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ABSTRACT: An aqueous supercapacitor is an emerging energy storage unit on account
of its low cost, fast energy delivery rate, and long service life. The energy density of an
aqueous supercapacitor can be enlarged via extending the voltage window of electrode
materials, while the aqueous electrolyte remains thermodynamically constant at 1.23 V.
Herein, an aqueous supercapacitor with a 2.0 V high-voltage window is realized by core−
shell MoO3−x/polypyrrole (MP) nanocomposites as both cathode and anode materials.
The ultrathin PPy layer on the MoO3 core not only improves the conductivity and cycle
stability of the nanocomposites but also acts as a reductant, leading to the formation of
oxygen vacancies in the MoO3 core. When used as a cathode material, the potential range
of the as-obtained MP nanocomposite is up to 1.0 V. As an anode material, the stable
potential range could reach −1.0 V. Due to the large potential range of the cathode and
anode, the as-obtained 2.0 V aqueous supercapacitor shows a remarkably high delivery
energy of 58.5 Wh kg−1. The synthesis of MP nanocomposites is simple and the electrode
performance is significantly enhanced; thus, it is a suitable candidate for high-energy-density aqueous supercapacitors.
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1. INTRODUCTION

With the rapid expansion of intelligent electronics, the demand
for high-efficiency energy storage units has been significantly
evoked.1−3 Supercapacitors, as main energy storage units, have
gained great research interest on account of their abundance of
essential raw materials, longevity, eco-friendliness, high power
delivery rate, and high safety.4−7 Nevertheless, the commercial
application of supercapacitors in future multifunctional
electronic products is restricted by the low energy density,
especially in comparison with lithium-ion batteries.8 The
energy density (E) is decided by the working voltage (U) and
the capacitance (C) since E = 0.5 CU2. Therefore, it is more
effective to obtain high energy density through an extension of
the voltage window because E is proportional to the square of
U.4

On the basis of different electrolytes, supercapacitors can be
categorized into nonaqueous supercapacitors and aqueous
supercapacitors.9 Nonaqueous supercapacitors, also known as
organic supercapacitors, have a broad operating voltage range
of 2.5−4 V, but their application prospect is bleak due to their
poor ionic conductivity, high toxicity, and high price.10

Moreover, the assembly of nonaqueous supercapacitors
requires an anhydrous condition, and therefore, the cost of
production is high. Comparatively, aqueous electrolytes have
been widely studied on account of their environmental
benignity and high safety. More importantly, aqueous super-
capacitors exhibit superior rate performance because an

aqueous electrolyte has a smaller ion size and higher ionic
conductivity than a nonaqueous electrolyte.11 However, the
relatively low decomposition voltage (1.23 V) of water limits
the operation voltage of aqueous supercapacitors, which
correspondingly affects the energy density.12 It has been
reported that the working voltage window can be expanded via
modification of the electrode materials to build a more
economical supercapacitor.13−16 Generally, to broaden the
potential window of a supercapacitor, it is necessary to increase
its overpotential of the oxygen evolution reaction on the anode
or the hydrogen evolution reaction on the cathode,
respectively, under a steady state.12,13 The cathode materials
must then match with the anode materials to obtain
asymmetric supercapacitors. While there has been considerable
success in exploring electrodes for asymmetric supercapacitors
with large device voltage and storage energy, device assembly
requires much more complex processes compared to that of
symmetric supercapacitors due to the different types of
cathode and anode electrodes. From an economical point of
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view, there is a need to explore electrode materials for high-
voltage symmetrical supercapacitors.
Many studies on transition-metal oxide materials as

electrodes for symmetrical supercapacitors have been reported
in the last decade, ranging from ZnO,17 Fe2O3,

18,19 V2O5,
20

and Co3O4
21 to MoO3.

22,23 Molybdenum trioxide (MoO3)
nanoprisms with one-dimensional (1D) structure stand out
because their oxidation states are multiple, the surface-to-
volume ratio is high, and 1D electron transport pathways are
efficient.24,25 Nevertheless, its low electrical conductivity and
low specific capacitance of MoO3 impede its wide applications
in supercapacitors. Intensive efforts have been devoted to
coupling MoO3 with other materials to modify its capacitive
characteristics.26 As a typical conducting polymer, polypyrrole
(PPy) has emerged as capacitive material on account of its

high electrical conductivity, interesting redox property, ease of
synthesis, and low cost.27 As demonstrated in our previous
work, composite materials of MoO3 and PPy show significantly
enhanced electrochemical characteristics including capacitance
and cyclic stability when used as an electrode for symmetric
supercapacitors.28 To our knowledge, there have been few
reports on the study of MoO3 and PPy nanocomposite
materials for high-voltage symmetrical supercapacitors.
Herein, core−shell MoO3−x/PPy (MP) nanocomposite

electrodes are prepared for a high-voltage aqueous super-
capacitor. The preparation method involves hydrothermal
synthesis of MoO3 nanoprisms and subsequently a process of
pyrrole monomer oxidation polymerization on MoO3 nano-
prisms. The ultrathin PPy nanolayers on the MoO3 core not
only improve the conductivity of MoO3 but also introduce

Figure 1. (a) Schematic diagram showing the preparation procedure of MP nanocomposites. During the process of pyrrole monomer oxidation
polymerization on MoO3, MoO3 was reduced to MoO3−x and then core−shell MP was obtained. (b) Schematic illustration of the symmetric
supercapacitor based on MP. (c) Chemical structures of MoO3 and PPy.

Figure 2. SEM images of (a) MoO3 and (b−d) MP-1, -2, and -3. (e) X-ray diffraction (XRD) patterns of pristine MoO3, MP nanocomposites, and
PPy.
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oxygen vacancies to MoO3, which are both beneficial to
obtaining high voltage for symmetric supercapacitors. In
particular, the introduction of oxygen vacancies greatly
increases the interlayer spacing and provides better con-
ductivity, which accelerates the charge storage kinetics and
improves the electrochemical activity. In addition, the outer
PPy layer helps to avoid the collapse of MoO3 nanoprisms and
maintains structural stability and properties. As a consequence,
when the MP is assembled into a symmetrical aqueous
supercapacitor, 58.5 Wh kg−1 of energy density is achieved
when the power density is 0.5 kW kg−1 because the discharging
voltage window is up to 2.0 V. Moreover, the symmetrical
aqueous supercapacitor employing MP as the electrode
displays long-term cyclic stability, and after 10 000 cycles at
2 A g−1, its capacitance retains almost 100%.

2. RESULTS AND DISCUSSION
MP nanocomposites are synthesized using pyrrole as both a
reductant and a precursor for the formation of a PPy surface
layer on presynthesized MoO3 nanoprisms, and this prepara-
tion procedure of MP nanocomposites is illustrated in Figure
1. Mass ratios of MoO3 to PPy within the MP are adjusted by
tuning the initial contents of pyrrole, and the samples with
increasing PPy amounts are denoted MP-1, -2, and -3,
respectively. Thermal gravimetric analysis (TGA) measure-
ments were conducted to further quantify the actual contents
of PPy in the MP nanocomposites (Figure S1). Notably, the
weight of neat MoO3 remains constant over the whole
temperature range below 700 °C. However, PPy was
completely consumed within this temperature range. Besides,
the MP nanocomposites decompose at ∼245 °C, while PPy

begins decomposing at 180 °C, presenting its improved
thermal stability. The residual weight at 700 °C comes from
MoO3 because it is still stable at 700 °C, from the weight ratios
of MP from TGA results. Therefore, loadings of the deposited
PPy on MoO3 within MP-1, MP-2, and MP-3 are estimated to
be ∼26.4, 50.1, and 62.3 wt %, respectively.
Figures 2a and S2a,b show the morphologies of MoO3 at

different magnifications, which exhibit a nanoprism structure
within a smooth surface. The length is up to 3−8 μm, the
width is about 150−200 nm, and the thickness is as thin as
25−40 nm. The effects of PPy contents on the microstructures
of MP were systematically investigated. The nanoprism
structure is well maintained in the MP (Figure S3). For the
MP-1 sample with the lowest PPy content, the width of the
nanoprisms increases slightly compared to MoO3 and the
surface remains smooth, indicating that PPy was uniformly
attached to the surface of MoO3 nanoprisms (Figure 2b).
Likewise, for the MP-2 sample with higher PPy content, the
width of the whole structure increases and a small amount of
PPy particles is observed on the outer surface of nanoprisms
(Figure 2c). Additionally, the MP-3 sample shows that excess
PPy aggregates into nanoparticles attached to the outer surface
of PPy shells (Figure 2d). The thicknesses of PPy in MP-1,
MP-2, and MP-3 are estimated to be ∼13.5, 40.8, and 52.4 nm
(Figure S4), respectively. For comparison, scanning electron
microscopy (SEM) images of neat PPy exhibit aggregated
morphologies of nanoparticles (Figure S5). In addition,
Fourier transform infrared (FTIR) spectra of the as-
synthesized samples further prove the successful composition
of PPy with MoO3 (Figure S6).

Figure 3. (a) TEM images and (b) corresponding EDX mapping images of C, N, Mo, and O elements for MP-2. (c) High resolution TEM images
of MP-2 showing the existence of oxygen vacancies. (d) XPS survey spectra. XPS spectra of (e) Mo 3d and (f) O 1s.
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Since the ultrathin layers of PPy on MoO3 also chemically
reduce MoO3 and cause changes in the crystal structure of
MoO3, X-ray diffraction (XRD) was subsequently conducted
to provide crystalline identification of the resulting specimens
(Figure 2e). MoO3 nanoprisms are inferred to have an
orthorhombic structure according to the XRD patterns
(JCPDS No. 05-0508). In particular, the (0k0, k = 2, 4, 6)
diffraction peak intensities of neat MoO3 nanoprisms are
strong, revealing that the prepared nanoprisms own highly
anisotropically grown layered crystals.29 In general, the content
of PPy in the samples has a great influence on the intensities
and positions of the XRD peaks. The (020), (040), and (060)
peaks, reflecting the van der Waals gap in MoO3, are selected
to study. The peaks shift to lower angles after wrapping PPy for
all three crystal plane reflections, demonstrating an increase in
interplanar spacing and an expansion of the van der Waals gap,
which arises from the introduction of oxygen vacancies in
MoO3−x.

30,31 More specifically, the interlayer spacings of (0k0,
k = 2, 4, 6) crystal planes of MoO3, i.e., d value, are estimated
to be 0.692, 0.349, and 0.233 nm according to the Bragg
equation: 2d sin θ = nλ, where d, θ, n, and λ are the spacing
between atomic layers, the angle between the scattering plane
and incident X-ray beam, an integer, and the wavelength of X-
rays, respectively. The d values of MP-1 and MP-2 both
increase to 0.731, 0.356, and 0.235 nm, and those of MP-3
increase to 0.713, 0.353, and 0.234 nm. It should be noticed
that the three reflections hardly shift or the van der Waals gap
hardly changes between MP-1 and MP-2. This may be because
the introduction of PPy causes the van der Waals gap near the
surface of the nanoprisms to be larger than that inside. The
intensity of diffraction peaks of MP-3, however, decreases and
exhibits a more disordered structure. This is attributed to the
introduction of a semicrystalline nature of PPy. It was reported
that an expanded van der Waals gap would significantly
increase the rate performance and cyclic life of MoO3
electrodes due to the fast ion transport in the van der Waals
gap.24

To further illustrate the wrapping and reduction function of
PPy, transmission electron microscopy (TEM) measurements
were conducted and TEM images were recorded (Figure 3a).

It clearly shows that the MP presents a core−shell structure,
which corresponds to a dark MoO3−x core and a PPy layer with
a low contrast surrounding the core. The corresponding
elemental mapping images for C, N, Mo, and O elements of
MP-2 are also recorded, as shown in Figure 3b. The two
elements Mo and O are distributed uniformly in the core of the
nanoprisms. Elements C and N are distributed in the whole
nanoprism, and these elements originate from PPy. This is
indicative of successful wrapping of PPy on the surface of
MoO3 nanoprisms. Some atomic-sized pores in the core and
lattice dislocations at the junction of the core and the shell are
observed owing to the existence of oxygen vacancies generated
by PPy coating (Figure 3c). X-ray photoelectron spectra (XPS)
were then applied to shed light on the surface electronic states
and chemical compositions of MoO3 and MP nanocomposites.
The existence of C, N, Mo, and O elements in MP
nanocomposites is confirmed by XPS (Figure 3d). The Mo
3d XPS core spectra of the prepared MoO3 and MP are
displayed (Figure 3e). For MoO3, the Mo 3d XPS spectrum is
made up of a spin−orbit doublet and its peaks are at 236.1 and
232.9 eV, which could be attributed to 3d3/2 and 3d5/2 of
highly oxidized molybdenum cations (Mo6+).32 However, the
Mo 3d XPS spectrum of MP shifts to a considerably lower
binding energy level without changing the energy difference
(∼3.1 eV) between the two peaks, and with an increasing
pyrrole amount, and the shift increases further. The Mo 3d3/2
peaks shift to 235.8, 235.7, and 235.6 eV for MP-1, -2, and -3,
respectively, and the peaks of Mo 3d5/2 move to 232.6 eV for
MP-1, 232.5 eV for MP-1, and 232.4 eV for MP-3. Both peaks
are attributed to Mo5+ species, suggesting the formation of
oxygen vacancies.32 Figure 3f shows the O 1s spectra; for
MoO3, the binding energy component located at 530.8 ± 0.1
eV (green curve) originates from the lattice oxygen (Oa) of
MoO3.

33 For MP, the peak centered at 532.2 ± 0.1 eV (blue
curve) is related to the chemically absorbed oxygen site
(Oc).34 The peak at 531.6 ± 0.1 eV (orange curve) is assigned
to the oxygen vacancies (Ob) in the metal oxides.33 Thus,
combining the results of TEM and XPS, it was concluded that
PPy functioned not only as a coating layer but also as a
reductant to cause the formation of oxygen vacancies in MP.

Figure 4. Electrochemical characteristics of the MP-2 electrodes in a three-electrode system: (a, b) CV curves of MP-2 as anode and cathode
electrodes at 5 mV s−1. (c, d) CV curves of MP-1, MP-2, and MP-3 as anode (−1.0 to 0.1 V) and cathode (−0.1 to 1.0 V) electrodes; the scan rate
is 10 mV s−1. (e, f) Full galvanostatic charge/discharge (GCD) curves of the MP-2 as anode (−1.0 to 0.1 V) and cathode (−0.1 to 1.0 V)
electrodes; the current densities are 0.5−20 A g−1. (g, h) Specific capacitance of MP-2 obtained from the CV and GCD curves.
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To understand the electrochemical characteristics and
determine the stable potential, the MP nanocomposite was
tested as an anode and cathode, respectively, before evaluation
of the symmetric supercapacitors. The electrodes were
measured by cyclic voltammetry (CV) employing a standard
three-electrode system with an aqueous 1 M K2SO4 electrolyte.
The CV curves for the MP anode (Figure 4a) were studied,
and the potential windows were set to −0.8 to 0, −1.0 to 0,
and −1.2 to 0 V (relative to Ag/AgCl), respectively, at 5 mV
s−1. However, the CV for the MP cathode electrodes (Figure
4b) was performed, and the potential windows were set to 0−
0.8, 0−1.0, and 0−1.2 V. For the anode, in the CV curve of
−0.8 to 0 V, two pairs of redox peaks were displayed at −0.58
and −0.12 V during anode scanning and −0.69 and −0.15 V,
which could be attributed to redox reactions between various
Mo valence states with insertion/extraction of K+.22 When the
upper cutoff potential was increased to −1.0 V, the position of
the above two pairs of redox peaks remained unchanged, and
the current density increased significantly. However, as the
electrode was further operated to −1.2 V, obvious hydrogen
evolution will occur. Thus, −1.0 V was adopted as the anode
potential limit of the electrode. For the cathode, the CV shape
was pseudocapacitive-type, showing several oxidation and
reduction peaks. Apparent oxygen generation occurred when
the upper cutoff potential increased to 1.2 V. Thus, 1.0 V was
adopted as the cathode potential window of the electrode. MP
with different PPy contents was comparatively studied for the
anode and cathode, respectively (Figure 4c,d). In terms of
specific capacitances at 10 mV s−1, the MP-1, -2, and -3
delivered 354.8, 387.5, and 293.3 F g−1 as anodes and 311.6,
381.8, and 289.3 F g−1 as cathodes, respectively. The specific
capacitance of the MP-2 electrode was obviously greater than
those of MP-1 and MP-3 electrodes. The high charge storage
capacity of MP-2 showed that the appropriate PPy layer
thickness is critical for the improvement of the MP

nanocomposites because of the tradeoff between the electrical
conductivity and diffusion path length produced by the
ultrathin PPy layer. Therefore, MP-2 was determined as the
sample of interest, and in the following discussion, MP referred
to MP-2.
The area contained in the CV curves and the discharge time

of the galvanostatic charge/discharge (GCD) curves in Figure
4e,f help in knowing the specific capacitances of the anode and
cathode, respectively, and the specific capacitances of anode
and cathode are plotted in Figure 4g,h. It can be seen that the
anode and cathode deliver 451.1 and 430.0 F g−1 of specific
capacitance at 5 mV s−1, respectively. The anode and cathode
can still maintain 47.6% (214.8 F g−1) and 57.4% (246.7 F g−1)
of their initial value at 200 mV s−1, respectively. In addition,
the specific capacitance value obtained from the GCD curve is
similar to that from the CV curves. For comparison, PPy and
MoO3 were also studied in an aqueous K2SO4 electrolyte
employing the standard three-electrode system (Figures S7 and
S8). The safe voltage windows of PPy as the anode and
cathode are selected as −0.8 and 0.6 V, while MoO3 as the
anode and cathode are −0.6 and 0.8 V. The rate performance
of MoO3 is inferior to that of MP. The specific capacitances of
MoO3 as the anode and cathode calculated from CV curves are
182.6 and 175.0 F g−1 at 5 mV s−1 and are decreased to 51.5
and 48.7 F g−1 at 200 mV s−1. This downward trend of the
specific capacitances of MoO3 as the anode and cathode
calculated from GCD curves is similar from 5 to 10 A g−1,
decreased from 159.3 and 148.4 F g−1 to 11.3 and 23.2 F g−1,
respectively. Furthermore, the electrochemical impedance
spectroscopy (EIS) curves reveal that the electrochemical
performance of MoO3 by in situ growth of PPy is enhanced
(Figure S9). The remarkable performance of MP can be
attributed to multiple reasons: (1) MoO3−x provides faradic
pseudocapacitance and acts as a buffer reservoir for electrolytes
to shorten ion diffusion; (2) the PPy coating layer provides

Figure 5. CV curves of MP-2 as (a) anode and (b) cathode electrodes; the scan rate is between 5 and 200 mV s−1. CV curves of MP-2 as (c) anode
and (d) cathode electrodes at 200 mV s−1; the capacitive contribution is represented by light blue areas. Capacitance contributions of MP-2 at
various scan rates as (e) anode and (f) cathode electrodes.
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conductive pathways to facilitate electron transfer within the
electrodes and ensures the rapid charge transfer during high-
rate charging/discharging; and (3) moreover, the conductivity
of the composite electrode further improves because the
oxygen vacancies of MoO3 induced by reduction of pyrrole.
To quantitatively analyze the charge storage mechanism in

the electrochemical processes of MP, a kinetic study of CV
curves was carried out (Figure 5). Generally, i(V) = k1v +
k2v

1/2, where I, v, and k1v and k2v
1/2 represent the current at a

fixed potential, the sweep rate, and the surface-controlled and
diffusion-controlled capacitive contributions, respectively.16

The equation can be further transformed into i(V)/v1/2 =
k1v

1/2 + k2. According to the linear relationship between i(V)/
v1/2 and v1/2 in this formula, k1 and k2 can be obtained. The
shapes of the CV curves maintain well when the scan rate
increases from 5 to 200 mV s−1 (Figure 5a,b), demonstrating
that the rate capability is excellent and the redox reactions are
highly reversible. Figure 5c,d plots the CV curve of MP as the
anode and cathode at 200 mV s−1 based on the above formula.
Typical surface-controlled capacitance contribution areas
(shadowed) of the MP as the cathode and anode at 200 mV
s−1 are observed. The ratios for the surface capacitive effect in
comparison with a diffusion-controlled contribution at diverse
scan rates are concluded in Figure 5e,f. The capacitance
contributions of the anode and cathode increase, while the
diffusion control contributions decrease as the scan rate
increases. In addition, the capacitance contribution rate of the
anode is always lower than that of the cathode electrode. Since
the capacitance contribution corresponds to the electric
double-layer capacitance with a fast reaction speed and faradic
process, the rate performance of the cathode is better. In
particular, the capacitive contribution of the cathode electrode
accounts for 50.2% at 5 mV s−1 and 87.6% at 200 mV s−1,
which is higher than 38.8% at 5 mV s−1 and 81.4% at 200 mV
s−1 of the anode electrode. This reflects that the electro-
chemical kinetics of MP as cathode and anode electrodes,

especially at low scan rates, are different. The electrochemical
process of the cathode electrode is mainly based on adsorption,
while the anode electrode is mainly diffusion-controlled at 10
mV s−1.
A symmetric aqueous supercapacitor device was further

constructed to better investigate the electrochemical perform-
ance of MP. As represented in Figure 6a, the symmetric
supercapacitor was assembled by employing two pieces of as-
prepared MP as the electrode, 1 M K2SO4 as the electrolyte,
and filter paper as the separator. The CV curves of an MP-
based symmetric supercapacitor operated at a series of
potential windows between 0−1.6 and 0−2.2 V at 10 mV s−1

are shown in Figure 6b. The device maintains a similar shape
throughout the voltage window, but weak polarization occurs
at 2.2 V, which means that the electrolyte decomposed. Thus,
the optimal voltage window is selected at 2.0 V. The working
voltage window in the neutral aqueous electrolyte is extended
due to the high overpotential of dihydrogen evolution, thanks
to the low concentration of hydrogen and hydroxide ions.
Additionally, the high solvation energy of anions and cations
provides a strong bond in the solvated shell, which prevents
the decomposition of water as previously mentioned.35

Furthermore, the three-dimensional (3D) interconnected
structure composed of core−shell nanoprisms also increases
the voltage window. The core−shell nanoprism structure with
a high aspect ratio provides a lot of active centers for
adsorption of H+, and a large interlayer spacing thus inhibits
hydrogen precipitation in the electrolyte. All of the CV curves
are similar to each other from 0 to 2.0 V (Figure 6c),
confirming that its device has good reversibility and rate
capability. To further study the capacitive behavior of the as-
assembled symmetrical supercapacitor, GCD measurements
were also performed and the current densities were set as
between 0 and 2.0 V (Figure 6d). The GCD curve has a nearly
symmetrical linear voltage−time relationship, showing fast
charge/discharge properties and large capacitance character-

Figure 6. (a) Schematic diagram of the device using MP//MP as the electrode. (b) CV curves at a series of potential windows; the scan rate is 10
mV s−1. (c) CV curves of the device with increasing scanning rates. (d) GCD curves at diverse current densities. (e) Capacitance at a series of
current densities. (f) Ragone plot. The values for the reported supercapacitors using MoO3-based electrodes were added for comparison.26,28,36−43
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istics. At the current densities of 0.5, 1, 2, 5, 7, 10, 15, and 20
A g−1, the specific capacitances calculated from GCD curves
are estimated to be 105.2, 102.4, 95.7, 85.0, 80.0, 76.3, 72.4,
and 70.5 F g−1, respectively (Figure 6e).
The energy densities at different power densities of the MP-

based symmetric supercapacitor were calculated with the help
of GCD curves. It is more effective to obtain high energy
density through an extension of the voltage window because E
is proportional to the square of U. To compare the energy
storage of an MP-based electrode with the existing devices
from reported works, the Ragone plots of the device with the
MP-based electrode in comparison to various MoO3-based
electrodes are demonstrated in Figure 6f. The energy density
of the MP-based supercapacitor is 58.5 Wh kg−1 at a relatively
low power density (0.5 kW kg−1). Even at a power density of
20 kW kg−1, the MP-based device also achieved a relatively
high energy density of 39.2 Wh kg−1, which is at the upper-
medium level for the device using the MoO3-based electro-
des.26,28,36−43 In addition, MoO3 was assembled into a
symmetric supercapacitor for comparison (Figure S10a). The
CV curves of a MoO3-based supercapacitor operating at
10 mV s−1 in various potential windows (0−1.2 to 0−1.8 V)
are shown in Figure S10b. With an increase of applied voltage,

the curve obviously polarized at 1.6 V. Thus, an operating
voltage of 0−1.4 V for the MoO3-based supercapacitor is
selected. The CV curves of the MoO3-based supercapacitor
were obtained at a series of scan rates, as shown in Figure S10c,
and the GCD measurements with various current densities are
recorded in Figure S10d. The specific capacitances are
estimated to be 80.4, 75.9, 66.5, 52.3, 45.8, 38.0, 25.9, and
18.4 F g−1, corresponding to a series of applied current
densities of 0.5, 1, 2, 5, 7, 10, 15, and 20 A g−1, respectively
(Figure S10e), assessed from the GCD curves. The rate
capability of MoO3 is inferior to that of MP. Furthermore,
compared with the energy density of the MP electrode, the
pure MoO3 displayed both relatively low values at the high and
low power densities (Figure S10f), suggesting its inferior
energy storage ability.
Cycle stability is an important factor to be considered in the

supercapacitor industry, and the cyclic stability of the MoO3

and MP was examined at 2 A g−1 (Figures 7a and S10g). The
MoO3 sample experiences a serious capacitance loss, and its
capacitance remains 44.1%. In comparison, the MP electrode
shows significantly long-term stability, and the capacitance
remains good, up to 100%, after 10 000 cycles. EIS is further
performed, and the Nyquist plots of the symmetric super-

Figure 7. (a) Cycling stability at 2 A g−1 of MP//MP and the EIS curve (insert) before and after cycles. (b) Two symmetrical supercapacitors in
series simultaneously lighting up an LED. (c) SEM images of MP electrodes after cycling measurements at (i) low and (ii) high magnifications.

Table 1. Summary of Electrochemical Parameters of MP with MoO3-Based Electrodes in the Literature

electrode energy density (Wh kg−1) power density (kW kg−1) electrolyte voltage (V) reference

MoO3@CNT// MnO2@CNT 27.8 0.5 1 M Na2SO4 2 26
NiCo2O4/MnO2//MoO3/PPy 60.4 2.4 PVA/Na2SO4 1.6 41
MnO2/MoO3 50 1 1 M Na2SO4 2 39
MoO3/Ti3C2Tz//NAC 31.2 0.5 3 M H2SO4 1.5 43
MoO3 22 0.3 1 M Na2SO4 2.2 36
MoO3//porous carbon 25.7 1.5 1 M H2SO4 1.4 40
3D GF-CNTs//3D GF-CNTs/MoO3 75.3 0.8 1 M KOH 1.6 38
MoO3 78 1 2 M Li2SO4 2.0 42
h-NCS@PANI//MoO3//h-NCS@PANI 34.1 0.9 1 M H2SO4 1.6 37
MoO3/PPy/PANI 63 0.25 0.5 M H2SO4 1.0 28
MP 58.5 0.5 1 M K2SO4 2.0 this work
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capacitor device are used to compare the effects of repeated
cycles and are displayed in Figure 7a (inset). In the high-
frequency regions, there is no semicircle, which is a
characteristic of small charge-transfer resistance and rapid ion
diffusion within MP. In the low-frequency regions, the linear
behavior reveals that there is a rapid charge transfer
mechanism during the charging/discharging process of the
symmetrical supercapacitor device.44−46 After 10 000 charge−
discharge cycles, only a small change in the Nyquist plot is
observed, indicating its good cycle stability. This is benefiting
from the favorable structure of the as-constructed MP
electrode. Specifically, the PPy nanolayer on the MoO3−x
surface partially alleviates the volume change caused by the
high-speed redox reaction. In a practical demonstration, an
LED is simultaneously lighted up by two symmetrical
supercapacitors in series (Figure 7b). To further observe the
morphology after long-term cycling tests, SEM images
collected for MoO3 and MP electrodes after 10 000 cycles
reveal that MoO3 is severely damaged due to its structural
instability from the interlayers of MoO3 with intercalated H+

ions. The complete skeleton of MP remains intact with just
slightly shrunk nanoprisms (Figures 7c and S10h). The
strategy of using a conducting polymer layer to protect
MoO3 nanoprisms is proved successfully. Therefore, the large
voltage window, high power/energy density, and good cycle
stability make MP-based symmetrical supercapacitors promis-
ing for application in energy storage devices (Table 1).

3. CONCLUSIONS

In summary, the core−shell MP nanoprisms have been
prepared through in situ polymerization of PPy on MoO3
nanoprisms, and the in situ grown PPy acts as both a reductant
and coating layer. The reduction of the surface of MoO3
nanoprisms during the polymerization of PPy leads to the
introduction of oxygen vacancies. Compared to conventional
MoO3-based electrodes working as only anodes, our work
presents MP as both anode and cathode material. The practical
symmetric MP supercapacitor allows the greatest operating
voltage of 2.0 V, and its capacitance is retained well for 10 000
cycles, paving the way for high-voltage aqueous super-
capacitors. This work therefore presents an alternative and
effective design for high-potential electrode materials for
application in aqueous supercapacitors.

4. EXPERIMENTAL PROCEDURES
4.1. Synthesis of MoO3 Nanoprisms. MoO3 nanoprisms were

synthesized according to the hydrothermal method in previous
literature.47 About 0.30 g of NaCl dissolved in 15 mL of water and
0.60 g of Na2MoO4·2H2O dissolved in 15 mL of water were mixed
under stirring, and the pH value was controlled at 1 by dropwise
adding 3 M HCl. The mixture solution was subsequently reacted at
180 °C in a Teflon-lined autoclave (50 mL). Upon 24 h, samples were
cooled naturally, collected, washed continuously with water, and dried
overnight in a vacuum.
4.2. Preparation of MP Nanocomposites. In an aqueous

suspension of MoO3 nanoprisms and the pyrrole monomer, the core−
shell MP nanocomposites were synthesized through pyrrole monomer
oxidation polymerization by employing APS as an oxidizer. MoO3
nanoprisms (20 mg) were first dispersed in water (80 mL) under
vigorous stirring, and pyrrole was then added to the obtained
suspension under stirring at ∼0 °C. APS solution (20 mL, half the
moles of pyrrole) was then added. The precipitates after stirring at ∼0
°C for 12 h were named MP nanocomposites. Samples added with

increasing amounts of pyrrole of 100, 200, and 400 μL are recorded as
MP-1, -2, and -3, respectively.

4.3. Electrochemical Measurements. Before assembling the
symmetric supercapacitor devices, the charge balance between the
two electrodes needs to be considered. Thus, the mass ratio of the
cathode and anode electrodes could be calculated through eq 148

=
× Δ
× Δ

+

_

_ _

+ +

m
m

C E
C E (1)

Here, m+ and m− refer to the cathode and anode electrode material
masses. The specific capacitances arising from the cathode and anode
electrode materials are denoted C+ and C−, respectively. ΔE+ and ΔE−
are the potential windows, respectively.

The energy and power densities (E and P) of electrode materials in
the constructed supercapacitors were calculated with the help of the
galvanostatic charge and discharge curves, according to eqs 2 and 3,
respectively49

= ΔE C V
1
2

2
(2)

=
Δ

P
E

t (3)

Here, the specific capacitance from the two-electrode devices is
expressed as C, the applied potential window is expressed as ΔV, and
the discharge time is expressed as Δt.
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