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In this paper, LaCoO3 powders were prepared by the urea combustion method and used as electrode

materials for supercapacitors. The effect of the potential window and the current density on the

performance degradation of LaCoO3 electrodes during the cycling test was analyzed. The degradation

mechanism of LaCoO3-based symmetric supercapacitors was discussed. The results of the cycling test

show that: with the increase in potential window and current density, the performance degradation in

the cycling test becomes more intense. The results of cyclic voltammetry tests, galvanostatic charge–

discharge tests, X-ray photoelectron spectroscopy tests and KOH electrolyte concentration

measurements before and after the cycling test show that the degradation of the supercapacitors is

mainly caused by the occurrence and accumulation of irreversible redox reactions during the charge and

discharge process, which reduces the ratio of Co2+/Co3+ and the number of oxygen vacancies.
1. Introduction

Supercapacitors (SCs) are a new type of energy storage device with
properties between Li-batteries and conventional capacitors.
Because of their high power density, high charging/discharging
rate, wide working temperature range, remarkable cycle stability
and excellent reliability,1–3 SCs are used as a promising comple-
ment or alternative to batteries for applications of high power
output or fast energy harvesting, such as electric vehicles,4–6 rail
transits,7,8wind power generation9 and photovoltaic generation.10,11

SCs are mechanically divided into electric double layer
capacitors (EDLCs) and pseudocapacitors, which exhibit
different advantages and disadvantages in terms of perfor-
mance. EDLCs use carbon materials as electrode materials.
There is only the physical electrostatic adsorption and desorp-
tion process during the energy storage process of them, and the
capacitance retention is above 95% aer thousands or even tens
of thousands of cycles.12–16 On the other side, pseudocapacitors
mainly use metallic materials and their compounds. Metal
oxides are the most common pseudocapacitor materials with
excellent electrochemical properties. Metal suldes and sele-
nides are also of interest because of their special properties.17–22

The energy storage process is dominated by Faraday redox
reactions. Although redox reactions result in the high energy
density of pseudocapacitors, they may induce the intrinsic
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instability of some pseudocapacitor materials that under-
mining the cycle stability of pseudocapacitors.23 It means that
the cycle life of pseudocapacitors is usually worse than that of
EDLCs, which is a major obstacle to practical application.

Among metal oxides, perovskite-type oxides are competitive
candidates for pseudocapacitor materials.24,25 The structural
stability of perovskite-type oxides makes them have high cycle
stability as electrode materials, while the existence of oxygen
vacancies improves their capacitance performance. That is,
perovskite-type oxide may simultaneously achieve high stability
and high capacitance. However, the cycle stability of many
perovskite-type oxides as electrode materials is not as excellent
as excepted. The specic capacitance of electrodes decreases to
below 90% (ref. 26–29) or even below 80% (ref. 30–33) aer
thousands of cycles. The widely accepted criteria denes the
end-of-life of a supercapacitor when the capacitance retention is
less than 80% or the internal resistance is doubled.34,35 The
composite method is an effective way to improve the cycle
stability of these electrode materials. For example, LaNiO3/NiO
composite36 and LSC@MnO2 core/shell nanorods37 have the
capacitance retention of over 95% aer thousands of cycles.
And how to improve the inherent cycle stability of perovskite-
type oxides is also an important issue.

In terms of practicality, cycle stability is indeed a critical
issue and challenge for supercapacitors. Briat et al. studied the
ageing quantication of supercapacitors in terms of evolution
of capacitance and equivalent series resistance, and proposed
an online characterisation procedure to deal with the regener-
ation phenomenon during the rest period.38 And they studied
the performance fading of supercapacitors under calendar life
and power cycling tests, and conrmed that the two types of
ageing tests affected the supercapacitor performances
© 2021 The Author(s). Published by the Royal Society of Chemistry
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differently.39 During the calendar life tests, deposit of impurities
on the surface of the electrodes limit the access of ions to the
porous structure and lead to a decrease of the capacitance.
While during the power cycling tests, the impurities accumu-
lated more inside the electrodes, which drastically modied the
structure of the electrodes and degraded the homogeneity of the
cells. Summarizing several studies on the life model of super-
capacitors, Liu et al. gave a general form of different lifetime
models of supercapacitors with three critical stressors of
temperature, voltage and current.40 The failure mechanisms of
EDLCs include the reaction of impurities in the electrode with
the electrolyte, solvent decomposition, electrolyte evaporation,
electrolyte ions intercalation into and damaging the electrode.
Julien et al. reported that the twomain causes for degradation of
MnO2� based pseudocapacitors are Mn3+ generation during the
redox process and Mn2+ dissolution in the electrolyte.41 And
similar to EDLCs, the electrolyte decomposition and evapora-
tion under harsh conditions also lead to the failure of
pseudocapacitors.42

LaCoO3 is a typical perovskite-type oxide. Guo et al. reported
that the etched LaCoO3 exhibits high capacitance performance
as electrode material and the LaCoO3//GO device shows excel-
lent cycling performance.43 Nevertheless, it is still necessary to
study and discuss the cycle stability of LaCoO3 electrodes. In
this paper, in order to study the degradation of LaCoO3 more
accurately and eliminate the inuence of GO electrodes,
LaCoO3-based symmetric supercapacitors are taken as the
research object. The effect of potential window and current
density on the performance degradation of devices is studied
through the cycling test. By analyzing the changes of electro-
chemical performance, material element valence distribution
and electrolyte composition before and aer the test, the
degradation mechanism of devices is obtained. Results show
that the occurrence and accumulation of irreversible redox
reactions reduce the number of oxygen vacancies in LaCoO3

electrodes then lead to the performance degradation of the
pseudocapacitors.

2. Experimental section
2.1 Preparation and characterization of LaCoO3 powders

LaCoO3 powders were prepared by urea combustion method44

in this work. The phase analysis of prepared samples were
Fig. 1 (a) XRD pattern, (b) N2 sorption isotherm and (c) BJH pore size d

© 2021 The Author(s). Published by the Royal Society of Chemistry
carried out by X-ray diffraction (XRD, Bruker D8 Advance) in a 2q
range of 20–80� with Cu Ka radiation. The specic surface area
and pore size distribution of the samples were characterized by
Brunauer–Emmett–Teller (BET, Micromeritics ASAP 2020
HD88) measurements. The morphology and microstructure of
the samples were examined by eld emission scanning electron
microscopy (FESEM, Zeiss Ultra Plus). The crystal structure was
characterized by transmission electron microscopy (TEM, JEOL
JEM 2100), including energy dispersive spectroscopy (EDS) and
selected area electron diffraction (SAED) analysis. The chemical
composition on the surface of the samples was determined by
X-ray photoelectron spectroscopy (XPS, ESCALAB 250xi).
2.2 Electrochemical measurements

Electrochemical measurements were performed for LaCoO3

electrodes and LaCoO3-based symmetric supercapacitors in
a three-electrode system and a two-electrode system, respec-
tively, to study the factors and mechanism of their degradation.
LaCoO3 electrodes were prepared by pasting the mixture of
LaCoO3, polyvinylidene uoride and acetylene black at the mass
ratio of 8 : 1 : 1 on the nickel foam and pressing at 10 MPa.
LaCoO3 samples were used as active materials, polyvinylidene
uoride was used as binder and acetylene black was used as
conductive agent. In the three-electrode system, prepared
LaCoO3 electrodes were used as the working electrodes, plat-
inum wires were used as the counter electrodes and Hg/HgO
electrodes were used as the reference electrodes. In the two-
electrode system, LaCoO3 electrodes were connected to the
working electrodes as positive electrodes, and connected to the
counter and reference electrodes simultaneously as negative
electrodes. 6 M KOH was used as electrolyte in the two test
systems. Three electrochemical measurements, 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 specic capacitance was calculated from GCD
curves according to the following equation.24

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.
istribution curve of LaCoO3 powders.
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Fig. 2 (a) XPS spectrum, (b) Co 2p XPS spectra and (c) O 1s XPS spectra of LaCoO3.

Table 1 Binding energy and relative area of Co2+/Co3+ at 2p3/2

Co2+ Co3+

Co2+/Co3+Binding energy (eV) Relative area (%) Binding energy (eV) Relative area (%)

779.2 47.69 778.1 52.31 0.92

Table 2 Binding energy and relative content of O 1s

Species
Binding energy
(eV)

Relative content
(%)

O2� 527.3 30.26
O2

2�/O� 527.9 18.09
OH�/O2 529.9 32.89
H2O 530.9 18.76
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3. Results and discussion
3.1 Structural and morphological analysis

Fig. 1(a) shows the XRD patterns of prepared LaCoO3 samples,
which characterizes the crystal structure and phase composi-
tion of the samples. As observed from the XRD patterns, the
samples display the diffraction peaks at 2q ¼ 23.2�, 32.9�, 33.3�,
40.7�, 41.3�, 47.5�, 53.4�, 59.0�, 59.7�, 69.0�, 69.9�, 78.8�, corre-
sponding to the (110), (1–10), (211), (210), (200), (220), (2–10),
(1–21), (310), (2–20), (422) and (3–12) planes respectively. The
patterns are well matched with the standard card (JCPDS no. 84-
0848) of rhombohedral perovskite structure LaCoO3 and there
are no impurity obvious peaks corresponding to other phases,
which indicates that the prepared samples are single phase
LaCoO3 powders. And the micro morphology of samples is
shown as nanoparticles with irregular surface with a size of 30–
100 nm.43

The BET specic surface area and pore size distribution can
be obtained by N2 adsorption/desorption experiments. Fig. 1(b)
shows the N2 adsorption–desorption isotherm of the samples.
As shown in the gure, a type-IV isotherm with a H3 hysteresis
loop is observed. The type-IV isotherm demonstrates the pres-
ence of mesoporous structures, while the H3 hysteresis loop has
no obvious saturated adsorption platform, indicating that the
pore structure is irregular. The calculated BET specic surface
area value is 2.70 m2 g�1. The pore size distribution assessed by
Barrett–Joyner–Halenda (BJH) methods is illustrated in
Fig. 1(c). The results reveal that the pore size distribution is
mainly in the range of 1.7–50 nm, and the average pore diam-
eter is 17.27 nm. The pore size can affect its performance and
stability by reducing the charge transfer resistance, enabling
fast electron transfer from the electrode and reducing the
volume change during charge/discharge cycles.45–48 The N2

adsorption–desorption isotherm and corresponding pore size
25172 | RSC Adv., 2021, 11, 25170–25178
distribution indicate that the mesoporous structure of the
samples is uniformly stacked.

The XPS spectra of the LaCoO3 samples are shown in Fig. 2.
According to these spectra, the species and existing states of the
elements are analyzed. Fig. 2(a) shows the XPS full spectrum
with binding energy ranging from 200 to 1200 eV, indicating the
presence of only four elements of La, Co, O, C. And C is the
adsorbed carbon used for charge correction. Fig. 2(b) shows the
Co 2p XPS spectra of the samples, revealing two spin–orbit
peaks of 2p1/2 and 2p3/2 around 793.6 eV and 778.4 eV. By tting
the two peaks, the characteristic peaks of Co2+ at 794.7 eV (2p1/2)
and 779.2 eV (2p3/2), and the characteristic peaks of Co3+ at
793.4 eV (2p1/2) and 778.1 eV (2p3/2) are obtained. The atomic
ratio of Co2+/Co3+ can be obtained by comparing the areas
covered by the tted curve. The peak tting results at 2p3/2 are
shown in Table 1. The atomic ratio of Co2+/Co3+ in the samples
is 0.92. Fig. 2(c) shows the O 1 s XPS spectra of the samples,
which can be divided into four characteristic peaks: lattice
oxygen species (O2�) at 527.3 eV, surface adsorbed oxygen
species (O2

2�/O�) at 527.9 eV, hydroxyl (OH�) or surface-
adsorbed O2 at 530.3 eV, and H2O at 530.9 eV. The relative
content of each oxygen species in terms of relative area is shown
in Table 2. The amount of adsorbed oxygen is closely associated
with the oxygen vacancies.49 It means that the content of oxygen
vacancies in the sample is 18.1%.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.2 Electrochemical measurements

3.2.1 Effect of potential window. The energy storage
mechanism of LaCoO3 electrode in the KOH electrolyte is
oxygen ion intercalation mediated through oxidation of cobalt
centers.16,50 The equation is as follows,43

La[Co2d
2+, Co1�2d

3+]O3�d + 2dOH� ¼ LaCo3+O3 + 2de� +

dH2O (2)

LaCo3+O3 + 2dOH� ¼ La[Co2d
4+, Co1�2d

3+]O3+d + 2de� +

dH2O (3)

In the reaction described in eqn (2), OH� is adsorbed on
surface to generate O2� and H2O, then O2� diffuse along octa-
hedral edges to ll in the oxygen vacancies and form the lattice
oxygen species; meanwhile, Co2+ is oxidized to Co3+. Then in the
reaction described in eqn (3), excess adsorbed OH� is interca-
lated on the surface forming the adsorbed oxygen species and
further oxidize partial Co3+ to Co4+.

In order to investigate the effect of different potential
windows on the performance degradation of LaCoO3//LaCoO3

symmetrical supercapacitors, cyclic charge–discharge test of
500 cycles where the maximum voltage is varied from 1.0 V to
1.6 V is carried out in a two-electrode system at current density
of 1 A g�1. Fig. 3(a) shows the variation of capacitance retention
with cycle number under different potential windows. The
capacitance retention rst decreases rapidly and then slowly
with the increase in number of cycles, and it decrease faster and
more under higher potential window. The inset shows that the
capacitance retention changes periodically in the last y
cycles. Fig. 3(b) shows that the specic capacitance before and
Fig. 3 Cycling performance of LaCoO3//LaCoO3 SC under different pot
inset: variation in the last 50 cycles. (b) Comparison of specific capacitanc
specific capacitance and capacitance retention, (d) average and variance

© 2021 The Author(s). Published by the Royal Society of Chemistry
aer cycling test and capacitance retention changes with
increasing potential window. The specic capacitance increases
with increasing potential window. Meanwhile the difference
between specic capacitance increases with increasing poten-
tial window, and the capacitance retention decreases from
98.2% with the potential window of 0–1.0 V to 87.1% with the
potential window of 0–1.5 V. Variance is a statistical charac-
teristic that describe the degree of data dispersion. Referring to
the relevant literature of electrochemical research,51 variance is
used to evaluate the uctuation degree of specic capacitance
and coulomb efficiency in this work. Fig. 3(c) shows that the
variance of specic capacitance remains low when the
maximum voltage is less than 1.3 V, then it increases sharply
when the maximum voltage reaches 1.4 V and 1.5 V. Fig. 3(d)
shows that the average of coulombic efficiency decreases from
97.8% with the potential window of 0–1.0 V to 89.2% with the
potential window of 0–1.5 V, in addition, it decreases rapidly
when the maximum voltage reaches 1.4 V and 1.5 V. And the
variance of coulombic efficiency increases in uctuation with
increasing potential window. The change of coulomb efficiency
indicates that the reversibility and stability of charge and
discharge process decrease. The results of this test reveal that
increasing potential window makes the degradation of the
supercapacitors more intense and the stability worse.

The CV curves and GCD curves under different potential
windows before the cyclic charge–discharge test are shown in
Fig. 4. The scan rate of the CV test is 10 mV s�1, and the current
density of the GCD test is 1 A g�1. It can be seen from Fig. 4(a)
that the CV curves are rectangular, which demonstrate the
capacitance characteristics of supercapacitor energy storage.
There are two pairs of redox peaks at about 0.3 V and 0.75 V in
ential windows. (a) Capacitance retention changed with cycle number;
e before and after cycling test and capacitance retention, (c) variance of
of coulombic efficiency changed with different peak potentials.

RSC Adv., 2021, 11, 25170–25178 | 25173

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03362j


Fig. 4 (a) CV curves and (b) GCD curves of LaCoO3//LaCoO3 SC under different potential windows.
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the CV curve under each potential window, which corresponds
to the pseudocapacitive reaction of LaCoO3. Besides, the redox
peaks become more prominent with increasing potential
window, and the polarization of the CV curve intensies. When
the maximum voltage reaches 1.5 V, the polarization of the CV
curve is already very intense, leading to the loss of good cycling
performance. As shown in Fig. 4(b), the GCD curves are trian-
gular. With increasing potential window, the GCD curve grad-
ually appears a potential stagnation platform near the
maximum voltage, and the coulomb efficiency decreases, indi-
cating that the reversibility of the charge and discharge process
decreases under increased potential window.
Fig. 5 Cycling performance of LaCoO3//LaCoO3 SC at different current
variation in the last 50 cycles. (b) Comparison of specific capacitance b
specific capacitance and capacitance retention, (d) average and variance

25174 | RSC Adv., 2021, 11, 25170–25178
3.2.2 Effect of current density. To investigate the effect of
different current densities on the performance degradation of
the supercapacitors, cyclic charge–discharge test of 500 cycles is
carried out with changing current density in the two-electrode
system. The current density of the test is 1 A g�1, 2 A g�1,
4 A g�1, 6 A g�1, 8 A g�1 and 10 A g�1, and the potential window
of the test is 0–1.4 V. Fig. 5(a) shows the variation of capacitance
retention with cycle number at different current densities.

It can be seen that the capacitance retention decreases in
uctuation with increase in number of cycles. Moreover, the
capacitance retention decreases faster and more and the uc-
tuation of it is greater when the current density is higher. The
densities. (a) Capacitance retention changed with cycle number; inset:
efore and after cycling test and capacitance retention, (c) variance of
of coulombic efficiency changed with different peak potentials.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Specific capacitance of LaCoO3//LaCoO3 SC changed with cycle number at a current density of 1 A g�1 under potential window of 0–
1.4 V. (b) Comparison of specific capacitance of electrode before and after the cycling test with different cycle number.

Table 3 Intensity of redox peaks in CV curves with different number of
cycles

Number of
cycles I1 (A g�1) I2 (A g�1) I1/I2

1000 2.051 2.440 0.841
2000 1.907 2.373 0.804
3000 1.875 2.346 0.799
4000 1.723 2.354 0.732
5000 1.056 2.191 0.482
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inset shows that the capacitance retention changes periodically
in the last y cycles. Fig. 5(b) shows that the specic capaci-
tance and the capacitance retention decrease with the increase
of current density. The rate of change also decreases with the
increase of current density. This is in line with the general law
of the rate performance of energy storage devices. Fig. 5(c)
shows that the variance of specic capacitance and capacitance
retention increases with the increase of current density, indi-
cating that the uctuation of the specic capacitance is greater
with the increase of current density. Fig. 5(d) shows that the
average of coulombic efficiency decreases and the variance of
coulombic efficiency increases, which indicates that revers-
ibility and stability of charge and discharge process decrease
with the increase of current density. According to this test, the
increase of current density has a negative effect on the stability
of the supercapacitors.

3.2.3 Effect of number of cycles. Cyclic charge–discharge
test of different cycles is carried out in the two-electrode system
under the potential window of 0–1.4 V at current density of
1 A g�1 1000, 2000, 3000, 4000, 5000 cycles are carried out
respectively. Fig. 6(a) shows the variation of specic capacitance
with cycle number. In order to clearly show the variation trend
of the specic capacitance of each test, the curves are trans-
lated, so the ordinate in the gure has no practical signicance.
Fig. 6(b) shows the curve of the specic capacitance of electrode
before and aer the test with respect to the number of cycles, as
well as the curve of the capacitance retention. The capacitance
retention is 98.9% aer 1000 cycles and 90.5% aer 5000 cycles.
Fig. 7 (a) CV curves and (b) GCD curves of LaCoO3 electrodes with diff

© 2021 The Author(s). Published by the Royal Society of Chemistry
As shown in Fig. 6, the specic capacitance decreases linearly
with the increase in number of cycles. The curve of capacitance
retention with respect to the number of cycles also decreases
linearly. It indicates that the degradation is a gradual process.

The CV test and GCD test are carried out in the three-
electrode system for the LaCoO3 electrodes aer the cycling
tests. The scan rate of CV test is 10 mV s�1, the current density
of GCD test is 1 A g�1, and the potential window of both tests is
�0.3–0.5 V. Fig. 7(a) shows the CV curves of the electrodes aer
each cycling test. There are two pairs of redox peaks at about
0.026 V and 0.218 V, which shows the pseudocapacitive elec-
trochemical features. The intensity of redox peaks is shown in
Table 3. I1 is the intensity of the redox peak at low potential
(about 0.026 V), and I2 is the intensity of the redox peak at high
potential (about 0.218 V). As the number of cycles increases, the
intensity ratio I1/I2 gradually decreases. The ratio aer 1000 and
erent cycle number.
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Fig. 8 Co 2p XPS spectra of LaCoO3 after (a) 4000 and (b) 5000 cycles. (c) BJH pore size distribution curve of LaCoO3 after 1000 cycles.

Table 5 OH� concentration of electrolyte with different number of
cycles

Number of cycles Concentration (mol L�1)

0 5.79
5000 5.37
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5000 cycles are 0.841 and 0.482, respectively. It indicates that
the reaction in eqn (2) is relatively weakened, and the reaction
in eqn (3) is relatively enhanced. Fig. 7(b) shows the GCD curves
of the electrodes aer each test. It can be seen that the charge
and discharge time of the electrodes with more cycles is
shortened.

To study the change in chemical composition of the elec-
trode surface active material aer the cycling test, the LaCoO3,
which is obtained from the electrodes aer 4000 and 5000
cycles, is tested by XPS. Fig. 8(a) and Fig. 8(b) shows the XPS
spectra of LaCoO3 aer 4000 and 5000 cycles. Table 4 shows the
peak tting results of Co elements at 2p3/2 with the number of
cycles of 0, 4000 and 5000. It can be seen that the atomic ratio of
Co2+/Co3+ is 0.92 before the cycling test, and decreases to 0.84
aer 4000 cycles, and 0.70 aer 5000 cycles.

Pseudocapacitive materials store and release charges
through highly reversible redox reactions or ion intercalation/
deintercalation. The key factor inuencing the performance of
storing and releasing charges is the number of oxygen vacancies
in the active material.52 Then in the LaCoO3 samples with
a certain total amount of Co elements, higher Co2+ content
indicates more oxygen vacancies and leads to better energy
storage performance. Considering the decreasing trend of
intensity ratio I1/I2 of redox peaks with the increase of the
number of cycles, it can be concluded that the change in the
valence state of Co elements in the cycling test leads to the
degradation. The Co elements in the LaCoO3 crystal changes to
a higher valence state (Co3+ or Co4+), resulting in a decrease in
the content of Co2+ and the number of oxygen vacancies, which
ultimately makes the electrochemical performance of the
LaCoO3 electrode decreased.
Table 4 Binding energy and relative area of Co2+ and Co3+ at 2p3/2 wit

Number of
cycles

Co2+

Binding energy
(eV)

Relative area
(%)

0 794.68 47.69
4000 794.67 45.65
5000 794.70 41.18

25176 | RSC Adv., 2021, 11, 25170–25178
Fig. 8(c) shows the pore size distribution of the active
material aer 1000 cycles, calculated by the BJH method. As
shown in the gure, the pore size distribution of the material
aer cycling is still mainly in the range of 1.7–50 nm, with the
average pore diameter increasing to 22.32 nm. The increase in
pore size slows down the performance degradation of electrode
to some extent, that is, the capacitance retention curve tends to
be at during the cycling test.

Besides, the electrolyte consumption in the cycling test is
studied. The prepared 6 mol L�1 KOH solution is divided into
two groups. One is used for the cycling test as the electrolyte,
and the other is used as the reference group. Aer the cycling
test, the OH� concentration of the two groups of KOH solution
is measured. Since the pH values of the two groups of samples
are both too large (greater than 14), the OH� concentration is
measured by dilution titration method at the ambient temper-
ature of 13 �C. The measurement results are shown in Table 5.
The OH� concentration of the reference group was
5.79 mol L�1, and the OH� concentration of the solution aer
the cycling test was 5.37 mol L�1. It can be seen that the
concentration of OH� in the electrolyte decreases signicantly
aer the cycling test. While the Faraday redox reaction that
occurs on the surface of the LaCoO3 electrode should be highly
h different number of cycles

Co3+

Co2+/Co3+
Binding energy
(eV)

Relative area
(%)

793.38 52.31 0.92
793.38 54.35 0.84
793.37 58.82 0.70

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03362j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
9:

01
:4

6 
PM

. 
 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
reversible, the progress of the reaction should not consume
OH� in the electrolyte ideally. It can be inferred that the
degradation mechanism of the supercapacitor is that OH�

participates in an irreversible reaction during the cycles, which
leads to a decrease in the ratio of Co2+/Co3+ and the number of
oxygen vacancies, and ultimately leads to the performance
degradation of LaCoO3 electrodes.
4. Conclusions

In this paper, LaCoO3 powders were synthesized by the urea
combustion method and the corresponding supercapacitor was
prepared. By analyzing the effect of charge and discharge
potential window, current density and number of cycles on the
cycle stability of LaCoO3//LaCoO3 symmetric supercapacitors,
the main conclusions obtained are as follows:

(1) The increase of the potential window can improve the
specic capacitance performance of LaCoO3//LaCoO3 symmet-
rical supercapacitors, while the increase of current density
reduces the specic capacitance performance. However, the
increase of potential window and current density will decrease
the capacitance retention and coulombic efficiency of LaCoO3//
LaCoO3 symmetrical supercapacitors.

(2) The increase of the number of cycles makes the capaci-
tance retention of LaCoO3//LaCoO3 symmetrical super-
capacitors continue to decrease, and the intensity ratio I1/I2 of
redox peaks in the CV curves of the LaCoO3 electrode aer the
cycling test also shows a downward trend. XPS results show that
the ratio of Co2+/Co3+ decreases with the increase of the number
of cycles, meaning that the oxygen vacancies decrease. Through
comparing the OH� concentration in the KOH electrolyte before
and aer 5000 cycles, it was found that the OH� concentration
decreased signicantly aer the cycling test, indicating that
OH� participated in the irreversible reaction. In summary, there
are irreversible reactions occurring and accumulating during
the cycles, which makes Co2+ in LaCoO3 gradually transform to
Co3+ or even higher valence states, reduces the Co2+/Co3+ ratio
in LaCoO3 and the number of oxygen vacancies, and ultimately
leads to performance degradation.
Conflicts of interest

The authors declare that they have no known competing
nancial interests or personal relationships that could have
appeared to inuence the work reported in this paper.
Acknowledgements

The authors are grateful for support by the 111 Project (B17034),
the Innovative Research Team Development Program of
Ministry of Education of China (IRT_17R83) and the Hubei
Superior and Distinctive Discipline Group of “Mechatronics and
Automobiles” (No. XKQ2021001). The Center of Material XRD,
BET and XPS examinations were assisted by the Center of
Material Research and Analysis of Wuhan University of
Technology.
© 2021 The Author(s). Published by the Royal Society of Chemistry
References

1 B. E. Conway, Electrochemical Supercapacitors: Scientic
Fundamentals and Technological Applications, Springer
Science + Business Media, New York, 1999.

2 B. Fang, A. Bonakdarpour, M. S. Kim, et al., Microporous
Mesoporous Mater., 2013, 182, 1–7.

3 Z. Lin, S. Shen, Z. Wang, et al., Iscience, 2021, 102469.
4 Q. Zhang and G. Li, IEEE Trans. Power Electron., 2020, 35(1),
1014–1021.

5 B. Yang, J. Wang, X. Zhang, J. Wang, H. Shu, S. Li, T. He,
C. Lan and T. Yu, J. Power Sources, 2020, 448, 227444.

6 Z. Song, J. Li, J. Hou, H. Hofmann, M. Ouyang and J. Du,
Energy, 2018, 154, 433–441.

7 H. Li, J. Peng, J. He, R. Zhou, Z. Huang and J. Pan, IEEE Trans.
Control Syst. Technol., 2018, 26(4), 1219–1232.

8 L. Di-Noia, F. Genduso, R. Miceli and R. Rizzo, IEEE Trans.
Ind. Appl., 2019, 55(1), 794–801.

9 G. Ren, J. Liu, J. Wan, Y. Guo and D. Yu, Appl. Energy, 2017,
204, 47–65.

10 W. Jing, C. Lai, S. Wong and M. Wong, IET Renew. Power
Gener., 2017, 11(4), 461–469.

11 M.Masaki, L. Zhang and X. Xia, Appl. Energy, 2019, 242, 393–402.
12 B. Fang and L. Binder, J. Phys. Chem. B, 2006, 110(15), 7877–

7882.
13 Y. Ma, Y. Guo, C. Zhou, et al., Electrochim. Acta, 2016, 210,

897–904.
14 A. Bazan-Aguilar, M. Ponce-Vargas, C. Caycho, A. Rosa-Toro

and A. Moncada, ACS Omega, 2020, 5(50), 32149–32159.
15 B. Fang, Y. Z. Wei and M. Kumagai, J. Power Sources, 2006,

155(2), 487–491.
16 J. Mefford, W. Hardin and S. Dai, Nat. Mater., 2014, 13(7),

726–732.
17 B. Fang, Y. Z. Wei, K. Suzuki, et al., Electrochim. Acta, 2005,

50(18), 3616–3621.
18 D. Wang, Y. Xiao, X. Luo, et al., ACS Sustainable Chem. Eng.,

2017, 5(3), 2509–2515.
19 S. Shen, Z. Lin, K. Song, et al., Angew. Chem., Int. Ed., 2021,

60(22), 12360–12365.
20 W. Zhong, B. Xiao, Z. Lin, et al., Adv. Mater., 2021, 33(9),

2007894.
21 Z. Wang, Z. Lin, J. Deng, et al., Adv. Energy Mater., 2021,

11(5), 2170020.
22 W. Zhong, Z. Wang, N. Gao, et al., Angew. Chem., Int. Ed.,

2020, 59(50), 22743–22748.
23 T. Liu and Y. Li, InfoMat, 2020, 2(5), 807–842.
24 J. Mefford, W. Hardin and S. Dai, Nat. Mater., 2014, 13(7),

726–732.
25 W. Che, M.Wei, Z. Sang, K. Ouyang, Y. Liu and J. Liu, J. Alloys

Compd., 2018, 731, 381–388.
26 Z. Li, W. Zhang, C. Yuan and Y. Su, RSC Adv., 2017, 7, 12931–

12937.
27 Y. Cao, B. Lin, Y. Sun, Y. Hong and X. Zhang, J. Alloys

Compd., 2015, 638, 204–213.
28 Z. Li, W. Zhang, H. Wang and B. Yang, Electrochim. Acta,

2017, 258, 561–570.
RSC Adv., 2021, 11, 25170–25178 | 25177

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03362j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
9:

01
:4

6 
PM

. 
 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
29 S. Yin, Y. Wu, J. Chen, Z. Chen, H. Hou, Q. Liu, Y. Wang and
W. Zhang, Funct. Mater. Lett., 2018, 11(1), 1850013–1850016.

30 Z. Elsiddig, H. Xu, D. Wang, W. Zhang, X. Guo, Y. Zhang,
Z. Sun and J. Chen, Electrochim. Acta, 2017, 253, 422–429.

31 Z. Elsiddig, D. Wang, H. Xu, W. Zhang, T. Zhang, P. Zhang,
W. Tian, Z. Sun and J. Chen, J. Alloys Compd., 2018, 740, 148–
155.

32 Y. Song, Z. Wang, Y. Yan, M. Zhang, G. Wang, T. Yin, Y. Xue,
G. Fan and Q. Min, J. Energy Chem., 2020, 43, 173–181.

33 Y. Guo, Int. J. Electrochem. Sci., 2017, 12, 7121–7127.
34 D. Weingarth, A. Foelske-Schmitz and R. Kötz, J. Power
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