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Abstract

Nickel-cobalt oxide has been given more attention to being used as the supercapacitor’s electrode materials due to its two-
dimensional layered structure, good electron conductivity, and excellent stability. In this work, NiCo,0O, nanosheets were
successfully prepared by the simple solvothermal reaction and the thermal treatment process. Under the three-electrode
system, it exhibits a maximum specific capacitance of 978 F/g at 1.5 A/g and good cycle stability. Meanwhile, a freestand-
ing of partially reduced graphene oxides/carbon nanotubes (PRGO/CNTs) film was obtained by the vacuum filter and
solvothermal methods, which can provide a wide potential window of —1~0 V and a maximum specific capacitance of
236 F/g at 0.5 A/g. Finally, an asymmetric supercapacitor of PRGO/CNTs//NiCo,0O, was assembled, which exhibits good
electrochemical performance, such as specific capacitance of 82 F/g at 0.5 A/g, energy density of 18.8 Wh/kg at 0.32 kW/
kg, and 99.5% of capacitance retention after 5000 cycles at 5 A/g. This test results reveal that PRGO/CNTs//NiCo,0, ASC

has great potential for practical application in energy storage systems.
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Introduction

Recently, supercapacitors are regarded as novel energy stor-
age systems, which have attracted considerable interest due
to its high-energy density, rapid charge and discharge, and
excellent cycle life. Based on these merits, supercapaci-
tors have an important application value in hybrid vehicles,
flash cameras, and backup power, etc. To meet the people’s
demand, scientists devote much time and energy to under-
standing its charge storage and conversion mechanism, fur-
ther developing the advanced supercapacitor devices (Bid-
han et al. 2017; Hou et al. 2017; Hou et al. 2018a, b; Ma
et al. 2019; Pai and Kalra 2018; Pai et al. 2018; Thakur and
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Lokhande 2019; Xiong et al. 2018; Xing et al. 2018). Cur-
rently, people have realized that excellent electrode materials
and a rational supercapacitor structure are the key factors
on which supercapacitor’s electrochemical performance
depends.

Until now, carbon materials [graphene (Ma et al. 2015),
carbon nanotube (Wang et al. 2018a, b), carbon fiber (Mao
et al. 2018), and active carbon (Liu et al. 2019)], transition
metal oxides/hydroxides [MnO, (Zhao et al. 2019), V,0;
(Pandit et al. 2017a, b), NiCo,0, (Wang et al. 2018a, b),
NiFe,0, (Zhang et al. 2019), Ni(OH), (Syed et al. 2017),
and FeO(OH) (Thakur and Lokhande 2018)], transi-
tion metal sulfide [MoS, (Mohit et al. 2018), NiS (Guan
et al. 2017), and FeS, (Sandhya et al. 2018) etc.], transi-
tion carbides (Yuan et al. 2018), and conductive polymers
[poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(Luo et al. 2018), polyaniline (Zhou et al. 2018), and
polypyrrole (Huang et al. 2018; Zhi and Zhou 2018)] have
been investigated as supercapacitor’s electrode materials.
All of the binary transition metal oxides have shown some
advantages of good electron conductivity, superior capaci-
tance, good performance rate, and excellent stability (Ma
et al. 2016), which is better than that of carbon materials,
single metal oxides/hydroxides, transition metal sulfides,
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transition carbides and conductive polymers. For instance,
carbon materials have low specific capacitance; single metal
oxides/hydroxides have bad electron conductivity, low rate
performances, and a short cycle life; the morphology of tran-
sition metal sulfides is hard to control; transition carbides
are prepared through harsh chemical reactions; and conduc-
tive polymers have bad rate capability and cycle life due to
its kinetic’s irreversible. In view of this, binary transition
metal oxides are considered as ideal electrode materials for
supercapacitors.

Herein, Ni(NO;),-6H,0 and Co(NO;),-6H,O are
employed to synthesize NiCo—OH nanosheets by the simple
solvothermal reaction, then NiCo—OH nanosheets are further
heated at 300 °C for 2 h to obtain NiCo,0, nanosheets. The
as-prepared NiCo,0O, nanosheets could provide high electron
conductivity, enough reactive sites, and high specific surface
area, which are favorable to obtain a good electrochemi-
cal performance. Next, the positive electrode of NiCo,0, is
prepared based on NiCo,0,, black carbon, and PTFE. Then,
the electrochemical properties of NiCo,0, electrode were
investigated in 6 M KOH electrolyte. And the test results
exhibit an ideal specific capacitance of 978 F/g, good rate
capability, and good cycle life (98.5% capacitance reten-
tion after 3000 cycles). Furthermore, PRGO/CNTs were
prepared via vacuum filter and solvothermal methods, as
negative electrode materials. And the PRGO/CNTs electrode
shows specific capacitance of 236 F/g at 0.5 A/gin 6 M
KOH electrolyte. Finally, we used NiCo,0, electrode as
positive electrode, PRGO/CNTs as negative electrode, and
6 M KOH electrolyte to build an asymmetric supercapaci-
tor of PRGO/CNTs//NiCo,0,. Similarly, the electrochemical
properties of PRGO/CNTs//NiCo,0, were also evaluated,
which exhibited maximum specific capacitance of 82 F/g,
maximum energy density of 18.8 Wh/kg, and 99.5% specific
capacitance retention after 5000 cycles. This indicates that
NiCo,0, electrode could be regarded as an ideal electrode
material and an asymmetric supercapacitor of PRGO/CNTs//
NiCo,0, also exhibits good electrochemical behavior.

Experimental section

Preparation of NiCo,0, nanosheets as a positive
material

Desired reagents Ni(NO3),-6H,0, Co(NO;),-6H,0 and
hexamethylenetetramine were dissolved in 30 mL methanol
solution, then the mixture solution was transferred to 50 mL
reactor equipment heated at 180 °C for 12 h (Ma et al. 2016).
Next, NiCo—OH was obtained after washing with purified
water and ethanol several times. Finally, NiCo—OH was
heated at 300 °C for 2 h to obtain NiCo,0, nanosheets.
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Preparation of PRGO/CNTs as a negative material

First, the mass ratio of GO and CNTs is controlled at 9:1.
After the mixture dispersion liquid was treated by the ultra-
sonic operation, the GO/CNTs film is obtained by the vac-
uum method (Yang et al. 2019). We bend the GO/CNTs film,
and put it into a metal tube (height: 4.5 cm, out diameter:
1.8 cm, and inner diameter: 1.7 cm). Then, the metal tube
with GO/CNTs film and 30 mL ethanol were transferred into
the 50 mL reactor equipment, further heating at 150 °C for
6 h to obtain the PRGO/CNTs films.

Electrochemical tests

For the positive electrode, 75% of NiCo,0, nanosheets, 15%
of carbon black, and 5% of PTFE were adequately mixed
to form a uniform mixture. And the mixture was rolled to
obtain a thin film, which was then heated at 120 °C for 12 h
to remove redundant water. The cut film was pressed onto
between two pieces of nickel foam at 10 MPa to obtain a
positive electrode. For the negative electrode, the PRGO/
CNTs electrode is obtained as well as the positive electrode.
All the electrochemical tests were conducted using the elec-
trochemical working station CHI 660E system at room tem-
perature. And the Hg/HgO electrode, Pt plate, and 6 M KOH
solution were used as reference electrode, counter electrode,
and electrolyte, respectively. Each electrode was tested in
the three-electrode system. And the PRGO/CNTs//NiCo,0,
was tested in the two-electrode systems. The electrochemical
tests mainly included cyclic voltammetry (CV), galvano-
static charge—discharge (GCD), rate capability, impedance,
and cycling life.

Characterization

Information about electrode materials regarding phase
structure, compose, morphology, specific surface area and
pore size distribution was identified using X-ray diffrac-
tion (XRD), inductively coupled plasma mass spectrometry
(ICP-MS), field emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM), high-
resolution transmission electron spectroscopy (HR-TEM),
and Brunauer-Emmett-Teller (BET) method.

Results and discussion

To seek for a high electrochemical performance of superca-
pacitor device, we prepared the NiCo,0, nanosheets via the
simple solvothermal method and thermal treatment process.
And the NiCo,0, nanosheets were characterized by XRD,
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ICP-MS, SEM, TEM, HR-TEM, BET, and electrochemical
tests to understand its structure, morphology, specific sur-
face area, and electrochemical behaviors. Then, a freestand-
ing of PRGO/CNTs film was prepared by vacuum filter and
solvothermal reduced methods and it was also character-
ized by XRD, SEM, TEM, BET, and electrochemical tests.
Finally, an asymmetric supercapacitor is assembled based
on NiCo,0O, nanosheets, PRGO/CNTs film, nickel foam, and
6 M KOH electrolyte. The electrochemical performance of
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Fig. 1 XRD patterns of NiCo,O, nanosheets

Fig.2 a SEM images of
NiCo,0, nanosheets; b—-d EDS
mapping of Ni, Co, and O
elements, respectively; e SEM
images of NiCo,0, nanosheets;
f, g TEM images of NiCo,0,
nanosheets; h HR-TEM image
of NiCo,0O, nanosheets; i SAED
pattern of NiCo,O, nanosheets

asymmetric supercapacitor was investigated to evaluate its
application value. The details are given in the following.

NiCo,0, nanosheets as a positive electrode

The as-prepared samples were characterized by XRD to cer-
tify their phase structure, as shown in Fig. 1. From Fig. 1,
it is observed that there are five diffraction peaks at 31.2°,
36.7°, 44.6°, 59.1°, and 65.0° assigned to the (220), (331),
(400), (510), and (440) crystal phases of NiCo,0, (PDF
card: 73-1702). And these diffraction peaks are weak and
broad, suggesting poor crystallinity. Furthermore, ICP-MS
is used to further ensure the atomic ratio of Ni/Co. The test
results indicate that the atomic ratio of Ni/Co is 1:1.78, and
it means that the atomic ratio of Ni/Co is approximate to
1:2 in the as-prepared samples. Overall, it reveals that the
as-prepared samples are composed of NiCo,O, powers.
The morphological characterization of NiCo,0, pow-
ers was investigated using SEM, TEM and HR-TEM to
examine its morphology information. As shown in Fig. 2a,
the morphology of NiCo,0, powers was first examined by
SEM to further certify the element types of the samples
via the EDS mapping method. From Fig. 2b—d, it is easily
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observed that the as-prepared samples comprise Ni, Co, and
O elements, which is in conformity with the XRD analyti-
cal results. And the Ni, Co, and O elements are uniformly
distributed in the samples. Figure 2e clearly exhibits that
the morphology of as-prepared samples is wrinkled lami-
nar nanosheets. Figure 2f further shows that the NiCo,0O,
nanosheets take on a graphene-like structure. A magnified
view of NiCo,0, nanosheets (Fig. 2g) clearly indicates the
ultrathin nanosheets. To certify the samples of crystal lat-
tice spacing, NiCo,0, nanosheets were characterized by
HR-TEM. The HR-TEM images (Fig. 2h) show visible lat-
tice fringes with inter-planar space of 0.28 nm, assigning to
(220) planes of the spinel NiCo,0,. Furthermore, selected
area electron diffraction (SAED) patterns of the as-prepared
samples are also conducted, as shown in Fig. 2i. The diffrac-
tion rings indicate poor crystallinity, and the diffraction pat-
tern can be indexed to (220), (331), (400), (510), and (440)
crystal phases of the spinel NiCo,0,, which is in conformity
with XRD pattern.

Additionally, the specific surface area and pore size dis-
tribution of NiCo,0, nanosheets are analyzed using BET
methods by the adsorption and desorption of N,. As shown
in Fig. 3a, the nitrogen adsorption/desorption isotherms of
NiCo,0, nanosheets are typical II curves, revealing a small
pore or mesoporous structure. And the BET-specific surface
area of NiCo,0, nanosheets is 119.15 m?/g, with total pore
volume of 0.118 cm*/g. Figure 3b gives the pore size distri-
bution of NiCo,0, nanosheets. It is observed that NiCo,0O,
nanosheets contain small pores (0-2 nm), mesopores
(2-50 nm) and macropores (50-100 nm). And NiCo,0,
nanosheets exist in very small pores and mesopores. It sug-
gests that the high specific surface area and very small pores/
mesopores structure of NiCo,O, nanosheets could provide
good electrochemical performance.
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After a series of XRD, ICP-MS, SEM, TEM, HR-TEM,
and BET characterization, the electrochemical perfor-
mance of NiCo,0, nanosheets electrode was investigated
in the three-electrode system, including cyclic voltammetry
(CV), galvanostatic charge—discharge (GCD), rate capabil-
ity, and cycle life, as shown in Fig. 4. In Fig. 4a, the CV
tests are conducted at various sweet rates of 2, 4, 6, 8, and
10 mV/s in a suitable potential window of 0-0.5 V. The
high current density value obtained at these scan rates
could even reach 24 A/g at 10 mV/s, revealing high spe-
cific capacitance. CV curves exhibit two pairs of oxida-
tion-reduction peaks at sweet rates of 2-6 mV/s, which
are attributed to the following redox reactions (Hu et al.
2011): NiCo,0,+ OH™ 4+ H,0 < NiOOH +2CoOOH +2¢7,
CoOOH +OH™ > Co0, +H,0+¢~. And CV curves take on
one pair of oxidation—reduction peak at the sweet rates of
8—10 mV/s. And the area of CV curves gradually increases
with the increasing current densities. Figure 4b shows that
the GCD tests are performed at 0-0.48 V at the current den-
sities of 1.5, 3, 4.5, 6, and 7.5 A/g. The charge and discharge
time could reach 650 s at 1.5 A/g, revealing high specific
capacitance. The specific capacitances of 978, 923, 894, 871,
and 856 F/g were obtained at current densities of 1.5, 3, 4.5,
6, and 7.5 A/g, respectively (Fig. 4c). Meanwhile, NiCo,0,
nanosheets electrode also exhibits good rate capability, and
73.7% of specific capacitance is retained when the current
densities vary from 1.5 A/g to 20 A/g. At last, the cycle
stability of NiCo,0, nanosheets is an important parameter
to evaluate its practical application. So, the cycle stability is
investigated, as shown in Fig. 4d. It could be observed that
98.5% of specific capacitance is kept after 3000 cycles at
15 A/g, suggesting good cycle stability. All of this revealed
that the as-prepared NiCo,0, nanosheets electrode has good
electrochemical performance.
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Fig. 3 Nitrogen adsorption/desorption isotherms (a) and pore diameter distribution (b) of the NiCo,0, nanosheets
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PRGO/CNTs as a negative electrode

The information about phase structure and morphology
of PRGO/CNTs were also attained using XRD, SEM, and
TEM, as shown in Fig. 5. It is observed that the diffrac-
tion peaks of XRD spectra (Fig. 5a) mainly appear at 7.1°,
14.9° and 22.6°. Two diffraction peaks of 7.1° and 14.9°
originate from GO. And the diffraction peak of 22.6° reveals
the existence of graphene carbon. This indicates that the
GO are only partially reduced in the solvothermal reaction
procedure, which could enhance electrolyte infiltration to
improve the electrochemical performance (Chen et al. 2013).
From Fig. 5b, it is observed that the surface area of the sam-
ples take on a wave structure wrinkled by partially reduced
graphene oxides and carbon nanotubes. After the PRGO/
CNTs films is immersed in ethanol solvent, it is treated with
high-power ultrasonic wave for several minutes to further
characterize by TEM technology. TEM images of Fig. Sc,
d show that the partially reduced graphene oxides strongly
wrinkle with carbon nanotubes, suggesting a film with good
flexible and mechanical strength.

Moreover, the specific surface area and pore size
distribution of PRGO/CNTs films are also investigated
using BET methods by the adsorption and desorption of
N,. In Fig. 6a, it is shown that the nitrogen adsorption/
desorption isotherms of PRGO/CNTs films are typical
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Fig.5 a XRD patterns of PRGO/CNTs; b SEM images of PRGO/
CNTs; ¢, d TEM images of PRGO/CNTs

IV curves. The BET-specific surface area of PRGO/
CNTs films is 200.96 mz/g, with total pore volume of
0.571 cm®/g. The pore size distribution of PRGO/CNTSs
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films is exhibited in Fig. 6b. It is observed that PRGO/
CNTs films contain many mesopores (2-50 nm) and few
macropores (50-100 nm). Most of the mesopores are
formed by thermal decomposition of GO in a 3D frame-
work of GO/CNTs films. Based on the above mentioned,
it is revealed that PRGO/CNTs films could provide the
ideal specific capacitance.

Then, the electrochemical properties of PRGO/CNTs
film are also measured by CV and GCD tests, as shown in
Fig. 7. From Fig. 7a, the CV tests are performed at vari-
ous scan rates of 10, 20, 30, 40, and 50 mV/s in a wide
potential window of —1~0 V. The shape of CV curves
takes on a rectangle shape, revealing the charge storage
provided by double capacitor. The area of CV curves also
increases with the increasing current densities. Figure 7b
depicts that all the GCD curves present an approximate
triangle. The specific capacitances of 236, 200, 194, 182,
166, 162, and 161 F/g are obtained at the current densities
of 0.5, 1, 2, 3, 4, and 5 A/g, respectively. In a word, the
experimental results show that the PRGO/CNTs films as a
negative materials could provide a wide potential window
and an ideal specific capacitance.

Pore diameter (nm)

Asymmetric supercapacitor PRGO/CNTs//NiCo,0,

Herein, an asymmetric supercapacitor of PRGO/CNTs//
NiCo,0, is assembled using Ni foam as collector, PRGO/
CNTs films as negative material, NiCo,0, as positive
material, and 6 M KOH solution as electrolyte. And the
CV, GCD, rate capability, impedance, and cycles are also
tested to evaluate the electrochemical properties of PRGO/
CNTs//NiCo,0, ASC. After optimization, the suitable
loading weight of positive materials and negative materi-
als are 1.2 and 0.86 mg, respectively. The electrochemical
tests of PRGO/CNTs//NiCo,0, ASC are shown in Fig. 8.
From Fig. 8a, it is observed that the potential window of this
ASC is 1.3 V, because this potential window can avoid the
polarization of the electrolytes. And CV curve’s area for the
PRGO/CNTs//NiCo,0, ASC gradually increase with various
scan rates of 10-50 mV/s. GCD curves of the PRGO/CNTs//
NiCo,0,4 ASC are shown in Fig. 8b, and the GCD tests are
performed at the current densities of 0.5, 1, 2, 3, 4, and
5 A/g, respectively. The shape of these curves is a similar
triangular wave, especially for GCD curves obtained under
high current densities. In Fig. 8c, the specific capacitances
are 82, 60, 49, 42, 37, and 34 F/g at the current densities of
0.5, 1,2, 3,4, and 5 A/g, respectively. In Fig. 8d, the EIS

Fig.7 a CV curves of PRGO/ (a) (b)
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plots of PRGO/CNTs//NiCo,0, ASC reveal its relative low
intrinsic resistance. The Ragone plots of the PRGO/CNTs//
NiCo,0, ASC are depicted in Fig. 8e. The energy densities
of PRGO/CNTs//NiCo,0, ASC are 18.8, 14.1, 11.5, 9.9,
8.7, and 8.0 Wh/kg corresponding to the power densities of
0.32, 0.66, 1.29, 1.96, 2.61, and 3.30 kW/kg, respectively.
The highest energy density of the PRGO/CNTs//NiCo,0,
ASC is more than that of the relative references, such as
Ni(OH),/UGF//a-MEGO with a energy density of 13.4 Wh/
kg at 65 W/kg (Ji et al. 2013), CoMoO,//AC with a energy
density of 14.5 Wh/kg at 18,000 W/kg (Yu et al. 2014),
Ni; sCo, 5S,//RGO with a energy density of 17.7 Wh/kg at
23,250 W/kg (Chen et al. 2015), MoS, symmetric superca-
pacitor with a energy density of 18.43 Wh/kg at 1125 W/

kg (Pazhamalai et al. 2019). Finally, the cycle stability of
this asymmetric supercapacitor is investigated to evaluate
its practical application, as shown in Fig. 8f. It is observed
that 99.5% of capacitance retention is kept after 5000 cycles
at a current density of 5 A/g, revealing its excellent cycle
stability.

Conclusion
In this work, NiCo,0, nanosheets are successfully prepared
via a simple solvothermal route and thermal treatment pro-

cess, which exhibit good electrochemical properties, such
as high specific capacitance of 978 F/g and good cycle life.
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Meanwhile, a freestanding of PRGO/CNTs film is obtained
by vacuum filter and solvothermal reduced methods, which
also possess good stability with maximum specific capaci-
tance of 236 F/g at 0.5 A/g. And an asymmetric superca-
pacitor of PRGO/CNTs//NiCo,0, was fabricated based on
NiCo,0, nanosheets as positive material, PRGO/CNTs film
as negative material, and 6 M KOH solution as electrolyte.
After optimization, PRGO/CNTs//NiCo,0, ASC exhibits
maximum specific capacitance of 82 F/g at 0.5 A/g, max-
imum energy density of 18.8 Wh/kg at 0.32 kW/kg, and
excellent cycle stability. Based on the above mentioned, it
could be seen that this PRGO/CNTs//NiCo,0,4 ASC has
great potential for practical application in energy storage
systems.
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