coincides with the SEM observation shown
in Figure 2. As shown in Figure 3b,c, the lattice spacing
between adjacent planes is about 0.39 nm, which corresponds
to the characteristic lattice spacing of the (001) planes of h-
WO3 (JCPDS no. 75-2187). This also indicates that the h-WO3
nanopillars grow along the [001] direction, which confirms our
assumption that the as-prepared h-WO3 has a preferable [001]
growth direction. This preferable [001] growth and the

formation of nanopillar bundles are due to utilization of a
capping reagent (NaCl), which can effectively suppress the
growth of other lattice planes of h-WO3, as demonstrated in
Figure S1 in the SI. In addition, nanopillars with a diameter of
about 6 nm can be evidently observed in Figure 3c. The
smooth boundaries between the nanopillars may benefit the
transfer of charges in electrochemical tests.

2.2. Electrochemical Characterization. In order to
investigate the electrochemical performance of the synthesized
materials, cyclic voltammetry (CV) was carried out within the
potential range of −0.5 to 0 V versus a standard calomel
electrode (SCE) in a three-electrode cell. Figure 4a shows the
CV curves of the h-WO3 electrodes with a scan rate of 2−20
mV s−1. It is noted that CV curves at different scan rates
present a near-rectangular and symmetric shape, while
characteristic redox peaks can be observed at −0.2 and −0.34
V. This indicates a typical pseudocapacitive behavior and
excellent reversibility. To achieve a profound understanding of
the change of redox patterns, capacitance versus potential
profiles, derived from dividing the measured current by the scan
rate, are plotted in Figure 4b. At low scan rates, large anodic
and cathodic peak capacitances can be clearly identified as
577.5 and 623.6 F g−1, respectively. However, the shift of the
anodic and cathodic peaks becomes much larger with increased
scan rates, and distortion of the CV and capacitance patterns
becomes more obvious as well, as shown in both parts a and b
of Figure 4, which results from the finite time constant (τ), as
shown in Figure S2 in the SI.
Capacitances of different scan rates can be calculated from

the CV curves by using the following equation:

∫=
Δ

C
mv V

I V
1

2
dCV (1)

Here, m is the weight of the active material, v is the scan rate,
ΔV is the potential range, and I is the current at certain
potentials. The calculated capacitances at 2−20 mV s−1 are

Figure 3. TEM (a) and HRTEM (b and c) images of the as-
synthesized assembly structures of h-WO3 nanopillars. The black lines
show the boundaries of the pillars.

Figure 4. CV curves (a), profiles of capacitance versus potential (b), and charge−discharge profiles (c) measured at different rates and (d) cycling
stability of the as-synthesized h-WO3 nanopillars.
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417.8, 380.5, 345.5, 321.6, and 201.9 F g−1, respectively. These
large capacitances are confirmed by the capacitance obtained
from galvanostatic charge−discharge profiles measured at 0.5−
5 A g−1, as shown in Figure 4c: the capacitance can reach 421.8
F g−1 at 0.5 A g−1 and maintain 311 F g−1 at a high charge−
discharge rate (5 A g−1). It should be noted that the high
specific capacitance achieved here is quite impressive when
compared with those of supercapacitors based on other
tungsten oxide materials, and even other popular materi-
als11,12,21,22,24,25,28−31,33 (Table 1). In addition, the specific
energy and power performance can reach near 10 Wh kg−1 at 1
kW kg−1 (Figure S3 in the SI). The results reveal a very
competitive power performance compared with those of other
materials, such as t-WO3 (∼0.02 Wh cm−3 at 1 W cm−3 with a
density of 3.3 g cm−3),33 In2O3 (1.29 Wh kg−1 at 7.48 kW
kg−1),25 NiO (∼15 Wh kg−1 at 1 kW kg−1).12 The cycle ability
is excellent, as shown in Figure 4d: almost 100% capacitance
retention is achieved within 1000 cycles.

The high capacitance achieved is quite surprising considering
the bulk features of the synthesized assembly structure of h-
WO3 nanopillars, which possesses a very small specific surface
area of 26.4 m2 g−1, as revealed in Brunauer−Emmett−Teller
analyses (Figure S4 in the SI). By common sense, a low surface
area of the electrodes means that very limited active materials
can contribute to the capacitance, which may eventually result
in a low capacitance of the supercapacitor. Therefore, it is
worth investigating the mechanism behind and uncover the
unknown factors contributing to the large capacitance achieved
in the assembly structure of h-WO3 nanopillars.

2.3. Analyses of the Dominated Energy Storage
Mechanism. It is well-known that electrochemical energy
storage is dominated by two mechanisms: capacitive process
and semiinfinite diffusion. Therefore, first, we will illustrate that
energy storage by the assembly of h-WO3 nanopillars is
dominated by the capacitive process instead of semiinfinite

Table 1. Comparison of the Performances of Supercapacitors Based on Tungsten Oxides and Other Popular Active Materials

formula
specific

capacitance synthesis method morphology crystal structure ref

h-WO3 421 F g−1 hydrothermal synthesis aligned nanopillar bundles hexagonal this work
m-WO3−x-C-s 103 F g−1 block-polymer-assisted synthesis hexagonal porous triclinic 33
tOMC-WO2.83 175 F g−1 ordered mesoporous carbon-assisted synthesis particles in mesoporous carbon monoclinic 30
m-WO3 199 F g−1 template-assisted synthesis mesoporous cubic 31
WO3−WO3·0.5H2O 293 F g−1 microwave-assisted hydrothermal synthesis disordered nanorods hexagonal + cubic 28
a-WO3 231 F cm−3 microwave irradiaion amophorous amphorous 29
NiO 309 F g−1 chemical bath deposition nanosheets cubic 11
CuCo2O4@MnO2 296 F g−1 hydrothermal synthesis core−shell cubic 21
Co9S8/Co3O4@RuO2 4.28 F cm−3 hydrothermal synthesis nanorods@nanosheets 22
RuO2·xH2O 502 F g−1 hydrolysis hollow fusiform amphorous 12
In2O3 64 F g−1 filtration nanowires 24
SnSe 1.8 mF cm−2 sol−gel nanowire orthorhombic 25

Figure 5. (a) b value determination of normalized anodic and cathodic peak currents, (b) plot of normalized charges versus v−1/2, (c) plot of
reciprocal normalized charges versus v1/2, and (d) profile of the cathodic peak shift of as-synthesized h-WO3.
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diffusion. As is known, the currents’ changes in Figure 4a obey
the power law:57

=i avb (2)

where i represents the current, v is the scan rate, and a and b are
adjustable values. When the b value is 0.5, the current is
controlled by semiinfinite diffusion, while a value of 1 indicates
that the current is surface-dominated; that is, charge storage is a
capacitive process. To probe the basic charge process behavior
in the h-WO3 electrodes, log(i) versus log(v) is plotted from
0.5 to 20 mV s−1 for both cathodic and anodic peaks, as shown
in Figure 5a. Evidently, the b value (slope of the curve) is close
to 1 for both cathodic and anodic peaks at scan rates ranging
from 0.5 to 5 mV s−1, indicating a surface-dominated kinetic,
which reveals the capacitive behavior. Figure 5a also exhibits
that the b value changes to 0.8 and 0.7 for cathodic and anodic
peaks, respectively, when the scan rates are higher than 5 mV
s−1. This deviation may come from an increase of the ohmic
contribution (resistance of the active material and its interface
with the electrolyte) and diffusion limitations.
To further reveal the mechanism of the capacitance, the

following calculations are carried out. According to the theory
by Trasatti et al.,58,59 the charges stored can be characterized by
the dependence of voltammetric charges (Q) on the scan rates
(v). The value of Q can be regarded as a sum of the charges
resulting from capacitive behavior (Qc) and the charges related
to diffusion (Qd):

= +Q Q Qc d (3)

Assuming that semiinfinite diffusion is involved during the
charge−discharge process, Q can be obtained by extrapolating
the plots of Q versus v−1/2 (Figure 5b). The linear region
represents a limited diffusion process, whereas the capacitive
behavior should be independent of the scan rates. Analogous to
Figure 5a, the capacitive (region 1: <5 mV s−1) and diffusion
(region 2: >5 mV s−1) regions can be divided in Figure 5b.
With scan rates smaller than 5 mV s−1, the value of Q is not
very sensitive to variation of the scan rates. Thus, the
extrapolated y intercept yields the capacitance that should
solely originate from the capacitive behavior. The estimated
charge is ∼200.18 C g−1, which is ∼48% of the theoretical value
calculated based on one-electron redox reaction with WO3.
However, in region 2 where the scan rates are higher than 5 mV
s−1, the diffusion process may limit the charging process; thus,
the value of Q decreases near linearly with increasing scan rates.
In addition, the charges associated with the most accessible

areas, which are usually proportional to the specific surface area,
can be estimated by extrapolation of the plot in region 2. The
result shows that the capacitance coming from the most
accessible area is only as low as ∼23.23 C g−1, which is in good
agreement with the small specific surface area, as described
before.
It is well-known that pseudocapacitance originates from three

mechanisms: the underpotential deposition of metals, fast
surface redox reactions, and ion insertion without phase
changes.3,4 Among these three mechanisms, the underpotential
deposition and surface redox mechanisms are particularly
associated with the specific surface area and exhibit the typical
kinetics of the surface-controlled electrochemical process.
However, the insertion-based pseudocapacitance is quite
unusual. This is because most charge storage based on the
insertion of ions into bulk materials is limited by the slow solid
diffusion process, whereas the pseudocapacitive behavior needs
a surface-controlled process just like the underpotential
deposition and surface redox reactions.
According to the above analyses associated with Figure 5b,

the capacitance related to the most accessible area is quite a
small portion of the whole capacitance (23.23 C g−1 vs 23.23 +
200.18 C g−1), and we can conclude that the high rate insertion
of protons into the inner area of h-WO3 nanopillars results in
the high capacitance obtained. For further confirmation of the
validity of this implication, the infinite-time charge is obtained
by extrapolating the plot of 1/Q versus v1/2 (Figure 5c). The
result shows that the infinite-time charge is ∼251.26 C g−1,
which is close to the result we estimated before (∼200.18 C
g−1). On the basis of these analyses, we can confidently claim
that the high capacitance obtained is associated with the high
rate insertion of protons into tunnels in the h-WO3 crystal
lattice.
The other feature of the capacitive behavior of h-WO3 at scan

rates of <5 mV s−1 is that the peak potential shifts with the scan
rates are relatively small. As exhibited in Figure 5d, the cathodic
and anodic peak potential shifts are generally smaller than 0.1 V
with scan rates below 5 mV s−1. This is a good indication of the
facile insertion of protons because the slow diffusion-controlled
process will result in much larger peak shifts when the charge−
discharge time is as short as 1 min such as in lithium-ion
batteries.
The facile insertion of protons into h-WO3 implies that the

crystal structure offers precise transport pathways for protons.
Parts a and b of Figure 6 show the (001) and (100) planes of h-
WO3. Evidently, the hexagonal crystal structure possesses a

Figure 6. (a and b) Schemes of the hexagonal-phase tungsten oxides along the [001] and [100] directions of the microstructure of as-synthesized h-
WO3.
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large amount of tunnels: special hexagonal tunnels along the
[001] direction (Figure 6a) and typical tetragonal tunnels
formed by stacking of the WO6 octahedra perpendicular to the
[001] direction (Figure 6b). Obviously, the size and space of
the hexagonal tunnels are almost 5 times those of the tetragonal
tunnels because the area of the hexagonal tunnel is about 1.38
nm2 while the area of the tetragonal tunnel is only about 0.28
nm2. Consequently, the effective proton insertion depth of the
hexagonal tunnels will be much longer than that of the
tetragonal tunnels, resulting in a much higher proton insertion
associated with capacitance. On the basis of these analyses, a
huge amount of hexagonal tunnels contained in the as-
synthesized assembly structure of h-WO3 nanopillars would
permit the exceptionally fast and precise insertion of protons.
Meanwhile, the preferable [001] grown nanopillars enhance
this effect, which is the key factor in achieving the very high
capacitance. Additionally, detailed analyses on the capacitive
behavior of h-WO3 electrodes are elaborated in Figure S5 in the
SI.
2.4. Electrochemical Impedance Spectroscopy (EIS)

Tests. Furthermore, to gain insight into the capacitive behavior
at different potentials, EIS tests were conducted. In Figure 7a,

Nyquist plots at different potentials are shown in the frequency
range of 100 kHz to 10 mHz. Typical impedance behaviors of
pseudocapacitors are identified from the Nyquist spectra. The
first intersection point with the real axis (represented by Z′ in
Figure 7a) in high-frequency region indicates the resistance of
the electrolyte and intrinsic resistance of active materials (Rb).

The semicircle in the high-frequency to midfrequency region
was modeled by a charge-transfer resistance (Rct) and the
double-layer capacitance (Qdl) connected in parallel. After the
semicircle, the Nyquist plots show a tail in the low-frequency
region with a change in the slope to vertical, which is correlated
with the diffusion of protons into the active materials (Qw). The
following pseudocapacitance (Qps) is observed for nearly
vertical rise. The electrochemical process observed from the
Nyquist plots is represented by a modified Randles circuit with
a set of resistors and constant phase elements (CPE, denoted as
Q) in series and parallel, as shown in Figure 7b. The impedance
of CPE can be expressed by the following equation:

ω= =
Z

Y Y j
1

( )n

CPE
CPE 0

(4)

Here ω = 2πf. For n = 0 and 1, CPE represents pure resistor
and capacitor, respectively. Consequently, it is expected that the
n value of Qdl and Qps should be near 1. As mentioned before,
diffusion would be involved in the charge−discharge process,
whose impedance can be expressed by the following equation:

ω
=Z

A
j( )nw

0

(5)

For the semiinfinite diffusion process, which is usually
represented by Warburg diffusion, the n value will be 0.5.
By using the equivalent circuit shown in Figure 7b, Nyquist

plots can be fitted, and the best-fitted results are displayed as a
solid line in Figure 7a. Parameters of different elements in the
equivalent circuit are shown in Table 2 (χ2 <10−3). As shown in
Table 2, the value of Rb is around 0.8 Ω and remains invariant,
while the charge-transfer resistance (Rct) becomes much
smaller at lower potential, indicating an easier transfer of
charges. For a comparison of the capacitance, Qdl is much
smaller than Qps, suggesting that the capacitive behavior of the
assembly structure of h-WO3 nanopillars is mainly dominated
by the pseudocapactive mechanism, whereas the n values of
both Qdl and Qps are near 1, as expected for the typical
capacitive behavior. Furthermore, the values of Qdl and Qps
decrease with an increase of the potential, which is in good
agreement with the results shown in Figure 5a,b. Meanwhile,
deviation of the semiinfinite elements (Qw) from the ideal
semiinfinite diffusion (Warburg diffusion) becomes more
severe at higher potential. This may be attributed to the
exceptionally fast insertion of protons into h-WO3, as analyzed
before. Given the facile insertion of protons, it is reasonable to
consider it to be a charge-transfer process, which may exhibit
the behavior of the resistor. Thereby, the values of n at high
potential are closer to 0 because at high potential the protons
can insert into the inner part more easily with a small amount
of inserted protons. This special phenomenon further confirms
the insertion-enhanced capacitance of the as-synthesized
assembly structure of h-WO3 nanopillars.

Figure 7. (a) Nyquist plots and best-fitted results and (b) equivalent
circuit of the as-synthesized assembly structure of h-WO3 nanopillars.

Table 2. Parameters of Best-Fitted Results of EIS Spectra of the Assembly Structure of h-WO3 Nanopillars

Qdl Qw Qps

V (V) Rb (Ω) Y0 (F) n Rct (Ω) A0 (Ω s−1) n Y0 (F) n

−0.1 0.74 1.6 × 10−4 0.89 1.83 1.25 0.19 0.8336 0.96
−0.2 0.77 1.9 × 10−4 0.90 0.98 0.88 0.26 1.685 0.99
−0.3 0.83 2.0 × 10−4 1.00 0.35 0.70 0.35 1.992 0.97
−0.4 0.82 4.6 × 10−4 1.00 0.19 0.81 0.42 2.13 1.00
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2.5. Temperature-Dependent Performance of the h-
WO3 Electrodes. As we know, the temperature may severely
affect the performance of supercapacitors, especially for
pseudocapacitors. Herein we investigated the temperature
effects on the h-WO3 electrodes under various temperatures.
At elevated temperature, the capacitance increases as indicated
by charge−discharge profiles measured at 1 A g−1 (Figure 8a).

From 0 to 45 °C, a 31% increment is achieved from 346.4 to
453.6 F g−1. This enlarged capacitance may be attributed to the
enhanced mobility of ions in the electrolyte at elevated
temperatures. Keep in mind that the crystal structure of h-
WO3 offers precise pathways for the insertion of protons. The
improvement of the mobility of protons may lead to a more
effective insertion based on the consideration that the relatively
temperature change (0 to 45 °C) could not affect the structure
of h-WO3 (Figure S7 in the SI). Thereby, the capacitance
would increase. This implication is testified by the EIS spectra
shown in Figure S8 in the SI, where two intercepts of the real
axis, representing the internal and charge-transfer resistance,
become smaller at elevated temperatures, indicating a higher
mobility of ions and an enhanced charge-transfer process.
Moreover, the slope of the vertical line in the low-frequency
region is larger, which indicates a more typical capacitive
behavior. Besides, we conducted CV tests at a relatively high
scan rate (8 mV s−1) under different temperatures (0, 15, 30,
and 45 °C). Analogous to the results of the charge−discharge
profiles, the inner areas of the CV curves increase with elevated
temperatures, indicating increases of the capacitances as well.
The calculated capacitances at 0, 15, 30, and 45 °C are 241.8,
295.4, 350.2, and 386.4 F g−1, respectively, which reveals a 60%
increase. Besides, the detailed rate ability is shown in Figure S6
in the SI, which shows a very good rate ability at different
temperatures.
In addition, sometimes supercapacitors may encounter the

shock of temperatures, which may permanently result in the
performance degradation of supercapacitors. To investigate the
performance of h-WO3 under such conditions, CV tests were
carried out under a rapid change of temperature between 0 and
45 °C. The results of the CV tests are shown in Figure 8c. For a
detailed comparison, the CV curves obtained at 0 and 45 °C by
gentle temperature variation shown in Figure 8b are also shown
in Figure 8c. Evidently, at the same temperature of either 0 or
45 °C, the capacitances after rapid temperature variation
shocking are slightly larger. The high capacitance after
temperature shocking from 45 to 0 °C can be attributed to
the relatively high ion mobility that has not been stabilized at 0
°C in time. This high capacitance is temporary, and it will
decrease quickly to a stable value with a few cycles, as revealed
in Figure 8d.
However, compared with the capacitance at 45 °C reached

through gentle temperature variation, the capacitance at 45 °C
reached through rapid temperature variation is even higher,
which is not expected and cannot be explained by considering
the ion mobility of electrolytes. Moreover, it is also found that
this discrepancy of capacitances is temporary and diminished in
a few cycles (Figure 8d). To achieve a profound understanding
of the reasons for such interesting results, EIS tests were
conducted at the open-circuit potential at different conditions

Figure 8. Electrochemical performances of h-WO3 electrodes at
different temperatures: (a) charge−discharge curves at different
temperatures measured at 1 A g−1; (b) CV curves at different
temperatures measured at 8 mV s−1; (c) CV curves under gentle and
rapid temperature variation measured at 8 mV s−1; (d) cycling
performance under a rapid change of temperature; (e) Nyquist plots
and fitted data under different conditions (nos. 1 and 3, 0 °C reached
by gentle and rapid temperature variation, respectively; nos. 2 and 4,
45 °C reached by gentle and rapid temperature variation, respectively).

Table 3. Parameters of the Best-Fitted Results of EIS Spectra under Different Conditions

Qdl Qw Qps

no.a Rb (Ω) Y0 (F) n Rct (Ω) A0 (Ω s−1) n Y0 (F) n

1 2.16 2.23 × 10−4 0.79 3.48 2.13 0.24 0.60 0.91
2 2.13 2.27 × 10−4 0.80 1.94 1.75 0.21 0.76 0.95
3 1.52 0.56 × 10−4 1.00 1.03 × 10−7 3.13 0.06 0.74 0.94
4 1.56 3.94 × 10−4 0.82 1.78 1.20 0.96 0.94 0.28

aNos. 1 and 2: 0 °C reached by gentle and rapid temperature variation, respectively. Nos. 3 and 4: 45 °C reached by gentle and rapid temperature
variation, respectively.
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(Figure 8e). The best-fitted results are listed in Table 3, which
are obtained by using the equivalent circuit, as shown in Figure
7b. As aforementioned, the increase of the capacitance after
temperature shocking from 45 to 0 °C is the result of
temporary high ion mobility after a fast cooling process. Also,
this claim is verified by a decrease of the charge-transfer
resistance (Rct, decrease from 3.48 to 1.94 Ω) and diffusion
resistance (A0, decrease from 2.13 to 1.75 Ω s−1) after a fast
cooling process. Meanwhile, the other parameters are quite
close, indicating that the same capacitive behaviors are
preserved. However, the parameters at 45 °C by a quick
heating process are quite abnormal, especially for the charge-
transfer resistance (Rct), diffusion element (Qw), and proposed
pesudocapacitive element (Qps). Accordingly, it can be deduced
that the capacitive behavior is severely affected by the rapid
temperature variation shocking. The increase of the double-
layer capacitive element and charge-transfer resistance can be
explained by the near-surface insertion of protons. Such an
insertion may directly contribute to the capacitance as the
proposed diffusion element (Qw) change to the capacitive
element, which is implied by the n value (n = 0.96) as well. In
addition, the change of the proposed pseudocapacitive value (n
= 0.28) indicates the current leakage of the supercapacitor,
which comes from the self-discharge phenomenon as a result of
variation of the temperature. Such a self-discharging process
may continuously suppress the capacitance of h-WO3 electro-
des until the performance becomes stable, as revealed in Figure
8e.

3. CONCLUSION
In conclusion, proton insertion, as an unusual mechanism for
electrochemical storage, is found to dominate the capacitive
behavior of a crystalline assembly structure of h-WO3
nanopillars and provides remarkably enhanced capacitance.
Detailed analyses indicate that the intrinsic multitunnel
structure of the fabricated h-WO3 assembly is the key factor
to achieving the effective insertion of protons. Consequently,
the as-prepared h-WO3 nanopillar assembly exhibits a very high
electrochemical capacitance of 421.8 F g−1 under the current
density of 0.5 A g−1, which is the highest capacitance achieved
so far for tungsten oxide materials, to the best of our
knowledge. Subsequently, a comprehensive investigation on
the temperature-dependent capacitance performance revealed a
great performance stability of h-WO3 nanopillar electrodes at
different temperatures. Our studies demonstrate that non-
porous electrode materials can still achieve high capacitance
through the proton-insertion mechanism, which may pave a
novel way for the fabrication of electrochemical energy storage
with high performance. In addition, as a multifunctional
material, the fabricated assembly structure of h-WO3 nano-
pillars may find various applications with the high capacitance
achieved.

4. EXPERIMENTAL SECTION
4.1. Synthesis of the Assembly Structure of h-WO3 Nano-

pillars. All of the chemicals were analytical grade and were used
without further purification. In a typical synthesis, 10 mL of 0.3 M HCl
was slowly added dropwise into the 10 mL solution containing 0.6 g of
Na2WO4·2H2O. After stirring for several minutes, 0.6 g of NaCl was
added into the solution. Subsequently, the resultant solution was
transferred to the Teflon-lined stainless steel autoclave with a capacity
of 45 mL. The autoclave was then sealed and hydrothermally treated at
180 °C for 12 h. After the autoclave cooled to room temperature
naturally, the precipitates were collected by centrifugation (5000 rpm)

and washed several times by deionized water to remove the possible
impurities. The powders were collected after 80 °C drying overnight.

4.2. Characterization. The crystallographic charactersistics of the
samples were investigated with powder XRD using a Bruker D2 Phaser
diffractometer, which was equipped with Cu Kα radiation (λ = 1.54184
Å) and working at 10 mA and 30 kV, respectively. The morphologies
were investigated by an environmental scanning electron microscope
(FEI/Philips XL30) and a field-emission transmission electron
microscope (JEOL-2001F). The specific surface areas were obtained
from the N2 adsorption/desorption isotherms measured at 77 K
(NOVA e1000, Quantachrome).

4.3. Electrochemical Characterization. For preparation of the
working electrodes, the as-synthesized powders were mixed with
acetylene black and poly(tetrafluoroethylene) binder (8:1:1 weight
ratio) in isopropyl alcohol. The mixture was coated on the stainless
steel net current collector. The resulting electrodes were pressed and
dried at 80 °C overnight.

The electrochemical performances of the h-WO3 nanopillar
electrode were investigated using a cell with a three-electrode
configuration in an aqueous 0.5 M H2SO4 electrolyte. A stainless
steel net and SCE were used as the counter and reference electrodes.
CV, galvanostatic charge/discharge profiles, and EIS were carried out
using a CHI760E electrochemical workstation. CV tests and
galvanostatic charge/discharge profiles were performed in the potential
range −0.5 to 0 V (vs SCE). The EIS data at room temperature were
carried out at frequencies from 10 mHz to 100 kHz with a magnitude
of 5 mV under different bias voltages (−0.4 to −0.1 V). The EIS data
at different temperatures were conducted at the same range and
magnitude of frequencies at open-circuit potential. The cycling
performance was measured using the supercapacitor testing system
(LAND CT2001A).
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