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radation study of NiCo2O4-based
asymmetric supercapacitors

Guanlun Guo, *a Yilong Mei,a Xu Chen,a Jun Liub and Wentao Liuc

The performance of NiCo2O4//GO asymmetric supercapacitors was found to decline after many tests. It

was found that the performance of the GO electrode was almost unchanged, while the performance of

the NiCo2O4 electrode declined rapidly. Therefore, porous spherical NiCo2O4 nanoparticles were

synthesized via a simple hydrothermal method. A NiCo2O4//GO asymmetric supercapacitor was made,

which can be charged and discharged 3000 times in the current density of 10 A g−1. The surface

morphology, crystal structure and elemental composition were characterized by X-ray diffraction

analysis, scanning electron microscopy and X-ray photoelectron spectroscopy. By comparing the

surface morphology, crystal structure and elemental composition of the NiCo2O4 electrode before and

after the cycle, it was found that the performance of NiCo2O4 electrode declines rapidly after the cycle

due to the formation of new substances and the destruction of the crystal structure of NiCo2O4

electrode. Therefore, maintaining the stability of the crystal structure of the electrode material is an

important means to ensure the stability of the performance of the supercapacitor. It provides

a meaningful strategy for studying the degradation of supercapacitor electrode materials.
1. Introduction

The supercapacitor is a new type of energy storage equipment
with electrochemical performance between lithium-ion
batteries and traditional capacitors. It has the characteristics
of high power density, high charge–discharge speed, wide
operating temperature limit, excellent cycle stability and safety,
etc. It is used as an alternative or supplement to batteries on the
occasions of high power output or fast energy collection, such as
electric vehicle composite energy storage systems, rail transit,
wind power and photovoltaic power generation. The high power
density of supercapacitors is mainly due to the fact that the
energy storage process of supercapacitors takes place on the
surface or near the surface of electrode materials, and the
charge storage and release are very quickly. Unlike lithium-ion
batteries, during the energy storage process, electrolyte ions
will go deep into the lattice and cause crystal phase transition.
The charge storage and release process is limited by the diffu-
sion of ions in the lattice and the process is slow. The fast
energy storage process also endows the supercapacitor with
high charge–discharge efficiency and long cycle life.1–5

The electrode material is the core component of the super-
capacitor, which largely determines the energy storage
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mechanism and electrochemical performance of the super-
capacitor. In recent years, pseudocapacitors have been widely
studied because of their higher energy density compared with
double-layer capacitors.6–11 The main application value of
supercapacitors is their high power characteristics, but they
also need a high enough energy density to store more energy for
output. Transition metal oxides are one of the main electrode
materials for pseudocapacitors, which can be stored by revers-
ible redox reactions on or near the surface of active materials.12

As a kind of spinel oxide, NiCo2O4 has great potential as
a pseudocapacitor electrode material. This strong crystal
structure makes the redox reaction process of Ni2+/Ni3+, Co2+/
Co3+ and Co3+/Co4+ highly reversible, which keeps the material
stable and improves the cycle stability. Sun et al.13 prepared
nanosheet self-assembled spinel NiMn2O4 microspheres grown
directly on three-dimensional nickel foam through a simple
microwave-assisted hydrothermal process. Taking 6 M KOH as
electrolyte, the specic capacitance of 768.9 F g−1 at 1 A g−1

current density is shown. Bao et al.14 directly synthesized mes-
oporous ZnCo2O4 nanosheet arrays with strong adhesion on
highly conductive nickel foam by hydrothermal calcination, and
then directly used them as integrated electrodes. Using 2 M
KOH as electrolyte, the specic capacitance of 2468 F g−1 was
obtained at 5 A g−1 current density. At the current density of
30 A g−1, the capacitor retention rate is 96.3% aer 1500 cycles.

To study the reason of performance decline of NiCo2O4//GO
asymmetric supercapacitor. In this paper, NiCo2O4 nano-
particles were synthesized by hydrothermal method. The
prepared NiCo2O4 nanoparticles were used as the electrode
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
active material, and nickel foam was used as the collecting
system to form the electrode sheet. In the three-electrode
system, platinum wire was used as the counter electrode, Hg/
HgO electrode was the reference electrode, and 6 M KOH
solution was used as the electrolyte to form a half cell. The
electrochemical performance was measured by cyclic voltam-
metry test, constant current charge–discharge test, electro-
chemical impedance test and cyclic stability test. NiCo2O4//GO
asymmetric supercapacitors were fabricated with NiCo2O4

cathode electrode and GO anode electrode, which were charged
and discharged for 3000 times in a current density of 10 A g−1.
The degradation of electrode performance aer 3000 cycles is
sufficient to study the mechanism of the degradation. For the
recycled material, ethanol is used as a dispersant to ultrasonic
treatment the electrode sheet for 10 min to obtain recycled
particles, which can eliminate the inuence of binder. The
surface morphology, crystal structure and elemental composi-
tion of the electrode active material recovered from the asym-
metric supercapacitor aer cycling were characterized in detail,
and the decay mechanism was studied by comparing with that
of the raw material.
2. Experimental section
2.1 Preparation and characterization of NiCo2O4 powders

NiCo2O4 nanoparticles were prepared by hydrothermal method,
and urea (CO(NH2)2) was used as the reducing and precipitating
agent. Firstly, Ni(NO3)2–6H2O, Co(NO3)2–6H2O and CH4N2O
were weighed according to 1 : 2 : 6, and they were dissolved and
evenly mixed in 70 mL of 1 : 1 mixed solvent of deionized water
and ethanol using a magnetic stirrer. Then the reactant mixture
was poured into a PTFE-lined autoclave, and the reactor was put
into an electric blast drying oven for hydrothermal reaction with
a setting temperature of 120 °C for 8 h. Then the precipitate was
obtained by centrifugation using a centrifuge, washed three
times each with ethanol and deionized water cross, and then
the precipitate was dried using a vacuum drying oven with
a setting temperature of 80 °C for 8 h. Aer that, the dried
powdered precipitate was transferred to a crucible and calcined
at a medium temperature of 300 °C for 3 h. Finally, the calcined
powder was ground and dispersed in a mortar to obtain black
powdered NiCo2O4 nanoparticles.
2.2 Electrochemical measurements

Electrochemical measurements were performed on NiCo2O4

electrodes and NiCo2O4-based asymmetric supercapacitor in
a three-electrode system and a two-electrode system, respectively,
to investigate the factors and mechanisms of degradation. Using
treated nickel foam as the substrate, polyvinylidene uoride as the
binder and acetylene black as the conductive agent, the active
material, binder and conductive agent are weighed in the mass
ratio of 8 : 1 : 1, and the three are ground and mixed evenly using
a mortar and pestle, and an appropriate amount of 1-methyl-2-
pyrrolidone is added, and the grinding is continued to dissolve
polyvinylidene uoride completely. The active material slurry is
evenly coated on the surface of the dry uid collection. Aer that,
© 2023 The Author(s). Published by the Royal Society of Chemistry
it is dried by vacuum drying oven and nally the mixture is pasted
on the nickel foam by pressing device to form the working elec-
trode. In the three-electrode system, the electrode for preparing
NiCo2O4 is used as the working electrode, the platinum wire is
used as the counter electrode, and the Hg/HgO electrode is used
as the reference electrode. In the two-electrode system, NiCo2O4

electrode and GO electrode were prepared by the same prepara-
tion method as positive and negative electrode sheets, and 6 M
KOH solution was used as electrolyte to form a full cell for elec-
trochemical performance testing. Three electrochemical tests
namely cyclic voltammetry (CV) test, galvanostatic charge–
discharge (GCD) tests and cyclic charge–discharge test, were
carried out utilizing an electrochemical workstation CS150
(Corrtest Co. Ltd, Wuhan). The specic capacitance was calcu-
lated from GCD curves according to the following equation.

C ¼ IDt

mDV
(1)

where I is the discharge current, Dt is the discharge time, m is
the mass of the active material and DV is the voltage scan range.
3. Results and discussion
3.1 Phase composition, microstructure and surface
chemistry

Fig. 1(a) shows the XRD patterns of prepared NiCo2O4 samples.
Comparison with XRD standard card PDF#73-1702 shows that
there are distinct diffraction peaks at 2q values of 18.9°, 31.2°,
36.7°, 38.4°, 44.6°, 55.4°, 59.1°, 64.9°, 77.0°, corresponding to (1
1 1), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1 1), (4 4 0), and (5 3
3) crystal surfaces of NiCo2O4. No other obvious non-NiCo2O4

diffraction peaks were observed, and the unique crystal phase of
NiCo2O4 was observed, indicating that the prepared material is
high purity NiCo2O4.

According to the standard card, the crystal structure of the
prepared NiCo2O4 can be determined as a cubic crystal system
with Fd�3m space group. The nanoparticles consist of a large
number of grains aggregated, where the grains are bounded
microcrystals composed of a large number of crystals. By XRD
tests, the grain size of nanomaterials (adapted to the range 1–
100 nm) can be calculated using the diffraction peak half-height
width based on the Scheele formula, which is as follows:

D = Kl/(b cos q) (2)

where D is the grain size, i.e., the diameter of a spherical grain, K
is a constant, and l is the X-ray wavelength. The wavelength of
Cu Ka rays is 0.15406 nm, b is the half-height width of the
diffraction peak, and q is diffraction angle corresponding to the
diffraction peak. The average grain size of the prepared NiCo2O4

nanoparticles was calculated to be 13.3 nm using the half-
height width of the diffraction peaks mentioned previously. In
summary, NiCo2O4 nanoparticles with a single crystalline phase
and small grains were successfully prepared by the hydro-
thermal method.

The surface morphology of NiCo2O4 nanoparticles was ana-
lysed by scanning electron microscopy. Fig. 1(b) shows the
RSC Adv., 2023, 13, 25018–25028 | 25019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05013k


Fig. 1 (a) XRD patterns of NiCo2O4 (b)–(d) SEM image at 10 mm, 1 mm, 50 nm, respectively (e) HRTEM image.
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material morphology at a scale of 10 mm. It can be seen that the
NiCo2O4 synthesized by hydrothermal method mainly presents
spherical granular agglomerates with poor homogeneity and
very wide particle size distribution, with larger agglomerates of
7–8 mm in diameter and nanoscale agglomerates showing light
spots. Fig. 1(c) shows the surface morphology of the agglom-
erates with a diameter of 7 mmat a scale of 1 mm, and the surface
of the agglomerates is very rough. Fig. 1(d) shows a further
Fig. 2 X-ray photoelectron spectra of NiCo2O4 nanoparticles: (a) survey

25020 | RSC Adv., 2023, 13, 25018–25028
enlargement of the surface morphology of the agglomerates at
a scale of 50 nm, and the accumulation of small grains in the
gure shows that the agglomerates consist of a large number of
grains with a diameter of about 10 nm.

The black areas indicate surface gaps that increase the
contact area of the electrolyte. Fig. 1(e) show that the typical
lattice spacing of 0.2473 nm corresponds to the (3 1 1) crystal
plane of the cubic phase NiCo2O4.
spectrum (b) Ni 2p (c) Co 2p and (d) O 1s.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Binding energy and peak area of Ni in 2p3/2 hybrid orbital

Ni2+ Ni3+

Ratio of content
Ni2+/Ni3+

Binding
energy (eV)

Area of
peaks (%)

Binding
energy (eV)

Area of
peaks (%)

854.6 11.0 855.8 89.0 0.12

Table 2 Binding energy and peak area of Co in 2p3/2 hybrid orbital

Co2+ Co3+

Ratio of content
Co2+/Co3+

Binding
energy (eV)

Area of
peaks (%)

Binding
energy (eV)

Area of
peaks (%)

782.0 60.0 780.2 40.0 1.50
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The elemental compositions and valence states of NiCo2O4

nanoparticles were analysed by X-ray photoelectron spectros-
copy. Fig. 2(a) shows the full XPS spectrum of NiCo2O4 nano-
particles, indicating that only Ni, Co, O and C elements exist in
the test sample, and C is the calibration element. Fig. 2(b)
shows the Ni 2p spectrum, with two hybrid orbital peaks (2p1/2
and 2p3/2) and two satellite peaks. The peaks of 2p1/2, 2p3/2, Ni

2+

and Ni3+ was shown at the Table 1. Fig. 2(c) shows the Co 2p
spectrum, which also has two hybrid orbital peaks of 2p1/2 and
2p3/2 and two satellite peaks. Table 2 show the peaks of 2p1/2,
2p3/2, Co

2+ and Co3+. Fig. 2(d) shows the O 1s diagram, con-
sisting of OI, OII, and OIII. OI represents the metal–oxygen bond
(O2−) with a peak position of 529.9 eV. OII represents the low
coordination oxygen ion (O2

2−/O−) with a peak of 531.2 eV. OIII
Fig. 3 (a) CV curves of NiCo2O4 (b) average charge–discharge capacita
curves of NiCo2O4 (e) discharge specific capacitance (f) cyclic stability c

© 2023 The Author(s). Published by the Royal Society of Chemistry
represents the oxygen in water or OH− physically/chemically
adsorbed on the material surface, with a peak of 532.5 eV.15–18

Under the condition of a certain total amount of elements,
the higher the content of +2-valent elements, the higher the
content of oxygen vacancy, the more reactive sites, and the
stronger the charge storage ability.19 According to Fig. 2 and
Tables 1, 2, since the Ni/Co value in NiCo2O4 is 0.5, the total
ratio of +2-valent elements to +3-valent elements is 0.78, which
is higher than the theoretical ratio of 0.5 for spinel structure +2-
valent elements to +3-valent elements. The prepared NiCo2O4

nanoparticles have higher content of +2-valent elements than
intact crystals, and may have more active sites.
3.2 Electrochemical characterizations

The behaviour of supercapacitor during charging and dis-
charging of NiCo2O4 electrode was analyzed by cyclic voltam-
metry. Fig. 3(a) show the cyclic voltammetry curve of NiCo2O4

electrode at scanning rate of 10–50 mV s−1 under potential
window of 0–0.55 V. It can be seen that the curve has an obvious
redox peak, indicating the energy storage characteristics of the
pseudocapacitor of NiCo2O4 electrode material. The redox
reaction equation is as follows:20,21

NiCo2O4 + OH− + H2O 4 NiOOH + 2CoOOH + e− (3)

CoOOH + OH− 4 CoO2 + H2O + e− (4)

There is only one pair of redox peaks in the curve. It is
considered that the redox reaction potential of Ni and Co in the
charging and discharging process is roughly equal, so the total
reaction formula is as follows:
nce (c) electrochemical impedance spectroscopy of NiCo2O4 (d) GCD
urve of NiCo2O4 electrode.

RSC Adv., 2023, 13, 25018–25028 | 25021
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NiCo2O4 + 3OH− 4 NiOOH + 2CoO2 + H2O + 3e− (5)

At the scanning rate of 10 mV s−1, the oxidation peak and
reduction peak are 0.412 V and 0.241 V, respectively. The
current density of oxidation peak is 16.1 A g−1, and that of
reduction peak is 9.5 A g−1. With the increase of scanning rate,
the oxidation peaks potential increases, the reduction peak
potential decreases, and the peak current density also increases.
When the scanning rate increases to 50 mV s−1, the oxidation
peak and reduction peak are located at 0.512 V and 0.193 V,
respectively. The current density of oxidation peak is 41.2 A g−1,
and that of reduction peak is 15.1 A g−1.

According to the calculation, the specic capacitance of
NiCo2O4 electrode at the scanning rate of 10, 20, 30, 40 and
50 mV s−1 is 566.2, 500.5, 447.8, 397.8 and 354.4 F g−1,
respectively, as shown in Fig. 3(b). With the increase of the
scanning rate, the specic capacitance of the electrode
decreases, which indicates that the electrode material of the
supercapacitor exhibits the multiplier performance similar to
that of the battery, that is, with the increase of the charging and
discharging current, the amount of electricity that can be stored
and discharged decreases.

Fig. 3(c) shows the impedance spectrum of NiCo2O4 elec-
trode measured by sinusoidal AC voltage signal with amplitude
of 5 mV in the frequency range of 10−2 to 105. The intersection
of the impedance spectrum with the real axis (horizontal axis) is
the internal resistance value, which is 1.0 U. It can be seen from
the full-frequency impedance spectrum that the internal resis-
tance and charge transfer resistance of NiCo2O4 electrode are
very small, and the impedance is mainly determined by the
Warburg impedance in the process of material transfer.22,23

The specic capacitance and rate performance of NiCo2O4

electrode were analysed by constant current charge–discharge
test. Fig. 3(d) shows the constant current charge–discharge
curves of NiCo2O4 electrode measured at 1, 2, 5, 10, 15, 20 A g−1

at the potential window of 0–0.55 V. The curve of charging
process is observed to rise rapidly at rst, then slowly, and then
quickly again. The curve of discharge process is the shape of
rapid decline, then slow decline, and then rapid decline again.
This is because the charging and discharging process of
NiCo2O4 electrode is controlled by two kinds of energy storage
principles: double layer capacitor and pseudocapacitor. With
the increase of current density, both the electrostatic adsorption
and desorption rate of the double electric layer and the redox
reaction rate of the pseudocapacitor increase, and the duration
of the rapid and slow change stages of the potential decreases
simultaneously, as well as the charge–discharge time. Fig. 3(e)
shows the discharge specic capacitance of NiCo2O4 electrode
calculated according to eqn (6) at the current density of 1, 2, 5,
10, 15 and 20 A g−1, which are 694.2, 659.1, 589.6, 519.8, 476.5
and 441.0 F g−1 respectively. The curve reects the magnica-
tion performance of NiCo2O4 electrode. When the current
density increases from 1 A g−1 to 20 A g−1, the retention rate of
specic capacitance reaches 63.5%, and the decline trend of
specic capacitance slows down with the increase of current
density. Compared to porous spherical nanostructures
25022 | RSC Adv., 2023, 13, 25018–25028
NiCo2O4,24 the prepared NiCo2O4 nanoparticles have better
specic capacitance and rate performance.

Cm ¼ imDt

DV
¼ im

dV=dt
(6)

where Cm is the specic capacitance value, im is the current
density, DV is the potential change, Dt is the corresponding
time, dV/dt is the potential change rate. The charge–discharge
capacitance and charge–discharge capacitance can be calcu-
lated by the constant current charge–discharge curve. Generally,
the charge–discharge capacitance is used as the performance
evaluation index.

Cyclic stability is tested through thousands of constant
current charge–discharge processes, Fig. 3(f) shows the cyclic
stability curve of NiCo2O4 electrode measured at a potential
window of 0–0.55 V and a current density of 10 A g−1 for 3000
cycles of charging and discharging. It can be seen that the
specic capacitance of NiCo2O4 electrode remained basically
unchanged in the rst 250 cycles, and began to decline slowly
aer 250 cycles. Aer 3000 cycles, the specic capacitance
decreased from the initial 519.2 F g−1 to 481.7 F g−1, and the
retention rate of specic capacitance was 92.8%. It is shown
that NiCo2O4 electrode has better cyclic stability than sea urchin
NiCo2O4 microsphere (capacitance retention rate 81.6% aer
5000 cycles at current density 5 A g−1).25 The strong crystal
structure of NiCo2O4 makes it resistant to material structure
damage, so it shows excellent cyclic stability and has practical
application potential.

NiCo2O4 cathode electrode and GO anode electrode are
prepared to make NiCo2O4//GO asymmetric supercapacitor,
which can be charged and discharged for 3000 times at the
current density of 10 A g−1. The electrochemical performance of
NiCo2O4//GO asymmetric supercapacitor was tested by cyclic
voltammetry test and constant current charge–discharge test,
and the decay process was analysed by comparing the perfor-
mance with that before cyclic.

Fig. 4(a) shows the comparison of cyclic voltammetry curves
of NiCo2O4//GO asymmetric supercapacitor with scanning rates
of 10, 30 and 50 mV s−1 at the voltage range of 0–1.7 V before
and aer 3000 cycles. It can be seen that the charge–discharge
current density of NiCo2O4//GO asymmetric supercapacitor
decreases aer cycling, and the charging current density aer
cycling changes little compared with that before cycling. It only
decreases when it is higher than the oxidation peak potential
and approaches the upper cut off potential, and shows the
weakening of polarization phenomenon.

Fig. 4(b) shows the comparison of constant current charge
and discharge curves of NiCo2O4//GO asymmetric super-
capacitor with current density of 1 and 10 A g−1 in the voltage
range of 0–1.7 V before and aer cycling. It can be seen that the
charge–discharge time aer the cycle decreases, indicating that
the specic capacitance decreases. In general, the specic
capacitance retention rate is used to represent the cycle
stability, and the specic capacitance loss is also an important
method to represent the cycle decline.

Fig. 4(c) shows that the specic capacitance of the asym-
metric supercapacitor before and aer the cycle decreases to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of electrochemical performance test results of NiCo2O4//GO asymmetric supercapacitor before and after cyclic test: (a) CV
curves (b) GCD curves (c) average charge–discharge capacitance (d) discharge specific capacitance.
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a certain extent at different scanning rates. Moreover, Fig. 4(d)
shows the specic discharge capacitance of NiCo2O4//GO
asymmetric supercapacitor calculated according to eqn (6) at
the current density of 1, 2, 5, 10, 15 and 20 A g−1 before and aer
3000 cycles. It can be seen that the specic capacitance
decreases overall aer cycling, but the multiplier performance
improves instead. Before the cycle, when the current density
increases from 1 A g−1 to 20 A g−1, the specic capacitance
retention rate is 60.0%. Aer cycling, the specic capacitance
retention rate is increased to 66.8%. This is because aer 3000
cycles at 10 A g−1 current density, NiCo2O4//GO asymmetric
supercapacitors exhibit greater specic capacitance loss at low
current density than at high current density. Supercapacitor at
1 A g−1 current density, the specic capacitance loss is 16.8%,
and at the current density of 20 A g−1, the specic capacitance
loss is only 7.3%.

3.3 Study on the mechanism of electrode decay

Aer cycling, the discharge specic capacitance of NiCo2O4

electrode decreases, which is one of the main reasons for the
performance decline of NiCo2O4//GO asymmetric super-
capacitor. By ultrasonic oscillation, the binder polyvinylidene
uoride was quickly dissolved in 1-methyl-2-pyrrodanone to
make the electrode active material fall off from the electrode
sheet, and the recycled NiCo2O4 material was characterized by
its surface morphology, crystal structure and elemental
composition.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The morphology of NiCo2O4 was analysed by scanning elec-
tron microscope. Fig. 5(a) and (d) show the material
morphology at a scale of 10 mm before and aer cycling,
respectively. Aer cycling, the shape of aggregates becomes
irregular compared with that before cycling, and the number of
small particles increases signicantly. Fig. 5(b) and (e) show the
surface morphologies of aggregates at 100 nm before and aer
cycling, respectively; (c) and (f) show the surface morphologies
of aggregates at 50 nm before and aer cycling, respectively. The
comparison of the surface morphology of aggregates before and
aer the cycle shows that the aggregates still have rough and
slotted surface morphology, but the porosity increases. The
proportion of pore area in Fig. 5(b) and (e) calculated on basis of
gray scale increases from about 7.3% to 16.6%. The increase of
porosity will reduce the charge transfer resistance, realize the
rapid electron transfer of the electrode and reduce the volume
change during the charge–discharge cycle, thus having a posi-
tive impact on the electrochemical performance and stability of
the electrode materials.26,27

Through X-ray diffraction analysis, the crystal phase
composition and crystal structure of NiCo2O4 material recov-
ered from the recycled cathode electrode were analysed, and the
results are shown in Fig. 6(a). The XRD pattern of the recycled
material is no longer a single NiCo2O4 crystal phase, but
a hybrid peak of multiple crystal phases superposition, such as
CoOOH, CoO, CoC2O4$2H2O, NiC4H4O6$2.5H2O, appears at 2q
values of about 22°, 29°, 33°, 42°, 47°, 53°, 63° and 74°. The
RSC Adv., 2023, 13, 25018–25028 | 25023
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Fig. 5 Comparison of scanning electron microscopy images before and after cyclic testing of cathode active material: (a)–(c) are before the
cycle; (d)–(f) are after the cycle.

Fig. 6 (a) XRD image before and after cyclic testing of NiCo2O4 electrode (b) HRTEM image before the cycle (c) HRTEM image after the cycle (d)
SAED pattern of NiCo2O4 before the test (e) SAED pattern of NiCo2O4 after the test.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 7
/2

4/
20

25
 9

:3
0:

21
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
results show that the structure of NiCo2O4 is damaged and
mixed with various crystals during the electrochemical cycle.
The average grain size of NiCo2O4 aer the cycle is 11.4 nm by
using the half-height and width of the diffraction peak, which
decreases compared with 13.3 nm before the cycle, which also
indicates the failure of the crystal structure of NiCo2O4. The
destruction of crystal structure and the disorder of crystal phase
indicate the material destruction of NiCo2O4 nanoparticles
during the electrochemical cycle. Fig. 6(b) and (c) compared
25024 | RSC Adv., 2023, 13, 25018–25028
HRTEM images before and aer the cycle, which found that for
the same crystal plane (311), the lattice spacing changes from
0.2473 nm to 0.2513 nm. As the crystal plane spacing becomes
larger, the structural period of the crystal will also become
larger, resulting in the deterioration of crystal stability. The
increase of lattice spacing causes the 2q value of the charac-
teristic peak (311) in the XRD pattern to shi from 36.7° to
36.6°, which changes the crystal structure and ultimately leads
to the degradation of the performance of NiCo2O4 electrode.28
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Selected-area electron diffraction (SAED) was conducted to
estimate the crystallinity of NiCo2O4, which is shown in the
inset of Fig. 6(d). The diffraction rings can be indexed to the
(111), (220), (311) and (400) planes of cubic NiCo2O4 as marked
in Fig. 6(a), respectively, indicating the poly-crystalline structure
of NiCo2O4. Fig. 6(e) is the diffraction ring pattern aer the
cycle. Compared with Fig. 6(d), it is found that many impurities
are produced, in which the characteristic crystal plane shown by
the generation of impurity can correspond to the impurities
produced in the XRD pattern. Orange represents the impurity
CoO two characteristic crystal planes are (200), (111) respec-
tively. Green is the (101) characteristic crystal plane of CoC2-
O4$2H2O; blue is the newly added diffraction ring
corresponding to the (110) crystal plane of CoOOH.

Fig. 7 shows the HRTEM diagram aer cycling. It can be seen
in Fig. 7(a) that a new lattice spacing of 0.1984 nm appears aer
Fig. 7 (a) and (b) are different HRTEM image after the cycle.

Fig. 8 X-ray patterns after cyclic testing of cathode active materials: (a)

© 2023 The Author(s). Published by the Royal Society of Chemistry
cycling, corresponding to the (220) characteristic crystal face of
the newly formed impurity CoC2O4$2H2O. Orange corresponds
to the CoOOH characteristic crystal face whose crystal spacing is
0.2116 nm. In Fig. 7(b), it can be seen that the two characteristic
crystal faces of the impurity CoOOH (111) and (110) correspond
to lattice spacing of 0.2318 and 0.3960 nm, respectively. These
HRTEM diagrams conrm the above analysis combined with
XRD and SAED diagrams, proving the formation of the above-
mentioned impurities. The comparative analysis further
conrmed the formation of various impurities aer circulation.
The above analysis of the crystal structure shows that the crystal
structure of the electrode has been destroyed aer the cyclic
test, leading to the deterioration of the performance.

The elemental valence of NiCo2O4 was analysed by XPS, and
the ratio of the content of +2-valent element and +3-valent
element was calculated. The change of elemental valence in
Ni 2p (b) Co 2p.

RSC Adv., 2023, 13, 25018–25028 | 25025
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NiCo2O4 aer cyclic decay was studied. Fig. 8 shows the
comparison of XPS spectrums aer the cycle. (a) and (b) are Ni
2p spectrum and Co 2p spectrum aer the cycle, respectively.
Aer the cycle, the peaks of 2p1/2 and 2p3/2 of the Ni 2p spectrum
remain around 873.1 eV and 855.8 eV, and the peak-to-peak of
the Ni 2p spectrum also remain unchanged. The 2p1/2 and 2p3/2
peaks of the Co 2p spectrum are about 795.0 eV and 780.0 eV,
which slightly decrease compared with before the cycle, but the
peak-to-peak remains unchanged. The XPS atlas was used to
calculate the peak area of Ni and Co in the 2p3/2 hybrid orbital
and the ratio of the two valence elements in the cycled NiCo2O4.
The results are shown in Tables 3 and 4. The value of Ni2+/Ni3+ is
0.29, and the value of Co2+/Co3+ is 0.92. Aer cycling, the
content of Ni2+ in Ni increases, while the content of Co2+ in Co
decreases, indicating that Ni in NiCo2O4 is more inclined to
reduction, while Co is more inclined to oxidation during the
electrochemical cycling process. The total ratio of +2-valent
element to +3-valent element is reduced to 0.65, indicating that
the redox reaction of NiCo2O4 is not completely reversible, and
the active sites are reduced, leading to the deterioration of
properties.
Table 3 Binding energy and peak area of Ni in 2p3/2 hybrid orbital

Ni2+ N

Binding energy (eV) Area of peaks (%) B

Before 854.6 11.0 8
Aer 854.6 22.6 8

Table 4 Binding energy and peak area of Co in 2p3/2 hybrid orbital

Co2+ C

Binding energy (eV) Area of peaks (%) B

Before 782.0 60.0 7
Aer 782.0 48.0 7

Fig. 9 (a) EIS comparison curves before and after the cycle (b) cyclic sta

25026 | RSC Adv., 2023, 13, 25018–25028
Fig. 9(a) EIS comparison of NiCo2O4 electrode before and
aer cycling. According to the gure, the RU value aer cycling
decreases from 1.0 U to 0.9 U, and the Rct value from 0.3 U to 0.1
U, and the impedance mode is also greatly reduced, but the
electrochemical impedance of NiCo2O4 electrode decreases
aer cycling. Aer cycling, the specic capacitance of NiCo2O4

electrode is mainly affected by the crystal phase change of
NiCo2O4 material, the destruction of crystal structure and the
reduction of active site, and the performance declines, while the
power performance is little affected by the change of NiCo2O4

material. The electrochemical impedance of NiCo2O4 is more
affected by the dispersion of NiCo2O4 aggregates and the
increase of porosity.

The charge storage capacity reected by the specic capaci-
tance is the most important electrochemical performance of the
electrode, so it is considered that the electrochemical perfor-
mance of the electrode deteriorates overall aer cycling. The
current density will affect the cyclic stability of NiCo2O4//GO
asymmetric supercapacitor. Fig. 9(b) shows the cycle stability
curve of NiCo2O4//GO asymmetric supercapacitor measured by
5, 10, 15 and 20 A g−1 cycles of charge and discharge 3000 times
i3+

Ratio of content
Ni2+/Ni3+inding energy (eV) Area of peaks (%)

55.8 89.0 0.12
55.8 77.4 0.29

o3+

Ratio of content
Co2+/Co3+inding energy (eV) Area of peaks (%)

80.2 40.0 1.50
80.2 52.0 0.92

bility curve comparison of NiCo2O4//GO asymmetric supercapacitor.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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at the voltage range of 0–1.7 V. The specic capacitance of
NiCo2O4//GO asymmetric supercapacitor drops rapidly in the
rst few hundred cycles, and then the curve attens out. During
the cycle, material destruction and the reduction of active sites
lead to the performance decline, while the increase of porosity
slows down the performance decline to some extent. With the
increase of current density, the cyclic decay of NiCo2O4//GO
asymmetric supercapacitor is intensied, and the cyclic decay
is extremely fast at the high current density of 20 A g−1.

In order to improve the cycle stability of the electrode
material, the rst is to make NiCo2O4 nanoparticles grow
directly on the collector, which can improve its electrochemical
performance and cycle stability. The traditional polyvinylidene
uoride (PVDF) binder is easy to absorb the electrolyte and
swell, resulting in a decline in the bonding performance, thus
making its electrochemical performance decline. Second, the
surface morphology of the uid collector can be changed. The
larger the surface roughness of the uid collector, the larger the
conductive contact area between the active substance and the
uid collector, the higher the adhesion strength, and the more
difficult it is to peel off during the charging and discharging
process, thus having higher cyclic stability. Third, it is necessary
to ensure that the electrode material reduces contact with the
air during work to prevent oxidation into other impurities
during work, resulting in changes in the composition and
crystal structure of NiCo2O4; besides, reducing the electrode
load during operation and reducing the current density of the
electrode material can greatly improve its cycle stability.29–31

4. Conclusions

In order to study the degradation mechanism of NiCo2O4//GO
asymmetric supercapacitors, NiCo2O4 nanoparticles were
prepared by hydrothermal method with a single phase and
a smaller grain size of 13.3 nm. The aggregate particle size of the
material is widely distributed and the surface morphology is
rough and interstitial. NiCo2O4 electrode was prepared by
coating method using NiCo2O4 as electrode active material.
NiCo2O4//GO asymmetric supercapacitor was constructed and
tested for 3000 times of charging and discharging at a current
density of 10 A g−1. The cyclic decay of the NiCo2O4 electrode
before and aer the cycle is analysed. The cyclic decay of the
asymmetric supercapacitor is mainly caused by the decay of the
pseudocapacitance of the active material of the NiCo2O4 elec-
trode, and is also affected by other factors such as the decay of
electrolyte and uid collector. The following conclusions were
reached:

By comparing XRD patterns before and aer the cycle, it can
be seen that there are heterogeneous peaks of multiple crystal
phases superposition, such as CoOOH, CoO, CoC2O4$2H2O,
NiC4H4O6$2.5H2O, etc., which indicates that the structure of
NiCo2O4 is damaged and a variety of crystal phases are mixed
during the electrochemical cycle. This leads to the degradation
of electrode performance. Aer the cycle, the aggregate particles
of NiCo2O4 materials are more dispersed and the porosity
increases, but the surface morphology is still rough. According
to the analysis of the HETEM and SAED diagrams, the lattice
© 2023 The Author(s). Published by the Royal Society of Chemistry
spacing of the crystal structure increases before and aer the
cycle, and the crystal structure is in disorder due to the gener-
ation of new substances. Compared with the previous damage,
the stability of the electrode has been reduced and the perfor-
mance of the pseudocapacitor has been decreased. This is one
of the main reasons leading to the performance decline of
asymmetric supercapacitors. The results of X-ray photoelectron
spectroscopy showed that the relative content of Ni2+ in Ni
increased, the relative content of Co3+ in Co increased, and the
total ratio of +2-valent element to +3-valent element decreased
from 0.78 to 0.65, and the active site decreased. The change of
crystal phase, the increase of lattice spacing leading to the
destruction of crystal structure and the decrease of active sites
are the main reasons for the degradation of electrochemical
performance of NiCo2O4 electrode represented by specic
capacitance, while the agglomeration particles are more
dispersed, and the increase of porosity has a positive effect on
slowing down the degradation. Therefore, when the electrode is
used, it is necessary to minimize the contact with the air and
control it to work at the most appropriate current density in
order to delay the degradation of the electrode material. It has
a good reference signicance for improving the cycle stability of
electrode materials.
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