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ABSTRACT: Nickel and cobalt oxides are promising electrode materials for supercapacitors, but their poor conductivity and
sluggish kinetics seriously hinder their application. Herein, a simple one-step calcination method was proposed to prepare carbon-
incorporated NiO@Co3O4 (denoted as CNC) using a NiCo Prussian blue analogue (NiCo-PBA) as a precursor. The effect of
calcination temperature on the electrochemical behavior of CNC was investigated. Benefiting from the relatively large specific
surface area and porous structure characteristics, when used as an electrode for supercapacitors, the CNC obtained at 400 °C shows
the typical features of a battery-type electrode, with a good specific capacitance of 208.5 F g−1 at 1 A g−1 and a rate capability of
70.8% at 30 A g−1. The hybrid supercapacitor (HSC) constructed with the optimum CNC electrode can provide a high energy
density of 32.6 Wh kg−1 at the corresponding power density of 750.0 W kg−1 and an excellent cycling stability of 87.1% over 5000
cycles. This study provides a simple calcination method for preparing MOF-derived high-conductivity mixed metal oxide electrode
materials for supercapacitors.

■ INTRODUCTION
Nowadays, the shortage of fossil fuel resources, environmental
problems, and rapid economic growth have greatly increased
the demand for sustainable and efficient energy storage
technologies.1−4 Among various energy storage devices,
lithium-ion batteries (LIBs) and supercapacitors (SCs) have
been extensively investigated.5 LIBs have the advantages of
high energy density and low self-discharge; however, their
widespread application is hampered by long charging time,
short cycle life, and low power density.6−10 Compared with
LIBs, supercapacitors (SCs) can provide high power density
but have relatively low energy density.11−14 Therefore, it is
urgent to find energy storage devices with high energy and
power density to fill the gap between LIBs and SCs.15−17

Hybrid supercapacitors (HSCs) have attracted growing
attention due to their superior energy storage capability and
power characteristics.9,10 Commonly, a HSC is composed of a
battery-type electrode as an energy source and a capacitor-type
electrode as a power source, so it can combine the features of

high specific capacitance of pseudocapacitors and high rate
capability of electric double-layer supercapacitors
(EDLCs).18−20 Carbon-based materials (eg., activated carbon,
graphene) are widely used as capacitor-type electrode
materials, while transition metal compounds are usually used
as battery-type electrode materials. Among various transition
metal compounds, NiO and Co3O4 are two promising battery-
type materials owing to their high theoretical specific
capacitance and chemical stability.21,22 However, the intrinsic
poor electrical conductivity of NiO and Co3O4 leads to
mismatch kinetics between NiO/Co3O4 and carbon-based
materials, which greatly limits the performance of HSCs.4,12,23
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To address this issue, numerous efforts have been made to
develop NiO and/or Co3O4 electrode materials with improved
electrical conductivity, such as preparing composite materials
with graphene, carbon nanotubes, and other highly conductive
materials,24−28 preparing bimetallic materials,29,30 directly
growing on highly conductive support substrates,31,32 atomic
doping,33,34 etc. Although great progress has been made in
improving the conductivity, it is difficult to obtain two oxides
simultaneously in these studies, and the synthesis methods are
complex and poorly controllable; also, the interface formed
between oxides and carbon materials will affect the electro-
chemical performance to a certain extent.
Herein, we designed carbon-incorporated NiO@Co3O4

nanostructures using NiCo-PBA as a precursor via a facile
one-step calcination method. The synergistic effect of NiO and
Co3O4 with high redox activity and the good conductivity
provided by the carbon formed in situ endow the hybrid
composite with excellent electrochemical performance as a
battery-type material for SCs. The CNC electrode obtained at
the optimum calcination temperature of 400 °C showed a
specific capacitance of 208.5 F g−1 at 1 A g−1 and a rate
capability of 70.8% when the current was increased 30 times.
Moreover, a HSC based on the optimal CNC electrode was
fabricated, which can deliver a high energy density of 32.6 Wh
kg−1 at a power density of 750.0 W kg−1 and a long cycle life
(87.1% over 5000 cycles). This work provides a facile method
to prepare carbon-incorporated mixed metal oxides as effective
electrodes for HSCs.

■ EXPERIMENTAL SECTION
Chemicals. All chemicals were analytical grade and were

used as purchased without any treatment. Ni(NO3)2·6H2O
were purchased from Damao chemical reagent factory, and
C6H5Na3O7·2H2O and potassium hexacyanocobaltate (III)
were purchased from Aladdin.
Synthesis of NiCo-PBA Nanocubes. NiCo-PBA nano-

cubes were synthesized by the following steps. First, Ni-
(NO3)2·6H2O (0.696 g) was dissolved in 80 mL of deionized
water, and then, 1.056 g of C6H5Na3O7·2H2O was added to
the solution with stirring. The above-mentioned solution was
labeled as solution A. Second, 0.528 g of potassium
hexacyanocobaltate (III) was dissolved in 80 mL of deionized
water under magnetic stirring to form a homogeneous solution,
labeled as solution B. Finally, solution B was poured into
solution A, and the mixed solution was made to stand for 24 h
to produce a blue-white precipitate. The precipitate was
washed six times with deionized water and ethanol, collected
by centrifugation, and dried in an oven.
Synthesis of CNC Nanostructures. CNC nanostructures

were synthesized by a one-step calcination process of NiCo-
PBA in air. The prepared NiCo-PBA precursor was placed in a
porcelain boat and calcined in a tubular furnace at 350 °C
(400, 450 °C) for 2 h, and the heating rate was maintained at 2
°C per minutes in the whole process. The obtained CNC
products were denoted as CNC-350, CNC-400, and CNC-
450.
Material Characterization. X-ray diffraction (XRD) was

carried out on a Bruker D8 with Cu Kα radiation. An X-ray
photoelectron spectrometer (XPS) was performed on a
Thermo Scientific ESCALAB 250Xi. Scanning electron
microscopy (SEM, ZEISS Sigma 300) and transmission
electron microscopy (Tecnai G2 F20 S-Twin) were utilized
to analyze the morphology of the products. The nitrogen

adsorption and desorption isotherms were obtained from JW-
BK 122 W apparatus.
Electrochemical Tests. The working electrode was

prepared by coating a slurry of CNC, polytetrafluoroethylene
(PTFE), and acetylene black with a weight ratio of 80:10:10
on a nickel foam (area = 1 × 1 cm2). A standard three-
electrode system with platinum as the counter electrode and
Hg/HgO as the reference electrode was used to measure the
electrochemical performances of CNC in 6 M KOH
electrolyte. The mass loading for CNC-350 and CNC-400
was 2.6, 2.8, and 2.9 mg cm−2. For the hybrid supercapacitor
(HSC), the CNC electrode was used as a positive electrode
with the activated carbon (AC) electrode as a negative
electrode. The mass ratio of positive to negative electrode
active materials was determined to be 1:0.41 by the charge
balance.35 All the electrochemical measurements were
performed on a CHI 760E electrochemical working station
(Chenhua). The specific capacitance (C, F g−1) of CNC is
calculated by eq 1

=C I t m V/ (1)

where I (A) represents the discharge current, △t (s)
represents the discharge time, m (g) is the mass of active
material, and △V (V) is the potential window.
The coulombic efficiency (η) of the hybrid electrode is

calculated by eq 2.

= t
t
d

c (2)

where td (s) represents the discharge time and tc(s) represents
the charge time.
The specific capacitance (C, F g−1), energy density (E, Wh

kg−1), and power density (P, W kg−1) of the HSC device can
be calculated by eqs 3−5.

=C I t M V/ (3)

=E C V
1
2

2
(4)

=P
E

t (5)

where I (A) is the discharge current, △t (s) is the discharge
time, M (g) is the mass of active material of positive and
negative electrodes of the device, and △V (V) is the potential
window.
The b value was calculated by eq 6

=i a b (6)

where i (A g−1) is the sum of the capacitive and diffusion-
controlled current, ν (mV s−1) is the scan rate, and a and b are
variables.
The contributions of the capacitive and diffusion-controlled

current to the total storage charge are determined by eq 7

= +i k v k v1 2
1/2 (7)

where k1ν represents the capacitive current and k2ν1/2

represents the diffusion-controlled current. The values of k1
and k2 can be obtained by plotting the curve between i/ν1/2

versus ν1/2.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00254
ACS Omega 2023, 8, 10503−10511

10504

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ RESULTS AND DISCUSSION
Figure 1a displays the XRD pattern of the precursor; all
diffraction peaks are well matched with the Ni3[Co(CN)6]2
phase (JCPDS card No. 89-3738), confirming the formation of
Ni-Co PBA. After low-temperature calcination at 350 and 400
°C, Ni3[Co(CN)6]2 can be completely converted into NiO
and Co3O4, as revealed by the XRD pattern in Figure 1b,c;
most of the diffraction peaks could be attributed to NiO
(JCPDS card No. 47-1049) and Co3O4 (JCPDS card No. 43-
1003). SEM was carried out to monitor the morphology of the
Ni-Co PBA and CNC samples. As can be seen in Figure 1d,
Ni-Co PBA shows a uniform cube shape with a size of about
500 nm and a smooth surface. The CNC product obtained at
350 °C maintains the original cube shape of Ni-Co PBA,

except for the six concave faces of the cubes (Figure 1e). After
calcination at 400 °C, compared with Ni-Co PBA, the surface
of the obtained CNC became rough and the edges of the cube
became indistinct (Figure 1f). In addition, the CNC
nanocubes are constructed by many small nanoparticles,
which indicate that the CNC-400 product has a porous
structure.
The TEM image in Figure 2a further confirms the porous

structure of CNC-400. The high-magnification TEM image
(Figure 2b) clearly reveals numerous small nanoparticles in the
particles. The porous architecture is conducive to the excellent
electrochemical performance of CNC, which can provide more
contact area between the electrode and electrolyte and
effectively shorten the ion transport distance during the

Figure 1. XRD patterns of (a) Ni-Co PBA, (b) CNC-350, and (c) CNC-400 and SEM images of (d) Ni-Co PBA, (e) CNC-350, and (f) CNC-400.

Figure 2. (a, b) TEM images and (c) HRTEM image of CNC-400, and (d−h) TEM image and the corresponding EDX mapping images of Ni, Co,
O, and C, respectively.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00254
ACS Omega 2023, 8, 10503−10511

10505

https://pubs.acs.org/doi/10.1021/acsomega.3c00254?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00254?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00254?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00254?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00254?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00254?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00254?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00254?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


electrochemical reactions. Figure 2c shows the HRTEM image
of CNC-400, with the lattice spacing of 0.21 and 0.24 nm
corresponding to the (200) and (111) planes of NiO and
lattice spacing of 0.24 and 0.28 nm corresponding to the (311)
and (220) planes of Co3O4, respectively. Elemental mapping
images in Figure 2d−h reveal that the Ni, Co, O, and C
elements are homogeneously distributed throughout the
sample.
The surface elements and chemical bond states of CNC

were determined using XPS measurements. From the XPS full
spectrum in Figure 3a, it was confirmed that Ni, Co, O, and C
elements were contained in the CNC hybrids. From the Ni 2p,
Co 2p, O 1s, and C 1s high-resolution spectra, the oxidation
states of the elements were obtained. As shown in Figure 3b,
Ni 2p spectra of CNC hybrids are deconvoluted into two
doublets; the peaks located at 871.7 and 854.2 eV belong to
Ni2+ in the standard Ni−O octahedral bonding configuration
in cubic NiO, and the peaks located at 873.5 and 855.9 eV
belong to the vacancy-induced Ni3+. The satellite peaks at
879.5 and 861.4 eV can be attributed to Ni 2p1/2 and Ni 2p3/2,

respectively. These fitting peaks of Ni 2p demonstrate the
existence of NiO.36 In the Co 2p spectrum (Figure 3c), two
peaks at 797.6 and 781.5 eV can be assigned to Co2+ and two
peaks at 795.5 and 780.0 eV can be assigned to Co3+.
Additionally two shake-up satellite peaks at 803.3 and 787.0 eV
were observed, which are a characteristic of spinel Co3O4.
Figure 3d shows the high-resolution XPS spectrum of O 1s,
which contains three oxygen contributions at 529.8 (O1),
531.2 (O2), and 532.7 eV (O3). The O1 component is assigned
to lattice oxygen in the NiO and Co3O4 phases, the O2
component is attributed to the defective oxygen in the oxide,
and the O3 component is attributed to the hydroxyl group on
the hybrid surface.37 The existence of oxygen defects can
effectively regulate the electronic structure and improve the
electrochemical performance of the oxide. As shown in Figure
3e, the C 1s XPS spectrum of the hybrid displays three peaks
centered at 288.9, 286.1, and 284.8 eV, which can be assigned
to the contributions from O−C=O, C−O bond, and graphite-
like sp2 C, respectively. The above-mentioned results of XPS

Figure 3. (a) XPS spectra of CNC and the magnified XPS spectra of (b) Ni 2p, (c) Co 2p, (d) O 1s, and (e) C 1s.

Figure 4. (a) Nitrogen adsorption−desorption isotherm and (b) corresponding pore size distribution curves of CNC-350 and CNC-400.
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indicate that the synthesized product is a carbon-incorporated
NiO@Co3O4 hybrid.
The specific surface area and porosity of CNC-350 and

CNC-400 were investigated by a nitrogen adsorption−
desorption isotherm based on the Brunauer−Emmett−Teller
(BET) method and Barrett−Joyner−Halenda (BJH) model.
As shown in Figure 4a, compared with CNC-350, the
isotherms of CNC-400 increased dramatically at P/P0
<0.001, indicating the existence of micropores. In addition,
the steep rise isotherm at P/P0 > 0.9 verified the existence of
micropores and macropores. Ascribed to the porous structural
features, the BET specific surface area of CNC-400 is 258.5 m2

g−1, which is much larger than that of CNC-350 (21.8 m2 g−1).
Figure 4b shows that CNC-400 has significantly increased
micropores than those of CNC-350. Enough micropores can
bring a large surface area, leading to a more accessible pathway
for electrochemical reactions. Moreover, great quantities of
micropores and macropores are located between 5 and 140
nm, which can provide a low-ion transfer resistance path and
reduce the ion diffusion distance to the inner surface during
the rapid charge−discharge process. Such a hierarchical porous

characteristic is beneficial to promote the electrochemical
activity of CNC-400 in the process of energy storage.
To quantify the energy storage performance of CNC, the

electrochemical behavior of CNC obtained at a series of
calcination temperatures (350, 400, and 450 °C) was
investigated. Figure 5a shows the cyclic voltammetry (CV)
profiles of the CNC-400 electrode at different scan rates of 1−
60 mV s−1. A pair of redox peaks originating from the Ni2+/
Ni3+ and Co2+/Co3+ are observed, indicating the typical
Faraday characteristic. In addition, the potential difference
between redox peaks increases with the increase of the
scanning rate, indicating that the Faradaic behavior is quasi-
reversible. As shown in Figure 5b, an obvious charge and
discharge plateau can be observed in the galvanostatic charge/
discharge (GCD) profile of the CNC-400 electrode, which
further confirms the battery-type behaviors. Figure 5c shows
the CV curves of CNC-350, CNC-400, and CNC-450
electrodes at 20 mV s−1. Obviously, compared with CNC-
350 and CNC-450 electrodes, the CNC-400 electrode shows a
larger integral CV area, which means a larger capacitive
performance. As shown in Figure 5d, the large capacitance of

Figure 5. (a) CV profiles of the CNC-400 electrode at various scan rates; (b) GCD profiles of the CNC-400 electrode at various current densities;
comparison of the electrochemical performances of CNC-350, CNC-400, and CNC-450 electrodes, (c) CV profiles at 20 mV s−1, (d) GCD profiles
at 1 A g−1, (e) specific capacitance at various current densities; and (f) Nyquist plots; the inset is an equivalent circuit model.
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the CNC-400 electrode was verified by the longer discharge
time in the GCD curve. In detail, the specific capacitances of
the three CNC electrodes were calculated and are presented in
Figure 5e. It can be clearly seen that the CNC-400 electrode
exhibits improved capacitance compared to that of CNC-350
and CNC-450 electrodes at all tested current densities. For the
CNC-400 electrode, the specific capacitance can reach 208.5 F
g−1 at 1 A g−1 and retain a good rate capability of 70.8% at 30
A g−1.
The electrochemical impedance spectroscopy (EIS) curves

of the three CNC electrodes are shown in Figure 5f, which
consist of both a straight line in the low-frequency region and a
semicircle in the high-frequency region. From the equivalent
circuit model (inset in Figure 5f), the equivalent series
resistance (Rs) and charge transfer resistance (Rct) of the
CNC-400 electrode are 0.54 and 0.25 Ω, respectively,
indicating a high electrical conductivity and a fast ion/electron
transfer rates. The small Rs and Rct can be attributed to the
improved conductivity provided by the introduction of carbon
into the hybrid material. Compared with the CNC-400
electrode, the Rs and Rct values of the CNC-350 electrode
are almost the same as those of the CNC-400 electrode, while
the CNC-450 electrode has larger Rs and Rct values.
Additionally, the CNC-400 electrode exhibits a lower ion
diffusion resistance (W) compared with that of CNC-350 and
CNC-450 electrodes, which means faster ion mobility. These
features indicate that CNC-400 could be a suitable electrode
material with excellent performance for SCs.
The electrochemical kinetic behaviors of CNC-350 and

CNC-400 electrodes were further compared and analyzed
using the equation i = aνb and i = κ1ν + κ2ν1/2. In the first
equation, if the calculated b value is 0.5, the current response is
diffusion-controlled and if the b value is 1.0, the current is
surface-controlled.2 Figure 6a shows that the cathodic and

anodic b values for CNC-400 are 0.89 and 0.85, respectively,
and the b values for CNC-350 are 0.84 and 0.79 (Figure 6d),
suggesting the synergistic effect of diffusion-controlled and
capacitive behavior of the two electrodes. The low scan rate is
conducive to the diffusion of more ions into the electrode; as
shown in Figure 6b, even at a low scan rate of 1 mV s−1, the
capacitive proportion in the total charge storage can reach
65.89% for CNC-400, which is still larger than that of the
diffusion-controlled process. In Figure 6c, it can be clearly seen
that with the scanning rate increasing from 1 to 60 mV s−1, the
contributions of the capacitive current to the total charge
storage for CNC-400 increase from 65.89 to 93.73%. For
CNC-350, at 1 mV s−1, the capacitive proportion in the total
charge storage is 65.16% (Figure 6e). As the scanning rate
increases from 1 to 60 mV s−1, the capacitive contributions
increase from 65.16 to 93.27% (Figure 6f). In comparison with
CNC-350, the CNC-400 electrode shows a higher level of
capacitive contribution, which is beneficial for rapid ion and
electron transfer.38

To further evaluate the practicability of CNC, a HSC device
was fabricated using CNC-400 as a positive electrode and AC
as a negative electrode, with a piece of polypropylene paper as
a separator and 6 M KOH as an electrolyte. (Figure 7a). In this
HSC, the battery-type CNC electrode was used as the energy
source with the capacitor-type AC electrode as the power
source, which can provide both high energy and power density.
As shown in Figure 7b, the AC electrode performs well in a
potential window of −1.0−0 V and the CNC-400 electrode
operates well in a potential window of 0−0.45 V. Based on this,
we tested the HSC device in different potential windows and
found that the optimal potential window for the device is 1.5 V
(Figure 7c). CV profiles of the HSC device at scan rates in the
range of 1−60 mV s−1 show that the current is contributed by
the electric double-layer capacitance and pseudocapacitance

Figure 6. log (ν) versus log(i) for (a) CNC-400 and (d) CNC-350; the capacitive and diffusion-controlled current contribution in the total current
at 1 mV s−1 for (b) CNC-400 and (e) CNC-350; and the capacitive and diffusion-controlled contributions at different scan rates for (c) CNC-400
and (f) CNC-350.
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(Figure 7d). The CV shape was maintained well with
increasing scan rate, demonstrating the high reversibility and
excellent capacitive performance of the device.39,40 Figure 7e
shows that the GCD curves were almost symmetrical,
indicating the stable charge storage of the HSC device.3 The
HSC device delivers a high specific capacitance of 104.4 F g−1

at 1 A g−1 and retained 73.2 F g−1 at 30 A g−1, which suggest a
good rate capability (Figure 7f). As seen in the EIS plot in
Figure 7g, a small Rs and Rct were observed, indicating the low
internal resistance and low charge transfer resistance of the
HSC device. The cycling stability was also investigated at 6 A
g−1 over 5000 cycles; as illustrated in Figure 7h, the specific
capacitance decreased to 87.1% of the initial capacitance
obtained in the first cycle. Energy density and power density
were calculated based on eqs 4 and 5; as shown in Figure 7i, a
maximum energy density of 32.6 Wh kg−1 at the corresponding
power density of 750.0 W kg−1 was observed, which is superior
or comparable to those of the previous studies, such as
Co0.7Ni0.3HCF/NF//ACC,41 Mn-SnS2-GA,

42 CuO@Zn1Co2-
OH//LSDC,43 GR-MnO2(1.45)//GR,

44 and so on. The
outstanding performance of the HSC device demonstrates

that the carbon-incorporated NiO@Co3O4 hybrid material is
suitable for potential applications in the field of energy storage.

■ CONCLUSIONS

In summary, a carbon-incorporated NiO@Co3O4 hybrid was
successfully synthesized from the NiCo-PBA precursor via a
simple one-step calcination method. The novel composite
combines the advantages of NiO, Co3O4, and C and can be
utilized as an effective electrode for the HSC. The CNC
obtained at 400 °C exhibited a better electrochemical
performance than that of the CNC obtained at 350 and 450
°C, which can deliver a specific capacitance of 208.5 F g−1 at 1
A g−1 and a good rate performance of 70.8%. Furthermore, the
assembled HSC device can deliver a high energy density of
32.6 Wh kg−1 at a power density of 750.0 W kg−1 and an
excellent cycle life of 87.1% after 5000 cycles. This work
provides a facile synthesis method for the preparation of
carbon-incorporated mixed metal oxides, which can be used as
functional material for energy storage.

Figure 7. (a) Schematic illustration of the HSC device with CNC and AC as positive and negative electrodes, respectively; (b) CV profile of CNC
and AC electrodes at 10 mV s−1; the electrochemical performance of the device; (c) CV profiles collected at 0.5 V to 1.5 V at 10 mV s−1; (d) CV
profiles at various scan rates, (e) GCD profiles at various current densities; (f) specific capacitance at various current densities; (g) EIS curve; (h)
cycling stability at 6 A g−1; and (i) Ragone plot.
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