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Co3;04,@CoMo0y; Herein, we develop a supercapacitor electrode composed of 3D self-supported Co;0,@CoMo0O,
Core-shell architec- core-shell architectures directly grown on nickel foam. Co304 nanocones are grown vertically on
ture; the nickel foam as the core and CoMoO, nanosheets are further engineered to immobilized on
Hydrothermal the surface of the nanocones as the shell. The unique architecture take advantage of a large

method;

s interfacial area, numerous channels for rapid diffusion of electrolyte ions, fast electron
Synergistic effect;

. transport and the high electrochemical activity from both the Co30,4 and CoMoO,. The electrode

Solid-state superca- o . o . _q . -1

pacitors; exhibits high specific capacitance of 1902 Fg~' at current density of 1 Ag™', good rate

Energy s’torage capability, and cycling stability with 99% capacitance retention after 5000 cycles. Solid-state
asymmetric supercapacitor (Co3;04@CoMo0,4//CNTs) and symmetric supercapacitor (Co304@Co-
Mo0,//Co30,@CoM00,) are fabricated with excellent electrochemical performance. The
asymmetric supercapacitor with a maximum voltage of 1.6 V has demonstrated a high energy
density of 45.2W hkg™", a high power density of 6400 W kg~"' at 37.0Whkg~", and out-
standing cyclic stability with the capacitance retention of 98.5% after 3000 cycles.
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Introduction

With ever-increasing environmental pollution and the con-
tinuous demand for energy consumption, more efforts have
been used to develop the sustainable and environmentally
friendly alternative energy sources and energy storage
devices [1-8]. Electrochemical capacitors (ECs), also called
supercapacitors, have attracted tremendous interest due to
their high power performance, fast recharge ability, long
cycle life, non-pollution and low maintenance cost [9-12]. It
is well known that ECs can provide instantaneously a higher
power density than batteries and higher energy density than
conventional capacitors [13-15]. Therefore, they have been
widely used in portable electronics, electrical vehicles and
various microdevices. The performance of ECs greatly
depends on their electrode materials. Currently, many
researches focus on the rational design of proper electrode
with high capacity, large energy density and long cycling
stability. Among them, numerous efforts have been made to
investigate pseudocapacitive transition-metal-based oxides
or hydroxides, because they can produce much higher
specific capacitances than typical carbon-based electroche-
mical double-layer capacitors (EDLCs) and electronically
conducting polymers [16-22].

Recently, considerable attention has been paid to the
construction of intriguing hetero architectures of transition
metal oxides or hydroxides for EC electrodes to boost the
electrochemical performance. For example, Kong et al. [23]
reported a cost-effective and simple strategy to design and
fabricate Co030,@Mn0, hierarchical nanoneedle arrays on
nickel foam, which presented a high capacitance of 1693.2
Fg~'at 1Ag~" with long-term cycling stability for super-
capacitors. Hercule et al. [24] prepared hierarchical nanos-
tructured Mo0O,/Co(OH),. The electrode exhibited a high
capacitance of 800 Fg~' at 20 Ag~" with only 3% capaci-
tance loss after 5000 cycles, which was better than those of
individual component. Chen and his coworkers [13] reported
a one step hydrothermal co-deposition method for the
growth of ultrathin Ni(OH),-MnO, hybrid nanosheets arrays
on nickel foam. The hybrid electrode showed ultra-high
capacitance (2628 Fg~') and energy density (81.2Wh
kg~") in the three-electrode measurement. Luo et al. [25]
reported a ZnCo,04/MnO, nanocone with a mesoporous
hierarchical core-shell structure, which exhibited excep-
tional specific capacitance of 1526 Fg~' at 10 Ag~" in the
three electrode test, as well as achieving capacitance
retention of 94.5% after 8000 cycles. These nanoarchitec-
tured materials aforementioned have great superiorities as
pseudocapacitive electrodes owing to their synergies result-
ing from the multistructure hybrid and integrating
heterocomposites.

Co30, is an attractive pseudocapacitive material because
of its great redox activity and extremely high theoretical
specific capacitance (ca. 3560 Fg~') [26-28]. However,
Co304 suffers from poor capacity retention and rate
capacity.

Binary transition metal oxides have been considered to be
the promising candidates as electrodes for high perfor-
mance pseudocapacitors due to their multiple redox reac-
tions and high electrical conductivity. Among them, metal
molybdates, such as CoMoQy, is particularly attracted owing

to its excellent rate capability and cycling ability, abundant
sources and environmental friendliness. In our previous
work, we have synthesized heterostructured MnMoO,-
CoMoO,4 nanowires, which exhibit a specific capacitance of
181.7Fg~" at a current density of 1Ag~"' with good
reversibility and cyclic efficiency [29]. Xia et al. synthesized
CoMoO4-graphene for supercapacitor applications, which
showed a specific capacitance of about 394.5F g~" from
the CV curve at 1 mV s~ '[30]. Unfortunately, up till now,
the specific capacitance of CoMoO,4 reported is still undesir-
able for its widespread practical application [31,32]. This
inspired us to design and fabricate an elegant Cos04 and
CoMo0O,4 heterostructured electrode, which will combine the
merits of both Co;04 and CoMoO,, together with the well-
designed architecture to improve the performance. It is
worth noting that Gu et al., prepared Co3;0,@CoMo0Q, core/
shell nanowire arrays by hydrothermal ion exchange method
[33]. In their work, Cos04 nanowires coated with CoMoO,4
nanofilms were constructed and the electrode exhibited the
specific capacitance of 1040 Fg~' at a current density of
1Ag~", and the symmetric supercapacitor device was
studied in liquid electrolyte. To the best of our knowledge,
solid-state supercapacitor applications for the Co;04@Co-
MoOQ, electrode have never been explored.

Herein, we for the first time reported that 3D self-
supported Co30,@CoMoQO4 core-shell nano-pine forest
(NPF) arrays were directly grown on the conductive current
collector using a facile stepwise hydrothermal method.
Co304 nanocones (NCs) were grown on the nickel foam as
the core and CoMoO,4 nanosheets (NSs) were further firmly
attached to the NCs as the shell to form a 3D self-supported
Co030,@CoMo0, core-shell arrays. Such unique architecture
can offer a large interfacial area for reaction, numerous
channels for rapid diffusion of electrolyte ions, and fast
electron transport, which endows the designed Co;0,@Co-
MoO, NPF electrode with an excellent capacitive perfor-
mance. The as prepared Co030,@CoMo0O, core-shell
electrode exhibits a high specific capacitance of 1902 Fg~",
which is much higher than that of Gu et al. reported
(1040Fg~" at 1Ag™") [33]. Good rate capability and
excellent long-term cycling performance are also demon-
strated in such a hybrid electrode. In addition, solid state
asymmetric and symmetric supercapacitor devices fabri-
cated by using our Co30,@CoMo0O,4 NPF as electrodes have
demonstrated a high energy density of 45.2 W hkg~", a high
power density of 6400 W kg~" at 37.0Whkg~', and out-
standing cyclic stability with the capacitance retention of
96.5% after 3000 cycles at a current density of 0.5Ag™".
This study constitutes a promising strategy toward design
and fabrication of transition metal oxides based nanostruc-
tured cathode with good energy storage performance for
supercapacitors.

Experimental details

All of the reagents used in the experiments were of
analytical grade and were used without further purification.
Prior to the synthesis, the Ni foam (1 x 1 x 0.1 cm®) was
cleaned by sonication in the acetone, ethanol and deionized
water in sequence for 30 min, respectively. Cos04 NCs,
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CoMoO4 NSs and Co;0,@CoMo04 NPF were prepared by the
hydrothermal method.

Synthesis of Co304 nanocones

The pristine Co304 NCs were synthesized on nickel foam by a
hydrothermal method. In a typical synthesis, 1.18¢g
CoCl; - 6H,0 and 1.80 g urea were dissolved in 60 ml deio-
nized water under constant magnetic stirring for 2 h. The
solution was then transferred to a 100 ml Teflon-lined
stainless steel autoclave, with a piece of Ni foam immersed
in the reaction solution. The autoclave was sealed and
maintained at 120 °C for 10h and then cooled to room
temperature. Then the samples were dried at 60 °C for 12 h,
followed by annealing at 200 °C in air for 1 h to obtain
Co304 NCs.

Synthesis of CoMoO, nanosheets

In a typical synthesis, 0.14g CoCl,-6H,0 and 0.15g
Na,MoO, - 7H,0 were dissolved in 50 ml deionized water
under constant magnetic stirring. The CoMoO, 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 180 °C for 10 h and then cooled
to room temperature. The sample of CoMoO,4 NSs was then
rinsed and dried at 60 °C for 12 h.

Synthesis of Co3;0,@CoMo0, nanopine forest

In a typical synthesis, the as obtained Cos0,4 NCs on Ni foam
were immersed into the precursor solution of CoMoO,4. Then
they were transferred to a 100 ml Teflon-lined stainless
steel autoclave. The autoclave was sealed and maintained
at 180 °C for 10 h and then cooled to room temperature.
The as prepared Co;0,@CoMo0,4 NPF was rinsed and dried at
60 °C for 12 h.

Preparation of carbon nanotubes (CNTs) electrode

The CNTs were pretreated firstly as follows: 1 g CNTs was
mixed with 200 ml 68% HNOs, then was heated at 80 °C for
24 h with constant stirring. Then the CNTs were rinsed and
dried at 60°C for 12 h. The negative electrode for the
asymmetric supercapacitors was prepared by mixing CNTs
(80 wt%) with carbon black (10 wt%) and polyvinylidene-
fluoride (PVDF, 10wt%). A small amount of N-
methylpyrrolidone (NMP) was then added to form a homo-
geneous mixture. The resulting mixture was coated onto a
1 cm? Ni-foam and was dried at 80 °C for 12 h.

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 selected-area 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, 4=0.1542 nm, 40 kV,100
mA). Brunauer-Emmett-Teller (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 N,-sorption isotherm.

Electrochemical measurements

Electrochemical measurements were performed on an elec-
trochemical workstation (CHI 660D, Shanghai,China) using a
three-electrode mode in a 2 M KOH aqueous solution within
the potential window of —0.2 to 0.6 V. The nickel foam
supported Co0;0,@CoMo0O4 NPF (~1cm? area; Co;0,@Co-
MoO,4 mass: 3.3 mg) or pristine Co304 NCs (mass: 2.5 mg) or
CoMoO4 NSs (mass: 1.1 mg) acted directly as the working
electrodes. A platinum electrode and a saturated calomel
electrode (SCE) served as the counter electrode and the
reference electrode, respectively. Electrochemical impe-
dance 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, energy density and
power density were calculated from the following equa-
tions:

IAt

Cs = 7mAV (1)

E— /UdQ: /UIdt:I/Udt 2)

p_ 3600 5
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where C, (Fg~") is the specific capacitance, I (A) is the
constant discharge current, At (s) is the discharge time, AV
(V) is the potential drop during discharge process, m (g) is
the mass of the active materials, [Udt is the enclosed area
of the discharge curve and coordinate axis, U (V) is the
potential window of the supercapacitor devices, t (s) is the
corresponding discharge time of the devices. E (W hkg™") is
the energy density, and P (W kg~ ") is the power density.

Preparation and characterization of the solid state
asymmetric and symmetric supercapacitors

The asymmetric supercapacitors were assembled by using
Co30,@CoMo0,4 NPF as the positive electrode, CNTs as the
negative electrode with a separator and PVA/KOH as a solid
electrolyte. Each electrode had a geometric surface area of
1 cm?. PVA/KOH gel was prepared by mixing 5.6 g¢ KOH with
6 g PVA in 50 ml deionized water and heated at 80 °C under
stirring for 4h. The electrodes and the separator were
soaked in the gel for 5 min, then taken out from the gel, and
assembled together. The device was placed in the air for
24 h and became solid. The electrochemical performance of
the asymmetric supercapacitor was tested by an electro-
chemical workstation (CHI 660D, Shanghai, China) using a
two-electrode mode.

The symmetric supercapacitors consisted of Co;0,@Co-
MoO,4 NPF as both the positive electrode and the negative
electrode with PVA/KOH as the solid electrolyte were
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Figure 1

fabricated and tested by an electrochemical workstation
(CHI 660D, Shanghai, China) using a two-electrode mode.

Results and discussion

The schematic procedure for the fabrication of the 3D self-
supported Co;0,@CoMo0,4 NPFs architecture is illustrated in
Figure 1. First, commercial nickel foam is employed as the
current collector for the preparation of Co3;04 NCs via
hydrothermal route. Then CoMoO, NSs is further immobi-
lized on the nanocone arrays through the hydrothermal
process to form the Co30,@CoMo0,4 NPF arrays. The optical
images of the as prepared electrodes are shown in Figure
S1. The morphology of the Cos0,4 NCs is shown in Figure 2a,
which clearly reveals that a large amount of nanocones with
uniform structure are observed. The nanocones have an
average bottom diameter of 150 nm and length of around
2 pm.

Figure 2b shows the SEM image of CoMoO, which pos-
sesses a nanostructure composed of nanosheets with an
average thickness of 20 nm. The nanosheets are intercon-
nected with each other and form a network structure with
highly porous configuration. Figure 2c shows that large-scale
and aligned Co;0,@CoMo04 nanopines grow uniformly on
the surface of the Ni foam. The numerous Co30,@CoMo0,
nanopines appear like “nanopine forest”, standing vertically
on the Ni foam (Figure 2d). The high magnification SEM
(inset of Figure 2d) clearly demonstrates that CoMoO,4 NSs
are homogeneously covered on the whole surface of Cos0,4
NCs and form the 3D Co30,@CoMo0Q, core/shell arrays. The
vertical self-supported arrays and the interconnected shells
are beneficial to the fast ion and electron transportation,
and the porous nanostructure facilitates electrolyte infiltra-
tion. Brunauer-Emmett-Teller (BET) analysis results show
that the specific surface area of Co3;0,@CoMoO, NPF is
61.4m%g~", which is much higher than that of Co;0, NCs
(40.2m*g~") and CoMoO,4 NSs (55.6 m2g~") (Figure S2).
This core/shell configuration can provide a higher surface
area, which is mainly attributed to the interconnected
CoMoO,4 NSs and the aligned Co30, NCs scaffold that
creating a 3D structure and highly porous surface

! CoMoO, NSs

‘ Co;04 NCs
é Co;0,@CoMoO,NPF

CoCl,+Na,MoO,
—

Schematic illustration for the fabrication of 3D self-supported Co3;0,@CoMo0O,4 NPF arrays.

morphology. Such configuration is of great importance to
promote electrolytes accessibility and increase the utiliza-
tion of the active materials [34-39]. The zone labeled with
red line in Figure 2d is selected to research the Energy
Dispersive X-ray Spectroscopy (EDS) and SEM mapping
(Figure S3). It can be clearly seen that only elements of
0O, Co, and Mo could be found in the Cos0,@CoMoQ, NPF.

The crystallinity and crystal phases of the as-prepared
samples were examined by X-ray diffraction (XRD) and the
results are shown in Figure S4. The patterns of Cos04 NCs
and CoMoO4 NSs are in good agreement with the standard
patterns for the cubic phase of Cos04 (PDF, card No. 42-
1467) and monoclinic CoMoO, (PDF, card No. 21-0868),
respectively. Besides the diffraction peaks of monoclinic
CoMoOQ,4, several weak diffraction peaks attributed to
CoMoOg - 0.9H,0 are observed. The patterns of Co304@Co-
MoO,4 NPF contain the diffraction peaks of both Co;04 and
CoMo0y,, indicating the presence of both phases.

The typical TEM and HRTEM images of Co304 NCs are
displayed in Figure 3a and b. The lattice fringes show the
lattice spacing is 0.47 nm, which is corresponding to the
(111) planes of the cubic Co304. The SEAD in Figure 3b
reveals that the Co304 NCs are polycrystalline structure.
Figure 3c and d shows TEM and HRTEM images of Co;0,@-
CoMo0, core/shell structure. It is evidently observed that
the Co304 NCs are coated with CoMoO4 NSs, forming a
typical core-shell heterostructure. HRTEM reveals that the
shell has a visible lattice fringes of 0.33 nm and 0.30 nm,
corresponding well to the (002) and (310) planes of CoM0oO,,
respectively. The SEAD pattern in Figure 3d indicates the
polycrystalline characteristics of the Co;0,@CoMo0O, NPF.
TEM image and EDS mapping of the Co;0,@CoMo0O, sample
(Figure S5) further indicate that the elements of Co and O
are distributed uniformly on both the core and the shell,
while there are more Mo elements in the shell of the
nanopine. The mapping results are in well accordance with
the fact that the sample has a core consisting of Co;04 and a
shell consisting of CoMoO,.

To investigate the potential application of the unique
Co30,@CoMo0,4 NPF as supercapacitor electrodes, the elec-
trochemical performances of the as-prepared products are
tested in a three-electrode system with a 2 M KOH solution
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Figure 2 SEM images of (a) Co304 NCs on nickel foam, the inset is the high magnification SEM image; (b)CoMoO,4 NSs on nickel foam.
The inset is the magnified view. (c) Co30,@CoMo04 NPF on nickel foam. (d) Co;0,@CoMo0, NPF taken at different magnifications.

as the electrolyte. Figure 4a compares the cyclic voltam-
metry (CV) curves of the pristine Co304 NCs, CoMoO,4 NSs
and Co30,@CoMo0, NPF at a scan rate of 5mVs~". Well-
defined redox peaks within —0.2 to 0.6 V are visible on the
CV curves of these oxide electrodes, indicating the strong
pseudocapacitive nature of the electrodes. As expected,
the area for Co30,@CoMo0O,4 NPF, compared with that of the
Co304 NCs and the CoMoO4 NSs electrodes, shows an obvious
increase, further indicating that the core-shell electrode
possesses a significantly higher specific capacitance and
higher electrochemical activity than individual component,
arising from the increased surface area and structural effect
from the 3D hybrid structure of Co304 NCs and CoMoO4 NSs.
To check the substrate effect of Ni foam, the CV curve of Ni
foam is also presented. Evidently, the Ni foam contributes
very little to the total capacitance of the electrode.

The rate capability of the Co;0,@CoMo04 NPF electrode
was also investigated by measuring the CV curves at
different scan rates and charging-discharging curves at
different current densities, as shown in Figure 4b and c.
(See Supporting information Figure S6, the comparative CVs
and charging-discharging curves of Co304 NCs and CoMoO,
NSs performed in a three-electrode cell). All the CV curves
show obvious pseudocapacitance features with a similar

line-type and the curves keep the original shape with the
increasing scan rates, indicating of the desirable fast ionic
and electron transportation of the electrodes. The peak
current increases with the increase of the scan rate,
suggesting the good reversibility of the fast charge-dis-
charge response of the electrode. The galvanostatic charge-
discharge curves of Co;0,@CoMo0,4 NPF electrode tested at
current density of 0.5-10 Ag~" (Figure 4c) show that each
curve has a good symmetry, implying excellent electroche-
mical reversibility and charge-discharge properties. The
specific capacitance of the Co;0,@CoMo0, NPF electrode
calculated from the discharge curves according to Eq. (1)
are 1902, 1760, 1506, 1350, 1280, and 1200 F g‘1 at current
densities of 1, 2, 3, 5, 8, and 10 Ag~", respectively. The
specific capacitances of the three electrodes derived from
the discharging curves at different current densities are
compared, as shown in Figure 4d. The results reveal that the
Co30,4@CoMo0,4 NPF electrode exhibits a much higher capa-
citance than that of Co3;04 NCs and CoMoO, NSs. Even at
current density as high as 10Ag~"', the Co;0,@CoMo0,
electrode still delivers a high specific capacitance of 1200 F
g~ ', indicating its superior rate capability.

To gain further insight into the advantages of the
Co30,@CoMo0,4 NPF electrode, the electrochemical
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Figure 3

(a) TEM image of an individual Co304 NC; (b) HRTEM image of the Co30, NC and corresponding SAED pattern; (c) TEM

image of the Co3;0,@CoMo0Q,4 core/shell structure; (d) HRTEM image of the Co30,@CoMo0Q, core-shell structure and corresponding

SAED pattern.

impedance spectra (EIS) were tested. The Nyquist plots of
the pristine Co304 NCs, CoMoO,4 NSs and Co30,@CoMo0,4 NPF
are shown in Figure 4e. The inset shows the semicircle at
high frequency. 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.
From the point intersecting with the real axis in the high
frequency, the Co30,@CoMoQO4 NPF electrode demonstrates
a much smaller internal resistances (0.76 Q) compared with
that of Co304 NCs (1.67 Q) and CoMoO, NSs (1.29 Q),
indicative of improved electrical conductivity. Moreover,
the Co30,@CoMo0, NPF electrode demonstrates the smal-
lest charge-transfer resistance and 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
Co30,4@CoMo0, core/shell electrode.

The cycling performance of the three electrodes was
evaluated at a current density of 3Ag~", as shown in
Figure 4f. It shows that the Co3;0,@CoMoO4 NPF electrode
exhibits an excellent long-term electrochemical stability
and the capacitance loss after 3000 cycles is only 1.5%. By
contrast, the capacitance retentions are 85.7% and 91.7%
for Co304 NCs and CoMoO4 NSs, respectively.

We further performed a charge-discharge cycling test at a
current density of 5Ag™' to examine the long-term
cyclability of Co30,@CoMoQO4 NPF (Figure 5a), which indi-
cates that the charge-discharge process of the electrode is
highly reversible. The specific capacitance of Co;04@Co-
MoO4 NPF electrode at 5A g~ changes from 1350 F g~ of
the first cycle to 1337 F g, which keeps 99% capacitance
retention after 5000 cycles. Typical Nyquist plots of the
Co30,@CoMo0, electrode after the 1st and 5000th cycles
are presented in Figure 5b. The arc increment from the 1st
to the 5000th cycles is not so obvious, indicating that the
nanostructures are well maintained and preserved overall
with little structural deformation after 5000 cycles. In
addition, the increase of the Warburg resistance after
5000 cycles can be attributed to the loss of adhesion of
some active materials blocking the diffusion pathways of
ions during the charge-discharge process.

Figure 5c demonstrates the different current densities
dependent cycling performance. During the first 100 cycles
with a charge-discharge density of 10 Ag™", the electrodes
shows a stable specific capacitance of 1200 Fg~'. In the
following 500 cycles, the charge-discharge rate changes
successively and the electrode demonstrates the stable
capacitance. After 600 cycles, with the current density
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Figure 4 (a) CV curves of the pristine Co;0,4 NCs, CoMoO, NSs and Co;0,@CoMo0, NPF at a scan rate of 5mV s~"; (b) CV curves of
Co030,@CoMo0,4 NPF at the scan rate between 5 and 100 mV s~ '; (c) charge and discharge curves of Co;0,@CoMo0, NPF at different
current densities ranged from 0.5 to 10 Ag~"; (d) plots of the current density against specific capacitances of the Co3;04 NCs,
CoMoO4 NSs and Co;0,@CoMo0,4 NPF electrodes obtained from the galvanostatic charge-discharge curves; (e) Nyquist plots of Co304
NCs, CoMoO4 NSs and Co30,@CoMo0,4 NPF; (f) cycling performance of Co304 NCs, CoMoO,4 NSs and Co30,@CoMo0O,4 NPF at a discharge

current density of 3Ag™".

back to 10 Ag~" for another 100 cycles, the capacitance of
1196 Fg~' can be recovered and without noticeable
decrease, demonstrating the excellent rate capability and
cycling stability. Such excellent cycling stability of the
Co0304,@CoM0o0, NPF is mainly attributed to the porous

configuration of the core-shell arrays and the synergistic
effect between Co3;04 and CoMoQy,.

In order to further demonstrate the advantage of the
electrode, the Cos0,@CoMo04 NPF on nickel foam under-
went bending for electrochemical test (Figure S7). Even
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under bending angle of 0°, 180° and 360°, the CV curves of
the Co30,@CoMo04 NPF have almost no obvious changes,
confirming that the 3D self-supported Co3;0,@CoMoO, NPF
electrode has a remarkable mechanical flexibility.

The high specific capacitance, enhanced rate capability
and excellent cycling stability of the 3D Co3;0,@CoMo0O,
core-shell NPF electrode are impressive values when com-
pared to those of many previously reported CoMoO, or
Co504 oxides based electrodes, as shown in Table S1.

The enhanced specific capacitance and superior electro-
chemical stabilities of the 3D Co30,@CoMoQO,4 NPF electrode
are obviously attributed to the following features: First, as
schematically demonstrated in Figure 5d, the longitudinally
grown Co304 NCs serve as the backbone and conductive
pathway, providing efficient charge transport for Faradic
reaction and robust support for the structural integrity.
Second, the ultrathin, interconnected and porous CoMoO,
NSs are grown and well dispersed on the Cos04 NCs,
significantly enhancing the surface area of the electrode,
making the structure accessible to electrolytes to a larger
extent and providing more active sites for the adsorption of
ion into the electrode during charge and discharge process.
Third, the combination of Co304 and CoMoO, with the

unique 3D architecture can substantially enhance their
electrochemical properties. Both the Co304, core and
CoMoO, shell are good pseudocapacitive materials with
great redox activity, rich polymorphism and reversible
charge storage [40-42], contributing to the total capaci-
tance [38-40]. The good rate capability, excellent cycling
ability and high electrical conductivity of CoMoQ,, together
with the high specific capacitances of Co;0,4 definitely lead
to significantly improved electrochemical performance due
to the synergistic effects.

To further demonstrate the feasibility of the 3D Co;0,@-
CoMoO,4 NPF electrode for real application, solid-state asym-
metric and symmetric supercapacitors storage devices were
assembled and tested. The asymmetric supercapacitor (ASC)
was made by using Co30,@CoMo0,4 NPF as the cathode and
the CNTs on Ni foam as the anode. The SEM images of CNTs
electrode indicates that CNTs uniformly distribute on the
skeleton of Ni foam (Figure S8). The charge-discharge curves
of the CNTs within a potential window of —1 to 0 V at various
current densities are observed in Figure S9. Prior to assem-
bling the device, the charge between the Co0;0,@CoMo0,
NPF cathode and the CNTs anode needed to be optimized,
and the optimal mass ratio between these two electrodes
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was calculated to be 8:1, on the basis of the specific
capacitance values and potential windows found for the
C030,@CoMo0,4 NPF and the CNTs (Figure S10a). Figure 6a
shows the CV curves of the Co;0,@CoMoO4 NPFs//CNTs ACS
device collected at 5mVs~' with an operational voltage
window ranging from 0.8 to 1.6V, indicating that the device
is stable up to an optimal voltage of 1.6 V. The device reveals

a typical capacitive behavior with nearly the rectangular CV
curves and good stabilities at different potential windows,
even at the potential window up to 1.6 V.

Figure 6b displays the CV curves of the Co30,@CoMo0Q,4
NPFs//CNTs ASC device recorded at various scan rates.
Unlike the apparent redox peaks observed in the CV curve
of the Co30,@CoMo0O, NPFs electrode, all the CV curves
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exhibit quasi-rectangular shapes that are indicative of
typical capacitive characteristics. Additionally, when the
scan rate is increased, the shapes of the CV curves remain
the same, indicating the desirable fast charge/discharge
property for power devices.

The galvanostatic charge and discharge measurements
were researched at various current densities (Figure 6c).
Discharge curves are almost symmetrical to its correspond-
ing charge curves, indicating good capacitive behavior for
the asymmetric supercapacitor. As shown in Figure 6d, the
Co30,@CoMo0, NPF//CNTs ASC device achieves a specific
capacitance of 128 Fg~" at a discharge current density of
3Ag~", which is higher than that of previously reported
ASCs, such as ultrathin CoMoO4 nanosheets modified with
chitosan (81 Fg~" at 3Ag~"). To our knowledge, 128 F g~
is the best capacitance at a current density 3 Ag~" which
has never been reported for CoMoO, vs CNT cell [43].
Furthermore, the Co30,@CoMo0O, NPF//CNTs ASC device
retains a prominent rate capability of 81.5% at a high
discharge current density of 8 Ag~". The cycling durability
of the ACS device is further evaluated at a current density
of 0.5Ag~" for 3000 cycles and it is seen that the device
retains 98.5% of the initial capacitance, revealing its
excellent long-term cyclic stability (Figure 6e). The excel-
lent cycling stability of the solid state Co;0,@CoMo0O4 NPF//
CNTs ASC device has considerably exceeded those previously
reported ACSs, such as a 22% loss for the CoMoQ,4//AC [43],
a 36.4% loss for the Ni(OH),//active carbon (AC) [44], and a
33% loss for the Ni(OH),/CNT//AC [45].

Figure S11a shows the CV curves of Co304,@CoMo0Q,//
Co30,@CoMo0, symmetric supercapacitor (SSC) device at
various scan rates within a potential range of 0-0.8 V. The
redox peaks are visible in all CV curves, which is mainly
attributed to the Faradaic redox. The charge-discharge
curves of the SSC device at various current densities are
further illustrated in Figure S11b. The discharge curve is
asymmetrical to its corresponding charge curve due to the
faradaic pseudocapacitance performance. The specific
capacitances of the Co30,@CoMo00,//Co30,@CoMo0, SSC
device calculated from the discharge curves at current
densities of 0.5, 1, 3, 5 and 8 Ag~" are 107, 93, 85, 71,
and 68 F g~ ', respectively. Figure S11d reveals that the SSC
device can retains about 96% of its initial capacitance after
3000 cycles, indicating the excellent capacitance durability.

The asymmetric capacitor exhibits a higher capacity than
that of the symmetric one, which is mainly attributed to the
lower capacitive activity of Co30,@CoMo0,4 NPF when used
as the negative electrode compared with CNTs. (See Figure
S12 in Supporting information, the CV curves of the
Co30,@CoMo04 NPF electrode measured at different poten-
tial windows).

To demonstrate the operational characteristics, the
energy densities of the supercapacitor devices at different
average power density were calculated from the discharge
curves according to Egs. (2) and (3) [46]. Ragone plots
relating power density to energy density of the ASC and SSC
are demonstrated in Figure 6f. Our ASC device displays a
high energy density of 45.2 Whkg~" at a power density of
400 W kg, approaching that of lithium ion batteries. Even
at a high power density of 6400 W kg~", the device still has
an energy density of 37.0 W h kg =", much superior to that of
supercapacitors at the same power level. The ASC device

could power a 5 mm diameter red light-emitting diode (LED)
light, as shown in Figure S13.

Our results demonstrate the importance and great poten-
tial application of 3D self-supported Co30,@CoMo0Q, core-
shell NPF in the development of high performance energy
storage systems.

Conclusion

In summary, the 3D self-supported core-shell Co;0,@CoMo0,
NPFs electrode grown directly on Ni foam has been success-
fully synthesized through a stepwise hydrothermal method
with outstanding pseudocapacitive performance. The high
specific capacitance of 1902 Fg~", the outstanding cycling
stability, and the improved rate capability could be attrib-
uted the synergistic contribution from the two promising
pseudocapacitive materials, Co304 and CoMoQO,, together
with the merits of 3D self-supported core/shell nanopine
forest arrays architecture showing attractive electrochemical
behavior as electrode materials for pseudocapacitors. Solid
state asymmetric and symmetric supercapacitors further
deliver high specific energy and power densities and exhibit
outstanding cycling life. We believe that the work presented
here not only suggests the possibility to engineer Co304 and
CoMoO, into promising electrode materials, but presents a
new way to create hybrid electrode architectures for energy
storage devices, wearable and portable electronics.
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