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A B S T R A C T

Flower-like CoMoO4/MnO2 heterostructures have been prepared directly on Ni foam with outstanding
pseudocapacitive performance. The heterostructure electrode yields a high capacitance and superior
cycling stability performance. Furthermore, the as-fabricated asymmetric supercapacitor device based
on CoMoO4/MnO2 positive electrode and activated carbon (AC) negative electrode can operate within a
maximum potential of 1.6 V delivering both high energy density and power density, which are better than
that of the CoMoO4//AC, MnO2//AC, and AC//AC bared density. In addition, the CoMoO4/MnO2//AC
asymmetric supercapacitor device demonstrates highly stable cyclic performance with outstanding and
robust ﬂexibility. These encouraging results show great potential in developing energy storage devices by
building heterostructure nanomaterials.
ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Supercapacitors, also known as electrochemical capacitors
(ECs), one of the most promising energy storage devices, have
attracted more and more attention in recent years due to a number
of desirable properties, including fast charging and discharging,
long cycle life, high power density and relatively environmentally
friendly characteristics [1–5]. Unfortunately, ECs deliver an
unsatisfactory energy density, which is lower than that of batteries.
Therefore, considerable efforts have been focused on the
enhancement of the energy density to make it comparable to
that of batteries [6–10]. According to the equation of E = 1/2 CV2,
the energy density (E) is dominated by the speciﬁc capacitance (C)
and operating potential window (V). More recently, asymmetric
supercapacitors have been found to be an effective alternative
approach to increase the energy density of supercapacitors. It can
make full use of the different potential windows of the two
electrodes to provide a maximum operation voltage in the cell
system, accordingly resulting in a greatly enhanced speciﬁc
capacitance and signiﬁcantly improved energy density. In general,
two types of supercapacitors exist based on the underlying energy
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storage mechanism: electrical double-layer capacitors (EDLCs) and
pseudocapacitors [11–13]. Basically, the former use carbon-active
materials as electrodes and the latter use redox-active materials.
To date, various materials, including carbonaceous materials,
transition metal oxides/hydroxides, conducting polymers, and
hybrid composites, have been widely studied as electrodes for
supercapacitors. Much attention has been paid on choosing
suitable electrode materials, their hybrid materials and their
assemblies in appropriate nanoarchitecture to achieve better
performance [14–19].
Transition metal oxides, in particular binary transition metal
oxide with good capacitive characteristics and multiple oxidation
states, are especially attractive and have been reported to exhibit a
higher performance than single component oxides due to their
multiple redox reactions and high electrical conductivities
[20–29].
Among them, cobalt molybdate (CoMoO4) is a very promising
pseudocapacitive electrode material because of its great redox
activity and ultra-high theoretical capacitance. It is reported that
cobalt molybdate shows several advantages such as high capability
retention, environmentally benign, low-cost and naturally abundant. These intriguing features make cobalt molybdate attract
much interest [30–34]. However, the observed speciﬁc capacitance
values of cobalt molybdate need improvements to meet the
requirements for commercial applications.
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MnO2 has also been intensively investigated as an electrode
material for supercapacitors due to its high capacitance, low cost,
and abundance. However, MnO2 has a poor electric conductivity
(105-106 S/cm), which also greatly hinders its practical application [35–37].
To bridge the performance gap between these materials,
attempts at novel electrode design have been extensively made.
One elegant strategy employed is to produce rationally designed
hybrid architectures by combining unique properties of individual
constituents, in which each component’s electroactivities can be
optimized, the structural features can be manifested and a strong
synergistic effect can be realized, thus improved performance has
been demonstrated in such an electrode [38–41]. For example, Mai
et al. [31] synthesized heterostructured MnMoO4-CoMoO4 nanowires, which exhibited better electrochemical performance than
CoMoO4 without MnMoO4 substrates with a speciﬁc capacitance of
181.7 F g1 at a current density of 1 A g1, good reversibility and
cyclic efﬁciency. Liu et al. [42] reported 3 D Co3O4@MnO2 coreshell nanowire arrays on Ti foils, which presented an improved
capacitance (480 F g1 at 2.67 A g1) for pseudo-capacitor with
respect to that of pristine Co3O4 nanowire arrays. Z. Zhang et al.
[43] synthesized NiMoO4@CoMoO4 hierarchical nanospheres
which displayed a high speciﬁc capacitance of 1601.6 F g1 at
the current density of 2 A g1, as well as better cycling stability and
rate capability than that of individual metal molybdates. Recently,
great interest was also paid to build the 3D ﬂower-like nanomaterials. This special 3D structures combine the effect of
improved charge transfer properties with a high surface area
available for the electrochemical performance [44–46]. For
example, Cauda et al. [47] and Pugliese et al. [48] reported
ﬂower-like ZnO electrode with superior electrochemical performance. Niu and his coworkers synthesized the hierarchically
porous CuCo2O4 microﬂowers for Li-ion batteries and a stable
cathode electrocatalyst for Li-O2 batteries [49].
In this work, we design and fabricate the CoMoO4/MnO2
nanoﬂowers (NFs) heterostructure directly on nickel foam as a
binder free electrode for high-performance pseudocapacitors. The
MnO2 nanosheets (NSs) are coated on the CoMoO4 NFs to form a
ﬂower-like architecture. The unique interconnected network/
branched nanoﬂower heterostructures may provide the multiple
large contact area and high-efﬁciency electron pathways for charge
storage and delivery, make the electrode much stable toward
cycling, and effectively exploit the contribution of both of the
constituents to the total capacitance.
The as-prepared CoMoO4/MnO2 heterostructure electrode
exhibits a large speciﬁc surface area of 94.25 m2 g1, excellent
electrochemical performance in contrast to that of CoMoO4 and
MnO2 individual component. It yields a high capacitance of
1800 F g1 at a current density of 1 A g1, high rate performance, as
well as an outstanding long-term cycling ability with 98.6% of the
initial speciﬁc capacitance remaining after 10000 cycles and 96.3%
retention after 30000 cycles. In addition, CoMoO4/MnO2//AC
asymmetric supercapacitor device with a maximum potential of
1.6 V has been fabricated, delivering both high energy density of
54 Wh kg1 at a power density of 800 W kg1 and power density of
8000 W kg1 at 35.5 Wh kg1.
2. Experimental details
2.1. Synthesis of CoMoO4 nanoﬂowers
The pristine CoMoO4 nanoﬂowers were synthesized on nickel
foam by a hydrothermal method. In a typical synthesis, 0.73 g Co
(NO3)26H2O and 0.6 g Na2MoO47H2O were dissolved in 50 ml of
deionized water under constant magnetic stirring for 3 h. The
solution was transferred to a 100 ml Teﬂon-lined stainless steel

autoclave, with a piece of pretreated Ni foam immersed in the
reaction solution. The autoclave was sealed and maintained at
200  C for 4 h and then cooled to room temperature. The precursors
of CoMoO4 grown on the Ni foam was collected and rinsed with
distilled water and ethanol for several times. Then it was dried at
60  C for 12 h, followed by annealing at 350  C in air for 2 h to obtain
CoMoO4.
2.2. Synthesis of MnO2 nanosheets
In a typical synthesis, 0.3 g KMnO4 was dissolved in 50 ml
deionized water under constant magnetic stirring. The KMnO4
precursor solution was transferred to a 100 ml Teﬂon-lined
stainless steel autoclave, with a piece of pretreated Ni foam
immersed in the reaction solution. The autoclave was sealed and
maintained at 150  C for 6 h and then cooled to room temperature.
The sample of MnO2 nanosheets was then rinsed and dried at 60  C
for 12 h.
2.3. Synthesis of CoMoO4/MnO2 nanoﬂowers
In a typical synthesis, the as obtained CoMoO4 on Ni foam as
stated above were immersed into the precursor solution of KMnO4.
Then they were transferred to a 100 ml Teﬂon-lined stainless steel
autoclave. The autoclave was sealed and maintained at 150  C for
6 h and then cooled to room temperature. The as prepared
CoMoO4/MnO2 nanoﬂowers was rinsed and dried at 60  C for 12 h.
2.4. Preparation of activated carbon electrode
The AC used as the negative electrode for asymmetric supercapacitors was prepared by mixing AC (85 wt%) with carbon black
(10 wt%) and polyvinylideneﬂuoride (PVDF, 5 wt%). A small amount
of N-methylpyrrolidone (NMP) was then added to form a
homogeneous mixture. The resulting mixture was coated onto a
1 cm2 Ni-foam and was dried at 80  C for 12 h.
2.5. Materials characterizations
Scanning electron microscopy (SEM) images were collected
with a Hitachi S-4800 at an acceleration voltage of 20 kV.
Transmission electron microscopy (TEM) images, high-resolution
transmission electron microscopy (HRTEM) images, and selectedarea electron diffraction (SAED) patterns were recorded by using
TEM (JEOL JEM-2010). The structures of the samples were
characterized by X-ray diffraction (XRD, Rigaku D/max-rB, Cu
Ka radiation, l= 0.1542 nm, 40 kV, 100 mA). Brunauer-EmmettTeller (BET) analysis was carried out to evaluate the surface area
and pore size distribution of the as prepared products. Surface Area
Analyzer (NOVA2000E) was used to measure N2-sorption isotherm.
2.6. Electrochemical measurements
Electrochemical measurements were performed on an electrochemical workstation (CHI 660D, Shanghai, China) using a threeelectrode mode in 2 mol l1 KOH aqueous solution. A platinum
electrode and a saturated calomel electrode (SCE) served as the
counter electrode and the reference electrode, respectively. Cyclic
voltammetry (CV) tests are conducted in a potential range of 0.2
to 0.6 V (versus SCE). The constant current charge/discharge tests
are carried out at various current densities within a potential range
of 0-0.5 V (versus SCE). The nickel foam supported CoMoO4@MnO2
NFs (1 cm2 area; CoMoO4/MnO2 mass: 2.6 mg) or pristine
CoMoO4 NFs (mass: 2.1 mg) or MnO2 NSs (mass: 1.4 mg) acted
directly as the working electrodes. Electrochemical impedance
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spectroscopy (EIS) measurements were carried out by applying an
alternating voltage with 5 mV amplitude in a frequency range from
0.1 Hz to 100 kHz at open circuit potential. The speciﬁc capacitance
was calculated from the following equations:
Cs = It/ mDV = it/DV

(1)

1

where Cs (F g ) is the speciﬁc capacitance, I (A) is the constant
discharge current, t (s) is the discharge time, DV (V) is the applied
potential range, and m (g) is the mass of the active materials. i
(A g1), speciﬁc current (per unit mass).
Energy density and power density were calculated from the
following equations:
E = 0.5CsDV2/3.6

(2)

P = 3600E/t

(3)

DV is the applied potential range, t (s) is the discharge time and Cs
is the measured speciﬁc capacitance of the supercapacitors.
2.7. Preparation and characterization of the supercapacitor devices
The asymmetric supercapacitors were assembled by using
CoMoO4/MnO2 NFs as the positive electrode, AC as the negative
electrode with a separator and KOH as the electrolyte. Each
electrode had a geometric surface area of 1 cm2. KOH electrolyte
was prepared by adding 5.6 g KOH in 50 ml deionized water under
stirring for 0.5 h. The electrodes and the separator were soaked in
the electrolyte. The electrochemical performance of the asymmetric supercapacitor was tested by an electrochemical workstation
(CHI 660D, Shanghai, China) using a two-electrode mode. The
asymmetric supercapacitors of CoMoO4 NFs//AC and MnO2 NSs//
AC were prepared and tested as the same method above. The
symmetric supercapacitor consisted of AC as both the positive
electrode and the negative electrode with KOH as the electrolyte
was also fabricated and tested by an electrochemical workstation
(CHI 660D, Shanghai, China) using a two-electrode mode.
3. Results and discussion
Fig. 1a shows the optical image of the bare Ni foam, CoMoO4
precursor and CoMoO4 NFs grown directly on Ni foam. The color of
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the Ni foam turned from brown into dark purple after the
formation of CoMoO4 NFs. Fig. 1b shows that net-like Ni foam has a
3D porous structure. Fig. 1c–e indicate that numerous CoMoO4 NFs
appears like “Luoyang peony” (Fig. 1f) grown uniformly on the
skeleton of Ni foam. It is clear that the individual NF is constructed
by many nanosheets with jagged edges (Fig. 1e). The mean
diameter of NFs is about 1.5–3 mm. The typical size of the
nanosheets is in the range of 10–20 nm in thickness. The surface of
the NSs is smooth and the NSs are grown at various angles in high
density over the entire surface of Ni foam, which are interconnected and create a highly porous surface morphology. Therefore
the NFs can provide an efﬁcient electron transport channel when
used as electrodes for supercapacitors.
After the grown MnO2, the CoMoO4/MnO2 heterostructures are
uniformly distributed on the skeleton of the Ni foam. The NF
structure of the pristine CoMoO4 is still maintained without
signiﬁcant changes in diameters and sizes (Fig. 2a, b). From the
high magniﬁcation SEM images (Fig. 2c), it can be clearly found
that the thickness of the CoMoO4 NSs increases and the surface
becomes rough, branched by numerous ultrathin MnO2 NSs. The
MnO2 NSs are interconnected with each other, forming a highly
porous architecture. SEM and TEM images of the pristine MnO2 NSs
grown directly on nickel foam are presented in Fig. S1, which
proves the interconnected and porous characteristics further.
Fig. 2d shows the typical TEM image of an individual CoMoO4/
MnO2 nanostructure in which ultrathin MnO2 NSs uniformly cover
the surface of the CoMoO4 NSs. The thickness of the MnO2 NSs is
about 200 nm.
The porous structure of the CoMoO4/MnO2 nanoarchitecture
was further evaluated by Brunauer-Emmett-Teller (BET) N2adsorption-desorption analysis. The results (Fig. S2) show that
the speciﬁc surface area of CoMoO4/MnO2 NFs is 94.25 m2 g1,
which is much higher in contrast to that of MnO2 NSs
(72.92 m2 g1) and CoMoO4 NFs (46.02 m2 g1). The higher surface
area of the conﬁguration is mainly attributed to the interconnected
ultrathin MnO2 NSs shell branched on the CoMoO4 NFs scaffold.
The pores or voids and the interconnected structures between the
MnO2 and CoMoO4 not only lead to a larger speciﬁc surface area,
high electrolyte permeability, but also allow fast ion and electron
transportation.
The microstructures of the pristine CoMoO4 NFs and CoMoO4/
MnO2 NFs were further investigated by using TEM. As shown in
Fig. 3a, the CoMoO4 NFs are composed of ultrathin NSs. The labeled

Fig. 1. (a) Optical image of Ni foam substrate, CoMoO4 precursors and CoMoO4 NFs grown directly on Ni foam; (b) SEM image of the bare Ni foam; (c) SEM image of CoMoO4
NFs on Ni foam scaffold; (d, e) low and high magniﬁcation SEM images of CoMoO4 NFs on Ni foam. (f) The optical image of a Luoyang peony which is much like CoMoO4
nanoﬂowers.
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Fig. 2. (a) SEM image of CoMoO4/MnO2 NFs on Ni foam scaffold; (b-c) SEM images of CoMoO4/MnO2 NFs at different magniﬁcations; (d) TEM image of an individual CoMoO4/
MnO2 NF.

Fig. 3. (a) Low-magniﬁcation TEM image of CoMoO4 NFs; the labeled zone is selected for the HRTEM of the CoMoO4 NFs; (b) HRTEM image of CoMoO4 NFs; (c) Lowmagniﬁcation TEM image of CoMoO4/MnO2 NFs; the labeled zone is selected for the HRTEM, SEAD and EDS mapping; (d) HRTEM of the CoMoO4/MnO2 NFs. Inset is the SAED
pattern.
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zone is selected for HRTEM (Fig. 3b), and the lattice fringes show
the lattice spacing 0.67 nm, which is corresponds to the (001) plane
of the CoMoO4. TEM image of the CoMoO4/MnO2 NFs (Fig. 3c)
conﬁrms the heterostructure with the CoMoO4 NFs and MnO2 NSs.
The labeled zone is selected for HRTEM, SEAD, and EDS mapping.
HRTEM indicates that the shell has a visible lattice fringes of 0.24,
0.21, and 0.16 nm, which correspond well to the (100), (101) and
(102) planes of MnO2, respectively. The corresponding SAED
pattern of the shell shows well-deﬁned rings, indicating the
polycrystalline characteristic MnO2 (Fig. 3d). EDS elemental
mapping conﬁrm the elements of Co, Mo, O and Mn (Fig. S3).
The phase and structures of the as-prepared CoMoO4 NFs, MnO2
NSs and CoMoO4/MnO2 NFs were veriﬁed by powder XRD. The
patterns of the pristine CoMoO4 and MnO2 are in good agreement
with the standard patterns for monoclinic CoMoO4 (PDF, card No.
21-0868) and hexagonal MnO2 (PDF, card No. 30-0820), respectively (Fig. S4). Besides the diffraction peaks of the monoclinic
CoMoO4, several weak diffraction peaks attributed to
CoMoO60.9H2O are found. The pattern of CoMoO4/MnO2 hybrid
material contains the diffraction peaks of both CoMoO4 and MnO2,
indicating the presence of both phases.
Based on the above observations, a possible morphology
formation mechanism for the CoMoO4/MnO2 NFs on Ni foam is
proposed as follows, and shown schematically in Fig. 4. At the early
stage of the hydrothermal reaction, CoMoO4 precursor nanoseeds
derived from the combination of Co2+ and MoO42 ions are formed
and CoMoO4 nanoparticles gradually grow on the surface of Ni
foam. As the reaction proceeded, the derived nucleation centers
grow to CoMoO4 NSs and the NSs serve as new nucleation sites for
more nanosheets growth which eventually turn into CoMoO4 NFs
distributed on the substrate. Then ultrathin MnO2 NSs are further
grown on the CoMoO4 NFs through the hydrothermal process to
form the CoMoO4/MnO2 NFs without signiﬁcant changes in
diameters and sizes of the NFs. Fig. 4 proposes growth mechanism
for the formation of CoMoO4/MnO2 NFs heterostructure.
The electrochemical storage application of as-prepared products was evaluated by testing them as electrodes for supercapacitors. Fig. S5 shows the optical images of the as prepared
electrodes. First, the relationship between the morphology and
capacitive performance was investigated.
Fig. 5a describes a comparison on the CV curves of Ni foam,
CoMoO4 NFs, MnO2 NSs and CoMoO4/MnO2 NFs at a scan rate of
5 mV s1. Well-deﬁned redox peaks within 0.2-0.6 V are visible
on the CV curves of the CoMoO4 NFs electrode, indicating the
strong pseudocapacitive nature of the electrode. The Faradic
reactions corresponding to the redox peaks are as follows:
3[Co(OH)3]



$ Co3O4 + 4H2O + OH



+ 2e



(1)

Co3O4 + H2O + OH
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$ 3CoOOH + e



CoOOH + OH $ CoO2 + H2O + e

(2)

(3)

The electrochemical capacitance of CoMoO4 is attributed to the
quasi reversible electron transfer process that mainly involves the
Co2+/Co3+ redox couple, and probably mediated by the OH ions in
the alkaline electrolyte. The Mo atoms do not involve any redox
reactions; thereby, the redox behavior of Mo has no contribution to
the measured capacitance [31,33]. The Faradic reactions of MnO2
corresponding to the redox peaks in KOH solution are shown in the
following reactions:
(MnO2)surface + K+ + e

(MnO2)bulk + K+ + e





$ (MnO2K+)surface

$ (MnOOK)bulk

(3)

(4)

After the MnO2 NSs growth, the shapes of the CV curve for
CoMoO4/MnO2 NFs becomes approximately rectangular due to the
presence of MnO2, resulting from the pseudocapacitance mechanism of MnO2 in KOH solution [50,51]. Moreover, the fast,
reversible successive surface redox reactions can also deﬁne the
behaviour of the voltammogram, whose shape is close to that of
the quasi-rectangular [52,53]. The current density and enclosed CV
curve area of the CoMoO4/MnO2 NFs are much larger than that of
individual CoMoO4 NFs and MnO2 NSs, arising from the increased
surface area and synergetic effect. The signiﬁcant increase in the
CV integrated area will lead to a much larger pseudocapacitance.
The rate capability of the CoMoO4 NFs and MnO2 NSs electrodes
was also investigated by measuring the CV curves at different scan
rates and charging-discharging curves at different current densities, respectively. (see Supporting Information Figs. S6a, b and S7a,
b, the comparative CVs and charging-discharging curves of
CoMoO4 NFs and MnO2 NSs performed in a three-electrode cell).
As shown in Fig. 5b, all the CV curves show similar line-type and
the shape of the CV curves are not signiﬁcantly inﬂuenced by the
change in scan rates, which indicates the improved mass
transportation and electron conduction in the electrode. The peak
current increases with the increase of the scan rate, suggesting the
good reversibility of the fast charge-discharge response of the
electrode. The galvanostatic charge-discharge curves of the
CoMoO4/MnO2 NFs electrode tested at current densities of 1–
10 A g 1 are shown in Fig. 5c. It can be seen that each curve has a
good symmetry and fairly linear slopes, indicating a good
electrochemical capacitive characteristic and superior reversible
redox reaction. The speciﬁc capacitances of the three electrodes at

Fig. 4. Proposed growth mechanism for the formation of CoMoO4/MnO2 NFs.
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Fig. 5. (a) CV curves of the Ni foam, pristine CoMoO4 NFs, pristine MnO2 NSs and Co3O4/CoMoO4 NFs at a scan rate of 5 mV s1; (b, c) CV and galvanostatic charge-discharge
curves of the CoMoO4/MnO2 NFs, recorded at different scan rates and different current densities in 2 M KOH aqueous solution, respectively; (d) Ragone plots of CoMoO4, NFs
MnO2 NSs, and CoMoO4/MnO2 NFs electrodes; (e) Cycling performance of CoMoO4/MnO2 NFs (10000 cycles). The insets show the charge-discharge curve of the ﬁrst cycles
and thousands of cycles; (f) Impedance Nyquist plots of the CoMoO4 NFs, MnO2 NSs and CoMoO4/MnO2 NFs electrodes.

different current densities derived from the discharging curves
were compared, as shown in Fig. 5d. The speciﬁc capacitance of the
CoMoO4/MnO2 NFs at 1, 2, 3, 5, 8, and 10 A g1 calculated from the
discharge curves according to Eq. (1) are 1800, 1680, 1500, 1350,
1280, and 1100 F g1, respectively. The CoMoO4/MnO2 NFs electrode delivers a much higher speciﬁc capacitance at 1 A g1
(1800 F g1) than that of the CoMoO4 NFs electrode (1210 F g 1) or
MnO2 NSs electrode (660 F g 1). In addition, at a high current
density of 10 A g1, the CoMoO4/MnO2 NFs electrode still delivers a
high speciﬁc capacitance of 1100 F g 1, indicating its good chargedischarge properties and superior rate capability. The speciﬁc
capacitance gradually decreases at higher current density due to
the incremental (IR) voltage drop, and insufﬁcient active material
being involved in the redox reaction at higher current density. The
long-term cycle stability of supercapacitors is another critical issue
in practical use. The cycling life tests over 10000 cycles for
CoMoO4/MnO2 NFs were carried out at 1 A g1. As depicted in
Fig. 5e, it is found that the hybrid CoMoO4/MnO2 NFs electrode
exhibits an excellent long-term electrochemical stability, and the
capacitance loss after 10000 cycles is only 1.4%. It is noteworthy
that the charge-discharge curves still keeps quite symmetric after
10000 cycles test, indicating that there are no signiﬁcant structural
changes of the CoMoO4/MnO2 NFs electrode during the chargedischarge processes as shown in the inset of Fig. 5e. In order to
evaluate the cyclical stability further, the cycling life performance
of the CoMoO4/MnO2 NFs over 30000 cycles was also tested at
5 A g1 (Fig. S8). The speciﬁc capacitance was 96.2% of the initial
value after 30000 cycles. The cycling tests for both the pristine
CoMoO4 NFs and MnO2 NSs were carried out at 5 A g1 for
comparison (Figs. S6c and S7c). By contrast, 92.3% and 92.7%
capacitance are retained for the pristine CoMoO4 NFs and MnO2
NSs. To further explore the advantages of the CoMoO4/MnO2 NFs
electrode, the electrochemical impedance spectra (EIS) were
tested. The impedance Nyquist plots of the pristine MnO2 NSs,
CoMoO4 NFs and CoMoO4/MnO2 NFs are shown in Fig. 5f. The EIS
spectra and the impedance data analyzed on the basis of the

equivalent circuit are shown in Fig. 5f. The internal resistance (Rs)
is the sum of the ionic resistance of electrolyte, the intrinsic
resistance of active materials and the contact resistance at the
active material/current collector interface [54]. The semicircle of
the Nyquist plot corresponds to the Faradic reactions and its
diameter represents the interfacial charge transfer resistance (Rct).
The inset of Fig. 5f gives the equivalent circuit used to ﬁt the EIS
curves to measure Rs and Rct, where Zw and CPE are the Warburg
impedance and the constant phase element, respectively [55]. The
shapes of the impedance spectra are similar, being composed of
one quasi-semicircle at high frequency followed by a linear
component at low frequency. In the high frequency, the CoMoO4/
MnO2 NFs electrode demonstrates a smaller internal resistance
compared with that of pristine CoMoO4 NFs and MnO2 NSs,
indicative of improved electrical conductivity. Moreover, the
CoMoO4/MnO2 NFs electrode demonstrates a relatively smaller
charge-transfer resistance and the smallest diffusive resistance.
The above results show that the combination of fast ion diffusion as
well as low electro-transfer resistance is also responsible for the
enhanced electrochemical performance of the CoMoO4/MnO2 NFs
electrode. After 10000 and 30000 cycles, the morphologies of the
electrode have no obvious changes compared with that of the asprepared CoMoO4/MnO2 NFs, indicating that the nanostructures
are well maintained and preserved overall with little structural
deformation (Fig. S9). The CoMoO4/MnO2 NFs on nickel foam
underwent bending for electrochemical test (Fig. S10). The CV
curves and the charge-discharge curves of the CoMoO4/MnO2 NFs
electrode have almost no obvious changes, conﬁrming that the
electrode is mechanically robust. Based on the above measurements, the CoMoO4/MnO2 NFs electrode shows high speciﬁc
capacitance, enhanced rate capability and excellent cycling
stability, which are superior to other previously reported CoMoO4
or MnO2 oxides based electrodes (Table S1).
It is believed that the special geometric conﬁguration and
synergistic effects from each component should account for the
superior electrochemical performances of CoMoO4/MnO2 NFs.
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First, the ﬂower-like heterostructure disperses the active materials
to a large extend. The open space between neighboring NFs and
pores or voids between the NSs enlarge the contact area between
the electrolyte and the active materials, facilitate the diffusion of
electrolyte into the inner region of the electrode, and enhance the
utilization of active materials. Second, the interconnected network
formed by growing the ultrathin MnO2 NSs on the CoMoO4 NSs
shortens the diffusion and migration pathways and allows fast ion
and electron transportation. Third, the interconnected NSs provide
a stable architecture and maintain the structural integrity of the
electrode. Fourth, both the CoMoO4 and MnO2 are good
pseudocapacitor materials for providing higher total capacitance
due to their multiple oxidation states for reversible Faradaic
reactions.
To further explore the real application, supercapacitor devices
were further explored. An asymmetric supercapacitor (ASC) device
was assembled and tested by using the CoMoO4/MnO2 NFs
electrode as the cathode and AC on Ni foam as the anode. CoMoO4
NFs//AC and MnO2 NSs//AC ASC, as well as AC//AC symmetric
supercapacitor (SSC) were also made for comparison. Prior to
assembling the devices, the charge between the cathodes and the
AC anode was optimized, and the optimal mass ratios between
these two electrodes were calculated on the basis of the speciﬁc
capacitance values and potential windows (Fig. S11). Fig. 6a shows
the CV curves of the CoMoO4/MnO2 NFs//AC ASC device collected
at 15 mV s1 with an operational voltage window ranging from 0.8
to 1.6 V. This full cell supercapacitor shows a quasi-rectangular CV
curve and good stability at different potential windows, even at the
potential window up to 1.6 V, indicating that the device is stable up
to an optimal voltage of 1.6 V. This value is higher than that of
CoMoO4 NFs//AC ASC (1.6 V), MnO2 NSs//AC ASC (1.6 V), and AC//AC
SSC (1.0 V) (see Supporting Information Fig. S12–14). Fig. 6b
displays the CV curves of the CoMoO4/MnO2 NFs//AC ASC device
recorded at various scan rates with the voltage window of 1.6 V. All
the CV curves exhibit quasi-rectangular shapes, indicating a
capacitive behavior. The shape of the CV curves remain the same
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as the scan rate is increased, indicating the desirable fast chargedischarge property for power devices. Charge-discharge curves of
optimized CoMoO4/MnO2 NFs//AC ASC device were also performed
for operating potentials over the range of 01.6 V at current
density of 3 A g1, as shown in Fig. 6c. The charge-discharge curves
of CoMoO4/MnO2 NFs//AC ASC device stay nearly symmetric
behavior conﬁrming the excellent capacitive behaviour of the
device over the entire potential range. Galvanostatic charge and
discharge curves of the supercapacitor devices at various current
densities were further illustrated in Fig. 6d. The rate capability is
also shown in Fig. 6e. The speciﬁc capacitance of CoMoO4/MnO2
NFs//AC ASC could reach 152 F g1 at a current density of 1 A g1,
and still retain 106 F g1 at a current density of 10 A g1, which is
higher than that of CoMoO4//AC ASC, MnO2 NFs//AC ASC and AC//
AC SSC (Fig. 6e). The ASC can retain about 84% of its original
capacitance even after 10000 cycles at a current density of 3 A g1
(Fig. S15). The energy density of the supercapacitor devices at
different average power density were calculated according to Eqs.
(2) and (3). Compared with individual CoMoO4 and MnO2, the
CoMoO4/MnO2 NFs//AC ASC exhibits signiﬁcant enhancement in
both energy density and power density (Fig. 6f). It displays a high
energy density of 54 W h kg1 at a power density of 800 W kg1,
approaching that of lithium ion batteries. Even at a high power
density of 8000 W kg1, the device still has an energy density of
35.5 W h kg1. It is clearly seen that the energy and power density
of ASC are higher than those of the CoMoO4 NFs//AC, MnO2 NSs//AC
and AC//AC devices. The energy density in this work is much
superior to that of many previously reported supercapacitor
devices at the same power level (as seen in the Supporting
information Table S2).
4. Conclusion
In conclusion, ﬂower-like CoMoO4/MnO2 heterostructure have
been fabricated on Ni foam by hydrothermal method. The
heterostructure electrode exhibits excellent pseudocapacitive

Fig. 6. (a) CV curves of the optimized CoMoO4/MnO2 NFs//AC ACS device collected at different potential voltages at a scan rate of 5 mV s1; (b) CV curves of the optimized
CoMoO4/MnO2 NFs//AC ASC device collected at various scan rates; (c) Charge-discharge curves of optimized CoMoO4/MnO2 NFs//ASC device collected at various potential
voltages at the current density of 3 A g1; (d) Charge-discharge curves of the optimized CoMoO4/MnO2 NFs//ASC device collected at various current densities; (e) The speciﬁc
capacitance of CoMoO4/MnO2 NFs//AC, CoMoO4 NSs//AC, MnO2 NSs//AC and AC//AC at different current densities; (f) The Ragone plots relating power density to energy
density of asymmetric supercapacitor devices.
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behaviors with high speciﬁc capacitance and outstanding cycling
stability. An asymmetric supercapacitor based on CoMoO4/MnO2
NFs electrode further delivers high speciﬁc energy densities at
various power densities. The asymmetric supercapacitor has an
energy density of 54 Wh kg1 at a power density of 800 W kg1 and
35.5 Wh kg 1 at a high power density of 8000 W kg1 and exhibits
outstanding cycling life. The rational design and facile synthesis
strategy offer an effective way to enhance the electrochemical
performance of pseudocapacitors and shows a promising largescale application in the future energy storage.
Acknowledgements
We thank National Natural Science Foundation of China (No.
51572058, 91216123, 51174063, 51502057), the Natural Science
Foundation of Heilongjiang Province (E201436), the International
Science & Technology Cooperation Program of China
(2013DFR10630, 2015DFE52770) and Specialized Research Fund
for the Doctoral Program of Higher Education (SRFDP
20132302110031), Natural Science Foundation of Heilongjiang
Province of China (Grant No. E2016062), the China Postdoctoral
Science Foundation (General Financial Grant No. 2014M561345),
the Heilongjiang Postdoctoral Science Foundation (LBH-Z14105).
References
[1] P. Simon, Y. Gogotsi, Materials for electrochemical capacitors, Nat. Mater. 7
(2008) 845–854.
[2] J.R. Miller, P. Simon, Electrochemical capacitors for energy management,
Science Magazine 321 (2008) 651–652.
[3] P.J. Hall, M. Mirzaeian, S.I. Fletcher, Energy storage in electrochemical
capacitors: designing functional materials to improve performance, Energy
& Environmental Science 3 (2010) 1238–1251.
[4] D. Kong, J. Luo, Y. Wang, Three-dimensional Co3O4@MnO2 hierarchical
nanoneedle arrays: morphology control and electrochemical energy
storage, Advanced Functional Materials 24 (2014) 3815–3826.
[5] Y.G. Zhu, Y. Wang, Y. Shi, Phase Transformation induced capacitance activation
for 3D graphene-CoO nanorod pseudocapacitor, Advanced Energy Materials 4
(2014) 1301788.
[6] Q. Qu, S. Yang, X. Feng, 2D Sandwich-like sheets of iron oxide grown on
graphene as high energy anode material for supercapacitors, Advanced
Materials 23 (2011) 5574–5580.
[7] Q. Qu, Y. Zhu, X. Gao, Core-shell structure of polypyrrole grown on V2O5
nanoribbon as high performance anode material for supercapacitors,
Advanced Energy Materials 8 (2012) 950–955.
[8] X. Zhuang, F. Zhang, D. Wu, Two-dimensional sandwich-type, graphene- based
conjugated microporous polymers, Angewandte Chemie 125 (2013) 9850–
9854.
[9] J. Chang, M. Jin, F. Yao, Asymmetric supercapacitors based on graphene/MnO2
nanospheres and graphene/MoO3 nanosheets with high energy density,
Advanced Functional Materials 23 (2013) 5074–5083.
[10] B. Sun, Z. Jiang, D. Fang, One-pot approach to a highly robust iron oxide/
reduced graphene oxide nanocatalyst for ﬁscher tropsch synthesis,
ChemCatChem 5 (2013) 714–719.
[11] L. Huang, D. Chen, Y. Ding, Nickel-cobalt hydroxide nanosheets coated on
NiCo2O4 nanowires grown on carbon ﬁber paper for high-performance
pseudocapacitors, Nano lett. 13 (2013) 3135–3139.
[12] G. Huang, L. Zhang, F. Zhang, Metal-organic framework derived
Fe2O3@NiCo2O4 Porous nanocages as anode materials for Li-ion batteries,
Nanoscale 6 (2014) 5509–5515.
[13] W. Xu, K. Zhao, C. Niu, Heterogeneous branched core-shell SnO2-PANI nanorod
arrays with mechanical integrity and three dimentional electron transport for
lithium batteries, Nano Energy 8 (2014) 196–204.
[14] J.B. Goodenough, Y. Kim, Challenges for rechargeable Li batteries, Chemistry of
Materials 22 (2009) 587–603.
[15] Y. Cao, L. Xiao, W. Wang, Reversible sodium ion insertion in single crystalline
manganese oxide nanowires with long cycle life, Advanced Materials 23 (2011)
3155–3160.
[16] H. Wu, G. Chan, J.W. Choi, Stable cycling of double-walled silicon nanotube
battery anodes through solid-electrolyte interphase control, Nature
nanotechnology 7 (2012) 310–315.
[17] Y. Yao, N. Liu, M.T. McDowell, Improving the cycling stability of silicon
nanowire anodes with conducting polymer coatings, Energy & Environmental
Science 5 (2012) 7927–7930.
[18] Y. Wang, C. Guo, X.X. Wang, C.H. Guan, K. Yang, C. Wang, M. Li, Stable cycling of
double-walled silicon nanotube battery anodes through solid-electrolyte
interphase control, Energy & Environmental Science 4 (2011) 195–200.

[19] T. Maiyalagan, X. Dong, P. Chen, X. Wang, Electrodeposited Pt on threedimensional interconnected graphene as a free-standing electrode for fuel cell
application, J. Mater. Chem. 22 (2012) 5286–5290.
[20] B. Guan, D. Guo, L. Hu, Facile synthesis of ZnCo2O4 nanowire cluster arrays on
Ni foam for high-performance asymmetric supercapacitors, Journal of
Materials Chemistry A 2 (2014) 16116–16123.
[21] Y. Xu, X. Wang, C. An, Facile synthesis route of porous MnCo2O4 and CoMn2O4
nanowires and their excellent electrochemical properties in supercapacitors,
Journal of Materials Chemistry A 2 (2014) 16480–16488.
[22] G. Yu, X. Xie, L. Pan, Hybrid nanostructured materials for high-performance
electrochemical capacitors, Nano Energy 2 (2013) 213–234.
[23] G. Yu, L. Hu, M. Vosgueritchian, Solution-processed graphene/MnO2
nanostructured textiles for high-performance electrochemical capacitors,
Nano lett. 11 (2011) 2905–2911.
[24] X. Xiao, T. Ding, L. Yuan, WO3-x/MoO3-x core/shell nanowires on carbon fabric
as an anode for all-Solid-State asymmetric supercapacitors, Advanced Energy
Materials 2 (2012) 1328–1332.
[25] C. Yuan, J. Li, L. Hou, X. Zhang, L. Shen, X.W. Lou, Ultrathin mesoporous NiCo2O4
nanosheets supported on Ni foam as advanced electrodes for supercapacitors,
Adv. Funct. Mater. 22 (2012) 4592–4597.
[26] G. Zhang, X.W. Lou, Controlled growth of NiCo2O4 nanorods and ultrathin
nanosheets on carbon nanoﬁbers for high-performance supercapacitors, Sci.
Rep. 3 (2013) 1470.
[27] G.Q. Zhang, H.B. Wu, H.E. Hoster, M.B. Chan-Park, X.W. Lou, Single-crystalline
NiCo2O4 nanoneedle arrays grown on conductive substrates as binder-free
electrodes for high-performance supercapacitors, Energy & Environmental
Science 5 (2012) 9453–9456.
[28] K. Karthikeyan, D. Kalpana, N.G. Renganathan, Synthesis and characterization
of ZnCo2O4 nanomaterial for symmetric supercapacitor applications, Ionics 15
(2009) 107–110.
[29] L. Bao, J. Zang, X. Li, Flexible Zn2SnO4/MnO2 core/shell nanocable-carbon
microﬁber hybrid composites for high-Performance supercapacitor
electrodes, Nano Lett. 11 (2011) 1215–1220.
[30] M.C. Liu, L.B. Kong, C. Lu, Design and synthesis of CoMoO4-NiMoO4XH2O
bundles with improved electrochemical properties for supercapacitors,
Journal of Materials Chemistry A 1 (2013) 1380–1387.
[31] L.Q. Mai, F. Yang, Y.L. Zhao, X. Xu, L. Xu, Y.Z. Luo, Hierarchical MnMoO4/CoMoO4
heterostructured nanowires with enhanced supercapacitor performance, Nat.
Commun. 2 (2011) 381–385.
[32] M.C. Liu, L.B. Kong, X.J. Ma, C. Lu, X.M. Li, Y.C. Luo, L. Kang, Hydrothermal
process for the fabrication of CoMoO40.9H2O nanorods with excellent
electrochemical behaviour, New J. Chem. 36 (2012) 1713–1716.
[33] X.Z. Yu, B.G. Lu, Z. Xu, Super long-Life supercapacitors based on the
construction of nanohoneycomb-like strongly coupled CoMoO4-3D
graphene hybrid electrodes, Adv. Mater. 26 (2014) 1044–1051.
[34] R. Ramkumar, M. Minakshi, Fabrication of ultrathin CoMoO4 nanosheets
modiﬁed with Chitosan and their improved performance in energy storage
device, Dalton Trans. 44 (2015) 6158–6168.
[35] Y. Wang, S.F. Yu, C.Y. Sun, MnO2/onion-like carbon nanocomposites for
pseudocapacitors, Journal of Materials Chemistry 22 (2012) 17584–17588.
[36] W. Wei, X. Cui, W. Chen, Manganese oxide-based materials as electrochemical
supercapacitor electrodes, Chemical Society Reviews 40 (2011) 1697–1721.
[37] J. Kang, A. Hirata, L. Kang, Enhanced supercapacitor performance of MnO,
Angewandte Chemie 125 (2013) 1708–1711.
[38] Z. Chen, W. Ren, L. Gao, B. Liu, S. Pei, H.M. Cheng, Three-dimensional ﬂexible
and conductive interconnected graphene networks grown by chemical vapour
deposition, Nature Mater. 10 (2011) 424–428.
[39] W. Chen, S. Li, C. Chen, L. Yan, Self-assembly and embedding of nanoparticles
by in situ reduced graphene for preparation of a 3D graphene/nanoparticle
aerogel, Adv. Mater. 23 (2011) 5679–5683.
[40] X.C. Dong, H. Xu, X.W. Wang, Y.X. Huang, M.B. Chan-Park, H. Zhang, L.H. Wang,
W. Huang, P. Chen, 3D araphene-cobalt oxide electrode for high-performance
supercapacitor and enzymeless glucose detection, ACS Nano 6 (2012) 3206–
3213.
[41] Y. He, W. Chen, X. Li, Z. Zhang, J. Fu, C. Zhao, E. Xie, Freestanding threedimensional graphene/MnO2 composite networks as ultralight and ﬂexible
supercapacitor electrodes, ACS Nano 7 (2012) 174–182.
[42] J.P. Liu, J. Jiang, C.W. Cheng, H.X. Li, J.X. Zhang, H. Gong, H.J. Fan, Co3O4
nanowire@ MnO2 ultrathin nanosheet core/shell arrays: a new class of highperformance pseudocapacitive materials, Adv. Mater. 23 (2011) 2075–2076.
[43] Z. Zhang, Y. Liu, Z. Huang, Facile Hydrothermal Synthesis of NiMoO4@CoMoO4
hierarchical nanospheres for supercapacitor applications, Physical Chemistry
Chemical Physics 17 (2015) 20795–20804.
[44] J.X. Gou, S.L. Xie, Y.R. Liu, C.G. Liu, Flower-like nickel-cobalt hydroxides
converted from phosphites for high rate performance hybrid supercapacitor
electrode materials, Electrochimica Acta 210 (2016) 915–924.
[45] D. He, S.X. Xing, B.N. Sun, H. Cai, H. Suo, C. Zhao, Design and construction of
three-dimensional ﬂower-like CuO hierarchical nanostructures on copper
foam for high performance supercapacitor, Electrochimica Acta 210 (2016)
639–645.
[46] H. Li, Z.X. Chen, Y. Wang, J.J. Zhang, X.Y. Yan, Controlled synthesis and enhanced
electrochemical performance of self-assembled rosette-type Ni-Al layered
double hydroxide, Electrochimica Acta 210 (2016) 15–22.
[47] V. Cauda, D. Pugliese, N. Garino, A. Sacco, S. Bianco, F. Bella, A. Lamberti, C.
Gerbaldi, multi-functional energy conversion and storage electrodes using
ﬂower-like Zinc oxide nanostructures, Energy 65 (2014) 639–646.

J. Wang et al. / Electrochimica Acta 213 (2016) 663–671
[48] D. Pugliese, F. Bella, V. Cauda, A. Lamberti, A. Sacco, E. Tresso, S. Bianco, A
chemometric approach for the sensitization procedure of ZnO ﬂowerlike
microstructures for dye-Sensitized solar cells, ACS Appl. Mater. Interfaces 5
(2013) 11288–11295.
[49] F. Niu, N. Wang, J. Yue, L. Chen, J. Yang, Y.T. Qian, Hierarchically Porous CuCo2O4
microﬂowers: a superior anode material for Li-ion batteries and a stable
cathode electrocatalyst for Li-O2 batteries, Electrochimica Acta 208 (2016)
148–155.
[50] M.J. Zhi, A. Manivannan, F.K. Meng, N.Q. Wu, Highly conductive electrospun
carbon nanoﬁber/MnO2 coaxial nano-cables for high energy and power
density supercapacitors, J. Power Source 208 (2012) 345–353.
[51] B. Wang, X. He, H. Li, Q. Liu, J. Wang, L. Yu, H.J. Yan, Z.S. Li, P. Wang, Optimizing
the charge transfer process by designing Co3O4@PPy@MnO2 ternary core–shell
composite, Journal of Materials Chemistry A 2 (2014) 12968–12973.

671

[52] K. Qiu, Y. Lu, D. Zhang, J. Cheng, H. Yan, J. Xu, X. Liu, J. Kim, Y. Luo, Mesoporous,
hierarchical core/shell structured ZnCo2O4/MnO2 nanocone forests for highperformance supercapacitors, Nano Energy 11 (2015) 687–696.
[53] D.Z. Kong, J.S. Luo, Y.L. Wang, W.N. Ren, T. Yu, Y.S. Luo, Y.P. Yang, C.W. Cheng,
Three-dimensional Co3O4@MnO2 hierarchical nanoneedle arrays: morphology
control and electrochemical energy storage, Adv. Funct. Mater. 26 (2014)
1044–1051.
[54] B. Zhang, Y.S. Liu, Z.D. Huang, S. Oh, Y. Yu, Y.M. Mai, J.K. Kim, Urchin-like
Li4Ti5O12-carbon nanoﬁber composites for high rate performance anodes in Liion batteries, J. Mater. Chem. 2 (2012) 12133–12140.
[55] Y.M. He, W.J. Chen, X.D. Li, Z.X. Zhang, J.C. Fu, C.H. Zhao, E.Q. Xie, Freestanding
three-dimensional graphene/MnO2 composite networks as ultralight and
ﬂexible supercapacitor electrodes, ACSNano 7 (2013) 174–182.

