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Abstract
The development of high-energy density supercapacitor demands that the electrode has the characteristic of good conductivity 
for electron and open framework structure and ion transfer.  NiCo2O4 already exhibits superior electric conductivity among 
the multi-metal oxides. Here, carbon-wrapped amorphous Ni–Co oxide nanosheet is prepared by a hydrothermal method, 
followed by an annealing process in Ar atmosphere. The conductivity is further improved by carbon coating and it also has 
a more open structure, which is verified by extended X-ray absorption fine structure analysis. Owing to the advantage of its 
structure, the carbon-wrapped amorphous Ni–Co oxide shows large capacitance of 1775 F  g−1 at 1 A  g−1 in three-electrode 
aqueous system, high energy density of 73.5 Wh  kg−1 and power density of 806.7 W  kg−1 in asymmetric supercapacitors. 
The open framework feature of the amorphous would promote the wide exploration of amorphous Ni–Co oxide material as 
the electrode for energy storage devices.
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1 Introduction

As the cathode of supercapacitor, transition metal oxides( 
such as  MnO2, NiO and  Co3O4) could provide additional 
pseudo-capacitance for higher energy density compared with 
the electrostatic double layer capacitors. The development of 
energy conversion device of hybrid electric vehicles (HEVs) 
and electric vehicles (EVs) needs high power and energy 
density simultaneously in one system [1–3]. To meet the 
requirement, as the merit of high power density of superca-
pacitor, it is needed to further improve the energy density 
[4, 5]. As the diverse metal centers with rich redox reaction 

offer more electrochemical active sites for the multi-transi-
tion metal oxides, they have been given intensive attention 
recently. Among the synthesized binary metal oxides (such 
as  ZnCo2O4 [6, 7],  NiMoO4 [8],  MnMoO4 [9],  FeMnO3 [10] 
and  CuCo2O4 [11]), nickel cobaltite oxide  (NiCo2O4) is the 
most widely investigated pseudo-capacitive materials, due to 
the additional merit of high electric conductivity, which is at 
least two orders magnitude higher than that of either nickel 
oxides or cobalt oxides. Various morphologies of  NiCo2O4 
have been reported, including nanosheet [12, 13], nanow-
ire [14, 15], sphere [16, 17], nanotube [18] and nanocube 
[19]. For higher rate performance, coupling with various 
carbons (such as graphene [20], tube [21], fiber and coat-
ing layer [22]) is a common strategy, due to the enhanced 
electric conductivity via carbon. Besides the single-phase 
 NiCo2O4, some non-stoichiometric compositions (such as 
 Ni0.3Co2.7O4 [23], Ni–Co oxide nanosheets [24] and NiCoAl 
layered hydroxide) also exhibit high capacitance. Diversified 
composition and structure of Ni–Co oxide may offer more 
opportunity for good performance.

Apart from the above-mentioned crystal structure, amor-
phous materials also have been widely applied, especially in 
catalysis [25, 26] and electrochemistry [27–29]. For elec-
trochemistry, the disordered (short-range ordered) structure 
has a lower entropic energy incorporated of out ions and a 
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more open framework for out-ion transport; such character-
istics are beneficial to improve the electrochemical perfor-
mance [30, 31]. For instance, it is widely confirmed that the 
amorphous  FePO4 has better electrochemical activity than 
the crystalline one [31–33]; Cao et al. [34]. demonstrated 
that amorphous vanadium oxide has higher capacity than its 
crystalline counterpart for sodium-ion battery; Lu et al. [35] 
reported that amorphous NiO has higher capacitance than 
the crystalline one; Li et al. [30] also showed that amorphous 
nickel hydroxide has better capacitance than the crystalline 
one. Motivated by the above amorphous cases and the prom-
ising new structure of Ni–Co oxide, evaluating amorphous 
Ni–Co oxide electrode as a supercapacitor is very attractive 
[36, 37].

In this report, carbon-wrapped amorphous Ni–Co binary 
oxide sphere comprising nanosheets is prepared via a hydro-
thermal method, followed by annealing under an Ar atmos-
phere. It shows a high capacitance of 1775 F  g−1 at 1 A  g−1. 
However, when the same hydrothermal precursor is annealed 
under air atmosphere, the product is crystal  NiCoO2 nano-
particles, which only shows a capacitance of 1140 F  g−1 at 
1 A  g−1. The capacitance of the amorphous form is 1.56 
time higher than the crystal  NiCoO2, which could be attrib-
uted to the open frame and high conduction of the amor-
phous structure. The amorphous form displays large energy 
(73.5 Wh  kg−1) and power (806.7 W  kg−1) density in asym-
metric supercapacitors.

2  Experimental section

2.1  Synthesis

The precursor was obtained by a facile hydrothermal treat-
ment. The starting materials of 2.93  mM  CoCl2·6H2O, 
1.47 mM Ni(NO3)2·6H2O, 80 ml EtOH and 2 g furfural were 
placed in a 100 ml Teflon-lined stainless steel autoclave. 
After stirring for 1 h, the mixture was heated to 140 °C for 
10 h. The autoclave was then cooled to room temperature 
naturally. The precipitate was collected by centrifugation, 
washed with deionized water and ethanol, and dried at 60 °C 
for 10 h. To prepare carbon-wrapped amorphous Ni–Co 
oxide, the hydrothermal precursor was annealed under 
Ar environment at 300 °C for 2 h with a heating rate of 
3 °C  min−1.To synthesize  NiCoO2 nanoparticles, the hydro-
thermal precursor was annealed under the same condition 
as carbon-wrapped amorphous Ni–Co oxide except using 
an air environment.

2.2  Characterization

Scanning electron microscope (SEM) S4800 and high-resolu-
tion transmission electron microscope (HRTEM) FEI Tecnai 

F20 were used to observe the morphologies. The structure 
was detected by the X-ray diffraction (XRD) patterns using 
Bruker D8 Advanced X-ray, X-ray photoelectron spectros-
copy (XPS) using Kratos Axis Suppa spectrograph and  N2 
adsorption − desorption isotherms using ASAP2000. The Co/
Ni L-edge and O K-edge X-ray absorption near edge struc-
ture (XANES) measurements were carried out at the spheri-
cal grating monochromator BL20a1 beamline at the Taiwan 
Light Source. XANES and X-ray absorption fine structure 
(EXAFS) spectra were collected at Beijing Synchrotron Radia-
tion Facility for Co and Ni K-edge. Athena software package 
was employed with all the spectra.

2.3  Electrochemistry

The working electrode was prepared by mixing 80 wt % of 
the prepared product, 10 wt % of acetylene black and 10 wt % 
of polytetrafluoroethylene (PTFE) in the presence of alcohol. 
After the components were thoroughly mixed, the slurry was 
dropped onto a nickel foam (about 4 mg /cm2). Finally, the 
electrodes were dried for 4 h at 110 °C in air and pressed at 
10 MPa.

For the three-electrode system test, the working electrode, 
counter electrode (platinum wire) and reference electrode (sat-
urated calomel electrode) were put in the in 2 M KOH aque-
ous electrolyte. Cyclic voltammetry (CV) and galvanostatic 
charge/discharge (GCD) tests were performed in the range of 
0–0.4 V (vs SCE). The average specific capacitance was calcu-
lated according to the galvanostatic discharge curve using the 
equation of C = I × △t/(△V × m). For the asymmetric super-
capacitor, a sandwich-type construction (electrode/separator/
electrode) of coin cell 2032 was used.

In the measured two-electrode system, working electrode, 
prepared activated carbon, Whatman filter paper and 1 M KOH 
solution were the positive electrode, negative electrode, sepa-
rator and electrolyte, respectively. To balance stored charge 
between positive electrode and negative electrode, the load-
ing mass ratio of carbon-wrapped amorphous Ni–Co oxide 
and activated carbon was employed. Equations C = 2I × △t/
(△V × m), E = (1/8) C × △V2, P = E/△t were used to calcu-
late the specific capacitance, energy density and power den-
sity of symmetrical supercapacitor systems, respectively. The 
above-mentioned △t, I, △V, m, P and E are the discharging 
time, applied current, potential window, mass, power density 
and energy density, respectively. All the electrochemical per-
formance was performed on the CHI 660E electrochemical 
station.
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3  Results and discussion

The precursor is a sphere composed of nanosheet (Fig. S1), 
obtained through hydrothermal treatment at 140 °C for 10 h 
using  CoCl2·6H2O, Ni(NO3)2·6H2O and furfural as starting 
materials. XRD technique is a powerful tool to determine 
the crystallinity and phase of all solid samples. When the 
precursor is annealed under Ar atmosphere at 300 °C for 2 h, 
the resulting sample is amorphous (denoted as C@ amor-
phous Ni–Co oxide), as indicated by the non-peak curve 
of Fig. 1a. As shown in Fig. 1b, it is sphere for amorphous 
Ni–Co oxide, which is also composed by nanosheet with the 
thickness of dozens of nanometer (the inset of Fig. 1b). The 
amorphous feature could also be revealed by the HRTEM 
image through the disorder stripes (Fig. 1c), and a thin 
carbon layer is observed at the edge of the nanosheet. The 
evidence of carbon coating layer could be further verified 
by element mapping (Fig. S2), in which C has less con-
tent but the distribution as the same shape with Ni, Co and 

O, thus confirming carbon is coated on the surface of the 
nanosheet, the coating layer is benefit to enhance the con-
ductivity. Figure 1d displays the nitrogen adsorption–des-
orption isotherms of C@ amorphous Ni–Co oxide. An 
obvious hysteresis loop suggests a porous structure and the 
Brunauer–Emmett–Teller (BET) surface area is 94.7  m2  g−1, 
which favor electrolyte diffusion. However, when the precur-
sor is annealed under air atmosphere under the same condi-
tion as C@ amorphous Ni–Co oxide, the resulting sample is 
indexed to cubic  NiCoO2 (PDF#10–0188) (Fig. 1e), and the 
morphology is changed into nanoparticles (Fig. 1f).

The XPS technique can provide the chemical composition 
and oxidation state of the surface structure. As shown by 
Fig. 2a, by applying a Gaussian fitting, four peaks are decon-
voluted for Co2p. The fitting peaks at 780.0 and 796.2 eV are 
assigned to the spin–orbit characteristics of  Co2+. The other 
fitting peaks are attributed to shake-up satellites (denoted 
as “Sat.”) [38]. For the Ni 2p XPS (Fig. 2b), the main  2p3/2 
and  2p1/2 peaks are attributed to  Ni2+ at the binding energy 
of 856.3 and 874.1 eV. For the O1s spectra (Fig. 2c), it was 
deconvoluted into three types of oxygen species labeled as 
 O1,  O2 and  O3. The peak at 529.7 eV of  O1 is typical of 
metal − oxygen bonds.  O2 sited at 531.1 eV corresponds 
to the defect state occurring due to the low coordination 
number of oxygen. The weak peak of  O3 (≈533.32 eV) is 
attributed to the multiplicity of physic-/chemisorbed water 
at/within the interface of the amorphous [39]. XAS is a 
power technique to probe the electronic states of complex 
materials and structure information of bulk materials, which 
is based on the movement of excited electrons from core 
level to local and partially empty states. Figure 2d displays 
the O K-edge XAS spectrum of the C@ amorphous Ni–Co 
oxide. The two pre-edge peaks below 534 eV are attributed 
to the hybridized state of the oxygen 2p and transition metal 
3d orbital, and the broad peak above 534 eV is assigned to 
the hybridization between oxygen 2p and transition metal 
4 s and 4p orbitals. The peaks blurred in the spectrum of 
C@ amorphous Ni–Co oxide are similar to the character-
istic of the CoO due to the distorted crystal symmetry. As 
shown by Fig. 2e, the Co  L2,3-edge XAS spectral profile of 
C@ amorphous Ni–Co oxide is nearly the same as that of  
CoO  (Co2+) and is slightly different from that of  NiCo2O4 
crystal due to the distorted chemical environment of Co by 
additional Ni. The Ni  L2,3-edge XAS spectrum (Fig. 2f) of 
the C@ amorphous Ni–Co oxide also shows nearly identical 
features to those of  NiCo2O4 crystal, suggesting that Ni in 
the amorphous sample is in the form of  NiCo2O4 in a lower 
oxidation state  (Ni2+). These information from bulk are in 
consistent with that form surface XPS analysis. The carbon 
content is 18 wt%, estimated by the TG curve (Fig. 3), using 
the precursor as the start material.

Co and Ni K-edge X-ray absorption near edge structure 
(XANES) plots and the  k3-weighted Fourier transform 

Fig. 1  a XRD pattern; b SEM image, the inset is the enlarged image; 
c HRTEM image; and d nitrogen adsorption–desorption isotherms of 
C@ amorphous Ni–Co oxide. e XRD pattern and f HRTEM image of 
 NiCoO2
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of extended X-ray absorption fine structure (EXAFS) are 
shown in Fig. 4. The absorption edge itself is involved in 
the 1s to 4p dipole transition, while the pre-edge peaks in 
the XANES spectra are assigned to the 1s to 3d electronic 
transition. The decreased intensity in the pre-edge peak indi-
cates an increased distance between cobalt and oxygen atom. 
Information on the coordination shell distance between 
atomic neighbors could be resolved from EXAFS. The Fou-
rier transforms show the radial structure functions for the 
central absorbing 3d transition metal atoms and highlights 
the variation in the local structures between the amorphous 
and crystalline Ni–Co oxide. The amplitude of the peaks 
for the C@amorphous Ni–Co oxide is lower than that of  
 NiCo2O4, which suggests that the amorphous material has 
a high structural disorder degree and diminished extending 
coordination. Crystalline  NiCo2O4 shows well-defined peaks 

Fig. 2  a Co2p, b Ni2p and 
c O1s high-resolution XPS 
spectra of C@ amorphous 
Ni–Co oxide. d O K-edge, e Co 
L-edge and f Ni L-edge of C@
amorphous Ni–Co oxide and its 
metal oxides

Fig. 3  TG curve of the precursor
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at 1.50 and 2.50 Å, which are derived from the Co–O single 
scatter contribution (1st coordination sphere) and Co–Co 
(2nd sphere), respectively. The amorphous sample has simi-
lar first coordination as the crystalline  NiCo2O4, but drastic 
differences in the second shell due to the long-range disorder 
for amorphous structure. The second shell contains contribu-
tions from a large number of overlapping single-, as well as 
multiple-, scattering contribution. Therefore, with increased 
scattering events, the intensity of these peaks drops with 
increasing coordination. We should also notice that the first 
coordination shell is extended by 0.15 Å, which indicates a 
more open structure, which favors ion diffusion.

Figure 5 shows the electrochemistry performance of C@ 
amorphous Ni–Co oxide which is tested under three-elec-
trode configuration using 6 M KOH aqueous as electrolyte. 
Cyclic voltammetry (CV) measurement can reveal the reac-
tion mechanism. At a scan rate of 1 mV  s−1 (Fig. 5a), two 
pairs of redox peaks are clearly observed, which are ascribed 
to the redox reaction based on  Ni2+/Ni3+ and  Co2+/Co3+ 
transitions. These peaks indicate that Faradaic redox reac-
tions occupy the main pseudo-capacitive reaction process. 
At higher scan rate of 2 mV  s−1, potential shifting phenom-
ena occur and become much distinct at the scan rate of 5, 
10 and 20 mV  s−1 (Fig. 5b), which was caused by electrode 
polarization. Owing to the multi-redox action sites, large 
capacitance may be exhibited by the electrode. Figure 5c, 
5d shows the galvanostatic charge–discharge curves in the 

potential range of 0.1–0.4 V. The voltage plateaus match 
well with the redox peaks observed from the CV curves. At 
various current densities of 1, 2, 5, 10, 15 and 20 A  g−1, the 
calculated specific capacitances could reach to 1775, 1485, 
1200, 855, 600 and 415 F  g−1, respectively (Fig. 5e). Fig-
ure 5f shows the cycling stability which was tested at 5 A 
 g−1; after 2000 cycles, the capacity retains 86% of the first 
cycle, and the Coulombic efficiency is always maintained 
at 92%, indicating that the electrode has good long-term 
cycling-stability.

To further evaluate the electrochemistry performance 
of the C@ amorphous Ni–Co oxide, it was assembled into 
the coin cell of the asymmetry supercapacitor, in which 
activated carbon is the anode and 2 M KOH is the elec-
trolyte. The cell is tested in a potential range of 0–1.5 V. 
Figure 6a shows the galvanostatic charge–discharge curves, 
and it delivers specific capacitances of 83.4, 71.8, 65.4, 5.2 
and 45.3 F  g−1 at 0.2, 0.5, 1, 2 and 5 A  g−1, respectively 
(Fig. 6b). In the corresponding CV curves of Fig. 6c, a pair 
of redox peak is observed, which implies the pseudo-capaci-
tive characteristic. With the increased scan rate from 1 to 10 
mv  s−1, the intensity of the peaks become larger, and is the 
fast charge/discharge characteristic of the asymmetric super-
capacitor. As shown by the Ragone plot (Fig. 6d), the cell 
delivers high energy density and power density, for instance, 
at 1 A  g−1 the energy density and power density are 73.5 Wh 
 kg−1 and 806.7 W  kg−1, respectively, which are comparable 

Fig. 4  a Co K-edge and c Ni 
K-edge of C@amorphous Ni–
Co oxide and its metal oxides; b 
 k3-weighted Fourier transform 
of the Co k-edge EXAFS and b 
 k3-weighted Fourier transform 
of the Ni K-edge EXAFS of the 
C@amorphous Ni–Co oxide 
and  NiCo2O4
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with other values reported by  NiCo2O4-based asymmetric 
supercapacitors. [12–17]

The supercapacitor performance of crystal  NiCoO2 elec-
trode is shown in Fig. 6e, f, which is tested at three-electrode 
as that as C@ amorphous Ni–Co oxide electrode.  NiCoO2 
electrode shows obvious redox peaks on the CV curves 
(Fig. 6e), which indicates the pseudo-capacitive features, 
but the current values are lower than that of the amorphous 
form (Fig. 5a, b). At 1, 2 and 5 A  g−1, the capacitances cal-
culated from the discharge curves are only 1141, 870 and 
780 F  g−1, respectively (Fig. 5e), which is much lower than 
that of the amorphous one.

Electron and ion transfer are the two key factors for 
high energy supercapacitor. The C@ amorphous Ni–Co 
oxide has superior electron transfer and receiving sites, 
due to the following reasons: 1, the high conductivity 
was improved by the carbon coating layer (Fig. 1c); 2, 

the amorphous has rich electron receiving sites (Fig. 5a), 
due to the  Ni2+/  Ni3+ and  Co2+/Co3+ transitions that are 
observed in the CV curves as two pairs of redox peaks; 3, 
there is an additional localized charge transfer from Co 
to Ni which is deduced from EXAFS analysis (Fig. 4), 
in which the lower the intensity, the less is the transition 
possibility, meaning a greater number of electrons were 
transferred from the Co site to the conduction band of 
Ni. Besides the factor of electron, the amorphous sam-
ple is also favored for ion transfer: 1, the sphere com-
posed of nanosheet has high surface area (94.7  m2  g−1); 
2, according to the EXAFS analysis, the amorphous from 
has more open framework structure than the crystal one, 
which could enhance the ion transfer. These make the C@ 
amorphous Ni–Co oxide have outstanding electrochemical 
performance.

Fig. 5  a, b CV curves; c, d 
charge and discharge curves; 
e specific capacitance as a 
function of the current; and 
(f) cycling performance at the 
current density of 5 A  g−1 of 
C@ amorphous Ni–Co oxide 
electrode tested at standard 
three-electrode configuration in 
aqueous electrolyte
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4  Conclusions

In summary, carbon-wrapped amorphous Ni–Co oxide 
nanosheet is prepared by a hydrothermal method, followed 
by an annealing process in an Ar atmosphere. When the 
same hydrothermal precursor is annealed in air atmosphere, 
crystal  NiCoO2 is obtained. Due to the merits of high electri-
cal conductivity and open framework structure, the amor-
phous form shows a high capacitance of 1775 F  g−1 at 1 A 
 g−1 in the three-electrode aqueous system, which is much 
higher than that of the crystal  NiCoO2 (1141 F  g−1 at 1 A 
 g−1). The amorphous form also exhibits high energy density 
of 73.5 Wh  kg−1 at the power density of 806.7 W  kg−1 in 
the asymmetric supercapacitors. The advantage of a more 
open framework structure of the amorphous than that of the 

crystal form would make the amorphous form more suitable 
as an electrode of energy storage devices.
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