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In the present work, mesoporous NiCoyO4 nanorod/graphene oxide (NiCos04/
GO) composite was prepared by a facile and cost-effective hydrothermal
method and meanwhile, N-doped graphene (N-G) was fabricated also by a
hydrothermal synthesis process. NiCo204/GO composite and N-G were used as
positive and negative electrodes for the supercapacitor, respectively, which all
displayed excellent electrochemical performances. The NiCo2,0,/GO composite
electrode exhibited a high specific capacitance of 709.7 F g~! at a current
density of 1 A g~! and excellent rate capability as well as good cycling per-
formance with 84.7% capacitance retention at 6 A g~ ' after 3000 cycles. A
high-voltage asymmetric supercapacitor (ASC) was successfully fabricated
using NiCo,04/GO composite and N-G as the positive and negative electrodes,
respectively, in 1 M KOH aqueous electrolyte. The ASC delivered a high en-
ergy density of 34.4 Wh kg ' at a power density of 800 W kg~ ! and still
maintained 28 Wh kg~ ! at a power density of 8000 W kg~ !. Furthermore, this
ASC showed excellent cycling stability with 94.3% specific capacitance re-
tained at 5 A g~ ! after 5000 cycles. The impressive results can be ascribed to
the positive synergistic effects of the two electrodes. Evidently, our work
provides useful information for assembling high-performance supercapacitor
devices.

Key words: NiCo,O,4 nanorods, graphene, electrochemical performance,
asymmetric supercapacitor

INTRODUCTION

As a new type of energy storage and conversion
device, supercapacitors can be applied in a wide
variety of fields due to their great advantages such
as high power density, long cycle life, fast charging-
dischar%ing process and small environmental
impact.? According to the charge storage mecha-
nism, there are two types of supercapacitors, which
are electrical double-layer capacitors (EDLCs) and
pseudocapacitors.> Ion adsorption and release at
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the electrode/electrolyte interface is the energy
storage mechanism for EDLCs. As for pseudocapac-
itors, charge storage is based on Faradaic redox
reactions between the electrode and electrolyte.® As
is known, the capacitance and charge storage of
supercapacitors largely depend on electrode mate-
rials. Carbon-based active materials show typical
double-layer capacitance characteristic with excel-
lent cycling stability, while transition-metal oxides,
hydroxides and sulfides are often used as pseudo-
capacitive electrode materials.” ' Compared to
EDLCs, pseudocapacitors deliver higher capaci-
tance and energy density owing to their reversible
redox reactions, but poor cycling stability. Hence, in
order to obtain electrode materials with high
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capacitance and super cycling performance, numer-
ous efforts have been devoted to the synthesis of
nanostructured transition metal oxide/carbon or
graphene composites.!’ Thangappan et al.'? indi-
cated that compared to pure MoSy, MoSo/graphene
composite showed higher specific capacitance and
superior cycling performance due to interconnected
conductive network of the composite and synergetic
effect of the two materials.

In recent years, spinel NiCoyQ0y, as a very promis-
ing electrode material, has attracted wide attention
because of its low cost, abundance and environmen-
tal friendliness.'®'* Chen et al.'® prepared pine-like
NiCo,0,4 arrays via a simple hydrothermal method
with excellent electrochemical performance. Yuan
et al.'® reported NiCo504 nanosheets on nickel foam
via electrodeposition, showing ultrahigh specific
capacitance of 1450 F g~ ! at a current density of
20 A g ! and excellent cycling performance.
NiCo,04 nanoneedles on nickel foam were obtained
by Liu et al.,!” exhibiting high specific capacitance
of 2193 F g ! at 1Ag ' but low cycling perfor-
mance of 72% retention after 2000 cycles. Graphene,
a one-atom-thick sheet of sp?-bonded carbon atoms
in a honeycomb crystal lattice, is noteworthy for its
excellent electronic conductivity, high theoretical
surface area of 2630 m? g~! and good mechanical
properties. Graphene has been widely used as a
conducting additive for nanostructured composite
materials.’®1®  NiCo,04/graphene (NiCoy04/GO)
composite has been reported widely in published
papers.'”?? Generally, grephene is used as a growth
substrate for NiCoyO,4, which can display nanopar-
ticle, nanoflower and nanosheet shapes.?2* It
should be noted that these kinds of composites
cannot be fabricated via cost-effective methods and,
more importantly, the composites are not suit-
able for large-scale production.

In this work, NiCo,04/GO composite power was
obtained via a simple and cost-effective hydrother-
mal method followed by calcinations. Meanwhile,
N-doped graphene (N-G) was also fabricated
through a hydrothermal process. An asymmetric
supercapacitor (ASC) based on NiCo,0,/GO com-
posite and N-G was designed. The electrochemical
performances of NiCo,0,/GO and N-G electrodes as
well as the ASC have been evaluated. The ASC
delivered a maximum energy density of 34.4
Wh kg ! at a voltage of 1.6 V.

EXPERIMENTAL SECTION

Preparation of NiCo,0,/Graphene Oxide
Composite and N-Doped Graphene

All chemicals used in this experiment were of
analytical grade and needed no further purification.
Graphene oxide (GO) was produced by a modified
Hummer’s method. The synthesis of NiCo0,04/GO
composite was carried out by a hydrothermal
method and annealing. In a typical experiment,
1 mmol of Ni(NO3)y6H5O and 2 mmol of

Co(NO3)2'6H50 are dissolved in 20 mL of deionized
water and then pink solution was obtained. Next,
10 mmol urea was added to the above solution,
which was put on a magnetic stirrer and stirred for
30 min to gain well-distributed solution. After that,
12 ml of GO dispersion (2 mg/mL), which had been
ultrasonically broken for 4 h, was mixed with the
above solution. And this mixed solution was broken
by ultrasonic vibration for another 20 min, which
was subsequently transferred into a Teflon-lined
stainless steel autoclave (50 ml in volume) and
heated in an oven at 140°C for 12 h. Then, reaction
solution was centrifuged (8000 r/min) in deionized
water and anhydrous ethanol to separate NiCo,04/
GO composite precursor, which was dried in a
vacuum at 70°C for 12 h. After that, the dried
precipitate was calcinated at 300°C for 3 h in air at
a heating rate of 1°C min ' to obtain the final
composite material of NiCo,0,/GO composite. In the
obtained NiCo,04/GO composite, the theoretical
weight ratio of GO and NiCo,04 was about 1:10.

The preparation of N-G is similar to that reported
in a previous paper.?’ Briefly, GO and urea at a
mass ratio of 1:30 were mixed in a beaker. The
mixed solution was broken in ultrasound equipment
for 1h, and then transferred into Teflon-lined
autoclave and heated at 180°C for 5 h. At high
temperature, GO was subjected to the hydrothermal
reduction and N-doped reduced GO was formed,
which was used as negative material of GCD in this
work.

Materials Characterization

The phase structure of NiCo;04/GO composite
and N-G was identified by x-ray diffraction (XRD,
D8 Advance, Bruker, Germany). Field emission
scanning electron microscopy (FESEM, Hitachi
SU-8000) and high resolution transmission electron
microscopy (HRTEM, FEI Tecnai G2 F20) was used
to examine the morphologies of NiCo,04/GO com-
posite and N-G.

Electrochemical Measurements

The electrochemical performance of NiCoy04/GO
composite electrode was evaluated in a typical
three-electrode configuration in a CHI6G60E electro-
chemical workstation (Chenhua, Shanghai). In this
system, the obtained specimen, Pt foil and a satu-
rated calomel electrode were used as working
electrode, counter electrode and reference electrode,
respectively. 1 M KOH solution was employed for
electrolyte. Cyclic voltammetry (CV) tests were
performed in the potential window of —0.1V to
0.6 V at the scan rates of 10-50 mV s~ . Galvano-
static charge-discharge (GCD) measurements were
conducted at current densities of 1-10 A g . The
electrochemical impedance spectra (EIS) were mea-
sured in the frequency range from 100 kHz to
0.01 Hz with 5 mV amplitude at open circuit poten-
tial in the same electrochemical workstation. In
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addition, the electrochemical performance of N-G
electrode was also evaluated in three-electrode
system.

In order to assess the electrochemical perfor-
mance (CV, GCD, EIS and cycling stability) of
NiCo0,04/GO composite electrode in two-electrode
cell, an aqueous ASC was assembled, in which
NiCo0,04/GO composite was used as for positive
electrode and N-G for negative electrode.

The specific capacitance (C) of the obtained spec-
imen in three-electrode cell and ASC was calculated
from the GCD curves based on Eq. 1 and the power
density (P) and energy density (E) of the ASC were
obtained according to Eqgs. 2 and 3:

It
NG 1)
1 2
E=CAV 2)
P~ 3)

where [ is the constant discharge current, ¢ is the
discharge time, m is the mass of active material and
AV is the potential drop during discharge.

RESULTS AND DISCUSSION

Phase Identification of NiCo0304/GO Compos-
ite and N-G

The crystal phase and structure information of
the as-prepared products were analysized by XRD.
Figure 1 presents the XRD patterns of NiCo,0,/GO
composite and N-G. For NiCo,04/GO composite, it
can be seen that the diffraction peaks at 19.0°, 31.1°,
36.7°, 38.4°, 44.6°, 55.4°, 59.0°, and 65.0° can be
indexed as the (111), (220), (311), (222), (400), (422),
(511), and (440) planes of cubic NiCo,O, phase
(JPCDS No. 20-0781). The diffraction peaks of GO
cannot be detected in this sample in the XRD, which
is perhaps related to its low content, disordered
stacking and uniform dispersion in the composite.?®
The XRD pattern of N-doped reduced GO (N-G) is
dominated by a very broad diffraction peak at 23.2°
(corresponding to its plane spacing of 3.7 nm),
which is similar with the feature of reduced GO.?’

Structure of NiCo0;04,/GO Composite and N-G

Figure 2 reveals the morphology of the as-pre-
pared NiCo,0,/GO composite at different magnifi-
cations. It can be clearly seen in Fig. 2a that
NiCo,0,4 nanorods distributed densely on the sur-
face of GO sheets. The magnified image (Fig. 2b)
revealed that NiCoyO4 nanorods were highly meso-
porous with a diameter of about 30 nm, which can
be ascribed to the release of COy gas during the
thermal decomposition process.?® There is no doubt
that this kind of structure can increase the contact
area between electrolyte and active material and
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provide more chance for electrolyte ions accessing
the inner realm of active materials, favoring the
enhancement of the electrochemical performance of
the as-prepared product.!”?°

In order to further investigate the structure of
NiCo05,04/GO composite and N-G, transmission elec-
tron microscopy (TEM) measurement was
employed, as shown in Fig. 3. Mesoporous NiCo,0,
nanorods can also be seen clearly from Fig. 3a,
which is in good agreement with the scanning
electron microscopy (SEM) results in Fig. 2a. The
obvious lattice fringes with interplanar spacing of
0.47 nm and 0.28 nm matched well with the (111)
and (220) planes of cubic NiCoy0,4,'" as shown in
Fig. 3b. Figure 3c shows that the as-prepared N-G
exhibited a crumpled morphology, composed of a
large number of transparent membranes. Similar
results have been widely reported in published
work 2730

Electrochemical Properties of NiCo;04/GO
Composite and N-G Electrodes

To evaluate the electrochemical performance of
NiCo02,04/GO composite and N-G, cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), elec-
trochemical impedance spectroscopy (EIS) and
cycling stability were tested in a standard three-
electrode system, as shown in Fig. 4. Figure 4a
displays the CV curves of a NiC0,04/GO composite
electrode at various scan rates from 10 m s™' to
50 m s ! in the potential window of —0.2 V to 0.5 V
[versus a saturated calomel electrode (SCE)]. It is
observed that all the CV curves consist of a pair of
symmetrical redox peaks, revealing its pseudoca-
pacitance characteristic derived from Faradaic
redox reactions of M—O/M-O-OH (M represents Ni
and Co in NiCoy04) and OH™ in KOH electrolyte.?!
The corresponding reversible reactions are as
follows>®?33;

—N-G
—— NiC0,0,/GO

B NiCo,0,
® RGO

(311)

Intensity (a.u.)

. . . . .
10 20 30 40 50 60 70
20 (Degree)

Fig. 1. XRD patterns of NiCo,0,/GO composite and N-G.
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Fig. 3. (a) TEM and (b) high-resolution TEM (HRTEM) images showing NiCo,O,4 nanorods in NiCo,04/GO composite. (c) TEM image of N-G.

NiCo0y04+ OH™ + H50 «— NiOOH + 2CoOOH + e~
(4)
CoOOH + OH™ < CoOg + HyO + e~ (5)

This feature is different from that of EDLCs that
usually show a rectangular-shaped CV curve. The
peak observed around 0.36 V (versus the SCE) at
the scan rate of 5 mV s ! is related to the oxidation
process (see Eqs.4 and 5), whereas the peak
occurring around 0.15 V corresponds to reduction
reaction. The symmetric characteristics of the oxi-
dation and reduction peaks indicates the excellent
reversibility of the composite electrode. With the
increase of scan rate, the oxidation and reduction
peaks increase correspondingly and shift to the
positive and negative current directions, respec-
tively, which reflects the variation of the internal
resistance of the electrode. Moreover, the shape of
every curve remains almost unchanged as the scan
rate is increased from 10 mV s™! to 50 mV s},
meaning enhanced mass transportation and good
electron conduction.

GCD testing was performed on the same electrode
at different current densities in the voltage range of
0-0.5V (versus the SCE) to gain the specific

capacitance (Fig. 4b). It can be clearly seen that
each curve exhibits a discharge plateau, owing to
the Faradaic reactions and corresponding to the
redox peaks in the CV curves (Fig. 4a). The calcu-
lated specific capacitances of the NiCo,04/GO com-
posite electrode are shown in Fig. 4c, which are
709.7F g, 7008 F g, 6293 F g ! 5853 F g},
556.4 F g1 and 535.6 F g~! at current densities of
1Ag !, 2Ag " 4A g, 6Ag !, 8A g and
10 A g !, respectively.

As the current density increases to 10 A g !,
75.5% of its initial specific capacitance is retained.
The decrease of specific capacitance with current
density can be ascribed to the diffusion effect
limiting the diffusion of the electrolyte ions at high
current density, resulting in the low utilization of
active material.

From the viewpoint of practical application,
cycling stability is a critical factor for supercapac-
itors, which was measured via repeated charging-
discharging processes at 6 A g~ !, as illustrated in
Fig. 4d. It is observed that the capacity decreases
gradually with the increasing number of cycles.
After 3000 cycles, the specific capacitance reduces to
496 F g! and 84.7% of its initial capacity is
retained, indicating the good cycling performance.
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Fig. 4. (a) Cyclic voltammetry (CV) curves of NiCo,0,/GO composite electrode, (b) galvanostatic charge-discharge (GCD) curves of NiCo,O,/
GO composite electrode, (c) specific capacitance as a function of current density and (d) cycling performance of NiCo,O4/GO composite at a

current density of 6 A g

This may be attributed to the following two reasons:
graphene sheets in the composite can buffer the
volume change of NiCo,0,4 during the charge-dis-
charge process; graphene sheets enhance the elec-
trical conductivity of the composite.

EIS analysis was carried out to further investi-
gate the electrochemical performance of this elec-
trode. Figure 5 shows Nyquist plot of a NiCo,0,/GO
composite electrode in the frequency range from
10 kHz to 0.01 Hz. The impedance spectra consist of
a linear low-frequency region and a quasi-semicircle
high-frequency part. The linear region is associated
with the Warburg impedance, reflects the kinetics of
the electrolyte diffusion to the electrode’s surface.®*
The Warburg angle is close to 56°, meaning easy
electrolyte diffusion to the electrode’s surface.?® In
the high-frequency region, charge transfer impen-
dence (Rct) and equivalent series resistance (Rs)
correspond to the semicircle and intersection with
the real axis, respectively.?36 According to the
inset in Fig. 5, the values of Rs and Rct are 0.12 and
0.42 O, respectively, which are lower than those
reported in previous work.?®3” The low values of Rs

30
—&— Nij ]
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i /.
20 - .
T o«
£ o«
o 154 ./ “0 .
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N /‘ 30 /
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Fig. 5. Nyquist plot of a NiCo,O4/GO composite electrode at open
circuit potential. The inset is the enlarged plot of the high-frequency

region.
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Fig. 6. (a) CV curves of an N-G electrode over a potential widow of —1 V to 0 V at various scan rates, (b) GCD curves of an N-G electrode from
0.5A g 'to 10 Ag". (c) Relationship between specific capacitance and current density and (d) cycling performance of an N-G electrode at

5Ag .

and Rct reflect the good electrical contact between
NiCo0,04/GO composite and N-G and high conduc-
tivity of this material ®*3® Clearly, these features
ascribe to the high rate capability and super cycling
performance of the NiCo,O4/GO composite
electrode.

The electrochemical properties of the N-G elec-
trode are illustrated in Fig. 6. Figure 6a shows the
CVs of this electrode at different scan rates with
potential window of —1V to 0 V. Rectangular-
shaped CV curves without obvious distortion even
at a high scan rate can be observed in Fig. 6a,
indicating its ideal EDLC nature during the charge-
discharge process and reflecting the fast diffusion of
electrolyte ions into the N-G electrode. GCD curves
of the N-G electrode are presented in Fig. 6b; they
are all linear and symmetrical even at high current
density. This also reflects the EDLC feature of an N-
G electrode. The specific capacitances of the N-G
electrode calculated from GCD curves are
1772F g', 1695 F g ! 1632F g!, 161.3F g !,
1576 F g 1,146.6 F g !, and 140.5 F g ! at current

densities of 0.5 Ag™!, 1Ag ! 2Ag ! 4Ag},
5Ag ! 8Agl and 10 A g™!, respectively, as
shown in Fig. 6¢, showing high rate capability.
After 3000 cycles, capacitance retention of the N-G
electrode can reach 100% (see Fig. 6d), indicating its
excellent cycling stability. These outstanding
results demonstrate that N-G has great potential
for negative electrode material in supercapacitors.

Electrochemical Properties of NiCo0,04/GO//
N-G Asymmetric Supercapacitor

As reported, NiCoy0,4 and its composite with high
electrochemical performance have been developed
for positive electrode materials in ASCs with high
energy density.>**! An aqueous-based ASC was
designed using NiCo0,04/GO composite as positive
electrode and N-G as negative electrode material in
1 M KOH electrolyte. The electrochemical perfor-
mance of the NiCo,0,/GO//N-G ASC was character-
ized by CV, GCD, EIS and cycling life. To obtain
good electrochemical performance for the NiCoy,04/
GO//N-G ASC, positive and negative electrodes
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Fig. 7. (a) CV comparison of NiCo,O4,/GO and N-G electrodes at different potential windows in 1 M KOH solution, (b) CV curves of NiCo,0O,/
GO//N-G ASC at different potential windows, (c) CV curves of the ASC at different scan rates, (d) GCD curves of the ASC at various current
densities, (e) specific capacitance as a function of current density and (f) the relationship between energy density and power density.

should satisfy the charge balance. According to the
specific capacitances and potential windows of
NiCo0,04/GO composite and N-G, the optimal mass
ratio between the positive and negative active
materials should be 0.53 for a NiCo,0,/GO/N-G
ASC cell.

Figure 7a compares the CV curves of NiCo,0,/GO
composite and N-G electrodes at a scan rate of
50 mV s~ ! in the three-electrode system. It can be
observed that these two materials have different
potential ranges. It presents the CV curves of the
NiCo0,04/GO composite within a voltage window of
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Fig. 8. (a) Long-term cycling performance of a NiCo,O4/GO//N-G ASC and (b) Nyquist plot of the ASC; the inset shows the enlarged plot of the

high-frequency region.

—0.1V to 0.6V (versus an SCE) and the N-G
electrode within a voltage window of —1V to 0 V.
The former exhibits a pair of redox peaks, whereas
the latter shows a nearly rectangular shape. The
obvious difference is due to the fact that the
capacitance of NiCo,04/GO composite comes from
the redox pseudocapacitance of NiCo,0,4 and elec-
trical double-layer capacitance of graphene in this
composite. But the capacitance of N-G only derives
from the contribution of electrical double-layer.

If the total cell voltage is the sum of the potential
ranges of NiCo02,04/GO composite and N-G, the total
cell voltage may be extended up to 1.6 Vin 1 M
KOH aqueous solution for NiCo,04/GO//N-G ASC.
Figure 7b exhibits the CV curves of NiCo,0,/GO//N-
G ASC at different Volta%e windows of 1.3-1.6 Vat a
scan rate of 50 mV s™°. It is observed that the
NiCo0,04,/GO//N-G ASC shows a stable capacitive
behavior with the features of both pseudocapacitive
and an EDLC even at the potential window up to
1.6 V since the redox peaks reflect the pseudoca-
pacitive property of the ASC. This also shows that
pseudocapacitance and electrical double-layer
capacitance all contribute to the capacitance of
NiCo0504,/GO//N-G ASC. Similar results have been
reported in a previous article.?®

CV curves of the ASC with a potential window of 0—
1.6 V at various scan rates of 10 mV s~ 1,20 mV s,
30mVs ', 40mVs ', and 50 mV s~ ' in 1 M KOH
aqueous electrolyte are shown in Fig. 7c. With the
increase of scan rate, severe Faradaic reactions
happen. In addition, the shape of CV curves can be
well maintained, confirming the efficient charge
storage behavior. As shown in Fig. 7d, GCD testing
was conducted at various current densities ranging
from 1A g ! to 10 Ag ! to further examine the
electrochemical performance. Based on Eq. 1,
NiCo0,04/GO//N-G ASC delivers specific capacitances
of 96.2 F g 1,913 F g 1,846 Fg 1,805F g !, and

78.7 F g~ at current densities of 1A g !, 2A g},
5Ag ! 8Agl and 10 A g !, respectively, as
shown in Fig. 7e. Evidently, the ASC exhibits a high
rate performance of 82%.

Power density (P) and energy density (E) are the
two key parameters for estimating the performance
of supercapacitors, and are calculated according to
Egs. 2 and 3, respectively. NiCo;04/GO//N-G ASC
possesses an energy density of 34.4 Wh kg ! at a
power density of 800 W kg~' and still maintains 28
Wh kg ! at a power density of 8000 W kg~ ! (Fig. 7f).
This energy density is higher than that of other
symmetrical supercapacitors, such as MoSy/GF//
activated carbon,*? sulfonated polyaniline function-
alized reduced GO/RGO,*? IL-CNT-graphene gel//
MnO,-graphene gel,** MnOo/MnCOs5/rGO//rGO,*
GF/CNT/MnO2 and GF/CNT/Ppy hybrid films*®
and N-doped carbon/NiO.*” The high-energy den-
sity of the ASC can be reasonably ascribed to the
synergistic effect of NiCo0,04/GO composite and N-G,
i.e., high specific capacitance of the two electrodes
and wide potential window.

Long-term cycling life is also an important
parameter for supercapacitor devices. Figure 8a
displays the cycling performance of a NiCo,04/
GO//N-G ASC charged at 1.6 V at 5 A g !. After
5000 cycles, the specific capacitance of the ASC
reduces slightly from 84.6 F g~ to 79.8 F g1, indi-
cating the excellent cycling stability of NiCo,04/
GO//N-G ASC with 94.3% capacitance retention.
The Nyquist plot of the ASC at open-circuit voltage
is shown in Fig. 8b; it is also composed of a linear
part and a quasi-semicircle. The calculated values of
Rs and Rct are 0.93 O and 0.72 O, respectively. The
slope in the lower-frequency region is about 68°,
meaning the low diffusive resistance of the elec-
trolyte in the ASC.?® These factors favor the
enhancement of rate capability and cycling stability
of a NiCo,04/GO//N-G ASC.
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CONCLUSION

In summary, NiCo,0O,4 nanorod/graphene compos-
ite (NiCo,04/GO) was fabricated by a facile and cost-
effective hydrothermal method followed by calcina-
tion. Meanwhile, N-G was also prepared via a
hydrothermal process. NiCo204/GO composite and
N-G electrodes all exhibited excellent electrochem-
ical performances. The NiCoy04/GO composite elec-
trode delivered a high specific capacitance of
709.7F g ! at a current density of 1A g™ and
good cycling stability with 84.7% capacitance reten-
tion at 6 A g ! after 3000 cycles. The N-G electrode
showed high rate capability and excellent cycling
performance. An ASC was designed using NiCo,0,4/
GO composite and N-G as positive and negative
electrodes, respectively, in 1 M KOH aqueous elec-
trolyte, exhibiting a high-energy density of 34.4
Wh kg ! at a power density of 800 W kg ! along
with super cycling stablity of 94.3% retention at
5 A g~ ! after 5000 cycles. It is believed that the ASC
prepared by this strategy with low cost has great
prospective application in energy storage devices.
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