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eutral Ca(NO3)2 electrolyte in
CaMnO3 perovskite systems for calcium-ion
supercapacitors

Abhirami Sukumaran and Helen Annal Therese *

The need for sustainable and high-performance energy storage technologies has intensified the research

interest in calcium-ion supercapacitors, driven by the abundance, low cost, and favourable redox

properties of calcium. In this study, we present a CaMnO3 perovskite electrode system operating in

a neutral Ca(NO3)2 electrolyte, exhibiting outstanding electrochemical characteristics. The optimized

CaMnO3 electrode achieves a specific capacitance of 258.6 F g−1 at 0.5 A g−1 within a wide potential

window of 1.9 V, achieving unprecedented performance for this material. It retains 72.6% of its initial

capacitance even after 1500 charge–discharge cycles, with 100% coulombic efficiency. A CMO‖CMO

symmetric device assembled using this electrode delivers a specific capacitance of 76.1 F g−1, an energy

density of 3.8 W h kg−1, and a power density of 1190 W kg−1, emphasizing its potential for high-power

applications. To demonstrate the practical application of the fabricated device, both red and yellow LEDs

were illuminated. Electrochemical analysis indicates that the superior performance results from the

synergistic interaction between the CaMnO3 perovskite structure and the Ca2+-based neutral electrolyte,

enabling efficient charge storage through combined electrical double-layer capacitance and

pseudocapacitance. This work establishes a new benchmark for calcium-ion supercapacitors and

provides valuable insights into ion-intercalation and surface-redox behaviour within perovskite–

electrolyte interfaces. These findings pave the way for safe, sustainable, and cost-effective energy

storage solutions.
1. Introduction

The global energy framework is shiing from relying on fossil
fuels towards embracing clean and renewable resources like
hydro, wind and solar energies. Effective and easily accessible
energy storage systems are expected to accelerate this process.1

Lithium-ion batteries (LIBs) represent the forefront of tech-
nology utilized in portable electronics, electric vehicles, and
hybrid electric vehicles, among other applications.2 Nonethe-
less, the limited availability of lithium resources and their
uneven geographical distribution are contributing to the
increased costs associated with lithium metal and lithium-ion
batteries.3 There is a vital need for alternative, cost-effective
energy storage technologies that utilize materials abundant
on Earth for large-scale applications.4,5

The energy storage systems utilizing multivalent metal ions
are regarded as promising candidates because they offer double
or triple electron exchange per charge carrier, which could
result in enhanced volumetric and gravimetric capacities.6,7

According to previous reports, non-noble metal oxides, like
epartment of Chemistry, SRM Institute of

Chengalpattu Dt, Tamil Nadu, 603203,

7461
copper, manganese, and cobalt oxide, show potential as
supercapacitor electrode materials.8–11 Mixed metal oxides have
been identied as effective supercapacitor electrodes, besides
pure metal oxides.12 Among several transition metal oxides,
manganese oxide stands out as one of the most promising
electrodes for supercapacitor applications. This is primarily due
to its wide potential window, high theoretical specic capaci-
tance, eco-friendliness, low cost, and high abundance.
However, the main limitations are its poor cyclic stability and
low conductivity.13,14 There has been a growing requirement for
superior energy storage materials, which has led to the explo-
ration of potential options, such as magnesium and calcium-
based energy storage systems, which can possibly deliver
double the energy density of lithium batteries by providing two
electrons per atom. Multivalent-ion batteries are gaining
research attention as a safer, low-cost, environmental friendly,
and abundant alternative to lithium-ion batteries.15–20

Substituting organic electrolytes with water also enables the
utilization of the complete pH spectrum and a diverse array of
ionic solutions, including H2SO4 at low pH, Na2SO4 at neutral
pH, and NaOH and KOH under alkaline conditions.21 A calcium-
ion battery based on aqueous electrolyte was introduced in 2017
by Gheytani et al.19 Compared with its Mg ion-based counter-
part, the Ca ion offered faster electrode kinetics and the benet
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD pattern of the synthesised CaMnO3, where indicates the
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View Article Online
of a multivalent-ion battery. The initial version of the cell
exhibited excellent efficiency and consistent capacity at both
high and low current rates (40 mA h g−1); following cycling, it
retained 88% of its capacity and had an average coulombic
efficiency of 99%.19 Thereaer, a perovskite-type CaMnO3 anode
material for lithium-ion storage was reported by Chang et al.
The synthesized CaMnO3 demonstrated excellent rate capability
as well as stable cycling performance at a current density of
0.2 A g−1, achieving a specic capacity of 225.4 mA h g−1 aer 90
cycles. Furthermore, under an extreme temperature of 0 °C, it
was capable of achieving 175.2 mA h g−1 capacity even aer 300
cycles at a current density of 0.2 A g−1.22 By synthesizing and
electrochemically evaluating CaMnO3−d perovskite as
a pseudocapacitor material, Forslund and Pender advanced our
understanding of how complex metal oxides can be tuned to
enhance their capacity to store charge through anion interca-
lation by utilizing previously reported trends in catalytic and
capacitive behaviour.23 The application of calcium-based mixed
metal oxides as supercapacitor electrodes was reported by Ali
et al. in 2015. They synthesised CaMnO3 via coprecipitation
method (calcined at 900 °C), which was electrochemically tested
in 5 M KOH; the specic capacitance value obtained was 227 F
g−1 at 0.25 A g−1.12,24 In 2023, Kanagarajan et al. prepared
calcium manganese oxide (CMO) by the co-precipitation
method at two different temperatures (700 °C and 800 °C) and
investigated its suitability for supercapacitor application. The
CV and the GCD curves of CMO (800 °C) showed a maximum
specic capacitance of 247 F g−1 at the scan rate of 5 mV s−1 and
327 F g−1 at a current density of 1 A g−1.13 In 2024, CaMnO3−d

perovskite was prepared by the sol–gel method by Abdel-Khalek
et al., which showed a specic capacitance of only 7.5 F g−1 at
a current density of 1 A g−1.25 As mentioned in Table 1, super-
capacitor applications of calcium-based metal oxides were all
carried out in an alkaline medium (KOH).

The investigation on the electrochemical redox behaviour of
perovskite CaMnO3 as a host for calcium-ion intercalation was
introduced in 2020 by Pathreeker et al. using an electrolyte of
0.5 M calcium tetrauoroborate (Ca(BF4)2) in acetonitrile.26

In this work, we synthesised CaMnO3 by a simple hydro-
thermal method, using calcium nitrate tetrahydrate (Ca(NO3)2-
$4H2O) and manganese nitrate tetrahydrate (Mn(NO3)2$4H2O),
followed by the calcination of the synthesised product to obtain
CaMnO3. Using a neutral electrolyte, i.e., 0.5 M Ca(NO3)2, the
electrochemical studies were performed. This study demon-
strates CaMnO3 as a potential electrode material that requires
additional exploration regarding its function.
Table 1 Previously reported CaMnO3-based calcium-ion supercapacito

Electrode material Electrolyte Voltage window (V)

CaMnO3 5 M KOH 0–0.5
CaMnO3 5 M KOH 0–0.4
CaMnO3 6 M KOH 0–0.5
CaMnO3 1 M KOH −0.5–0.7
CaMnO3 0.5 M Ca(NO3)2 −0.4–1.5

© 2026 The Author(s). Published by the Royal Society of Chemistry
2. Results and discussion
2.1 Structural and morphological analysis

The XRD (X-ray diffraction) pattern of the as-prepared CaMnO3

is shown in Fig. 1. The diffraction peaks located at 2q values of
23.8°, 26.7°, 33.9°, 41.9°, 48.8°, 55.02°, 56.4°, 60.8°, 71.5°, and
81.5° correspond to the (101), (111), (121), (112), (202), (222),
(311), (321), (400) and (161) planes of orthorhombic CaMnO3,
respectively (JCPDS card no. 00-050-1746). The obtained
diffraction conrms the formation of the CaMnO3 material,
with minor low-intensity peaks corresponding to Ca2MnO4,
a member of the layered perovskite Ruddlesden Popper family.

The morphology and elemental composition of the synthe-
sized sample were analysed using Scanning Electron Micros-
copy (SEM). SEM images (Fig. 2a–c) show an agglomerated
structure, which appeared like an irregular spongy-like texture.
Notably, the presence of some well-dened cubical particles was
also observed. The absence of impurity from Fig. 2d of EDX
conrms the purity and homogeneity of the material. Overall,
the SEM and EDX mapping results indicate the successful
synthesis of a nanostructured perovskite-type CaMnO3 metal
oxide (Table S3), offering great potential for enhanced electro-
chemical performance.

Fig. 3a and b show the transmission electron microscopy
(TEM) image of the CaMnO3 perovskite sample. The brighteld
rs

Specic capacitance Current collector Reference

227 F g−1 at 0.25 A g−1 Nickel foam 12 (2015)
327 F g−1 at 1 A g−1 Nickel foam 13 (2023)
7 F g−1 at 1 A g−1 Nickel foam 26 (2024)
191 F g−1 at 0.5 A g−1 Graphite sheet This work
258 F g−1 at 0.5 A g−1 Graphite sheet This work

Ca2MnO4 phase and “D” indicates CaO.

RSC Adv., 2026, 16, 17450–17461 | 17451
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Fig. 2 (a–c) SEM images of CaMnO3. (d) EDX (energy-dispersive X-ray spectroscopy) analysis of CaMnO3 with atomic percentages of Ca, Mn and
O. (e–h) Elemental mapping images of Ca, Mn and O, respectively.
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image shows the presence of aggregated nanoparticles. Fig. 3c–
e show the HRTEM (High-Resolution TEM) images of the
CaMnO3 perovskite sample. These images displays the lattice
fringes, which indicate the high crystallinity of the CaMnO3

perovskite sample.22 The d-spacings between the lattice fringes
were measured to be 0.264 nm, 0.225 nm and 0.333 nm, cor-
responding to the (121), (112) and (111) lattice planes of
CaMnO3 with an orthorhombic structure, respectively. The ob-
tained d-spacings are in good agreement with the d-values
Fig. 3 (a and b) Transmission electron microscopy (TEM) images of the C
of CaMnO3 depicting the lattice spacings. (f) Selected area electron diff
corresponding diffraction planes.

17452 | RSC Adv., 2026, 16, 17450–17461
estimated from the XRD analysis. Fig. 3f shows the SAED
pattern of the CaMnO3 perovskite sample. This pattern
conrms the polycrystallinity of the sample.

Fig. S1 shows the X-ray photoelectron spectroscopy (XPS)
survey spectra of Ca 2p, Mn 2p, and O 1s in the CaMnO3

perovskite sample. The survey spectra indicated the presence of
elements, i.e. Ca, Mn, and O, in the CaMnO3 perovskite sample
without any other impurity. The calcium core level spectra in
Fig. 4a show the Ca 2p3/2 peak at 347.8 eV and the Ca 2p1/2 peak
aMnO3 perovskite sample. (c–e) High-resolution TEM (HRTEM) images
raction (SAED) pattern of the CaMnO3 sample exhibiting the rings of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of CaMnO3 illustrating the core-level binding energies for (a) Ca 2p, (b) Mn 2p and (c) O 1s.
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at 351.1 eV, which match the expected splitting of 3.3 eV for
Ca2+. The additional peak at 345.8 eV, along with the carbonate
signal at C 1s survey spectra indicated surface CaCO3 (∼288 eV)
due to adventitious carbon. The Mn 2p high-resolution spectra
show the characteristic peaks of Mn 2p3/2 and Mn 2p1/2 at
642.2 eV and 653.9 eV (Fig. 4b), respectively, with a spin–orbit
splitting of 11.7 eV, characteristic of the existence of Mn4+ ions
in the sample.28,29 The O 1s high-resolution spectra in Fig. 4c
depict two peaks located at 529.9 eV and 531.5 eV, corre-
sponding to the lattice oxygen and surface oxygen,
respectively.30–32

The existence of surface oxygen species at a higher binding
energy of 531.5 eV indicates the electron-decient surface of
this sample, which facilitates the redox activity in the oxygen
carriers.27,33–35
2.2 Electrochemical characterization

The electrochemical properties of CaMnO3, including their
redox behaviour, operational potential window, and specic
capacitance, were systematically evaluated using cyclic voltam-
metry (CV), galvanostatic charge–discharge (GCD), and
electrochemical impedance spectroscopy (EIS) methods.

The CV curves of the CaMnO3 materials at different scan
rates (5, 10, 25, 50, 75 and 100 mV s−1) are shown in Fig. 5a. The
CV curves demonstrate a linear increase in the current with an
increase in scan rate. As the scan rate increases, the area
beneath the curve increases, indicating rapid ion diffusion and
Fig. 5 (a) CV curves of CaMnO3 in the potential window of−0.4–1.5 V at
from the CV curves in the potential window of −0.4–1.5 V.

© 2026 The Author(s). Published by the Royal Society of Chemistry
effective charge-storage characteristics of the electrode mate-
rials through the electrochemical process. A perceptible redox
peak can be seen in the lower scan rates in the CV curves, due to
the slower voltage sweep, which provides adequate time for
redox reactions to take place, thus indicating better revers-
ibility.36 There are subtle anodic and cathodic peaks at 0.58 and
−0.12 V, respectively, indicating the presence of reversible
redox reactions (Fig. S2). These are likely associated with the
redox transitions of Mn, particularly Mn3+ 4 Mn4+, which are
common in manganese-based oxides.

However, there is a slight deviation from the ideal rectan-
gular shape at higher scan rates due to the fast voltage change,
which limits the time available for redox processes, leading to
a current response mainly governed by surface-limited capaci-
tive effects. The specic capacitance was calculated from the CV
curve using eqn (1):

Cs ¼

ð
i dv

2� s�m� V
; (1)

where Cs is the specic capacitance in F g−1,
Ð
i dv is the integral

area under the CV curves, m is the active mass of the electrode
material (mg), s is the sweep rate (mV s−1), and V is the potential
window. The estimated specic capacitance values of the
CaMnO3 material from the CV curves are mentioned in Table
S1. CaMnO3 showed a specic capacitance of 208 F g−1 at 5 mV
s−1. It is seen that as the scan rate increases, the specic
capacitance decreases (Fig. 5b). This is due to the faster ion
different scan rates (5–100mV s−1). (b) Specific capacitance calculated

RSC Adv., 2026, 16, 17450–17461 | 17453
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transport at elevated scan rates, which results in the limitation
of ion transport, promoting the formation of a complete elec-
trical double layer at the electrode interface.37

GCD curves of CaMnO3 at various specic currents are
shown in Fig. 6a. A deviation from the linear behaviour indi-
cates the pseudocapacitive behaviour resulting from the redox
reactions, as seen in the CV patterns of the synthesised
CaMnO3. The specic capacitance is calculated from the GCD
curve using eqn (2):

Cs ¼ I � Dt

m� DV
; (2)

where Cs, I, Dt, m, and DV are the specic capacitance, current
applied, discharge time, active mass of electrode material, and
potential window, respectively. The specic capacitance values
calculated were 258.6 F g−1 and 244 F g−1 at different specic
currents of 0.5 A g−1 and 1 A g−1, respectively. Further, the rate
performance of CaMnO3 is tabulated in Table S2. From Fig. 6b,
it is clear that as the applied current increases, the specic
capacitance decreases. This could be linked to the time required
for the electrolyte ions to reach the electrode surface. At a low
specic current, ions require more time to reach the electrode
surface, resulting in high specic capacitance. On the contrary,
at a high specic current, these ions have less time to access the
electrode surface, leading to a lower specic capacitance.

To benchmark the electrochemical performance of CaMnO3,
additional measurements were performed in an alkaline 1 M
KOH electrolyte. The electrochemical behaviour was evaluated
within a potential window of −0.5–0.7 V, as shown in Fig. S3a.
Galvanostatic charge–discharge measurements were performed
at various specic currents ranging from 0.5–10 A g−1 (Fig. S3b).
Fig. 6 (a) GCD curves of CaMnO3 in the potential window of −0.4–1.
performance of CaMnO3 at different specific currents varying from 0.5
Ca(NO3)2 electrolyte at 5 A g−1 for 1500 cycles (inset: up to 3000 cycles)

17454 | RSC Adv., 2026, 16, 17450–17461
The CaMnO3 electrode delivered a specic capacitance of
191 F g−1 at 0.5 A g−1 within this potential window. Notably, the
synthesized CaMnO3 retained a capacitance of 64 F g−1 even at
a high specic current of 10 A g−1 (Fig. S3c). To the best of our
knowledge, such performance of CaMnO3 in 1 M KOH has not
been widely reported and has been included in Table 1. Unlike
KOH, which contains K+ ions, Ca(NO3)2 provides divalent Ca2+

ions that potentially contributed to enhanced charge storage.
Within this neutral electrolyte system, the CaMnO3 electrode
exhibits better electrochemical performance, delivering
a specic capacitance of 258 F g−1 at a specic current of
0.5 A g−1 over a wide potential window of −0.4–1.5 V. The
broader potential window and higher capacitance highlight the
advantages of utilizing a divalent Ca2+-based neutral electrolyte,
which aligns with the main objective of developing an efficient
calcium-ion supercapacitor.

The cycling of the CaMnO3 electrode was performed at
5 A g−1; it is observed that aer 1500 continuous charge–
discharge cycles, CaMnO3 showed 100% coulombic efficiency
(Fig. S4), but the capacitance faded to 76% of its initial capac-
itance, as shown in Fig. 6c. This loss of specic capacitance can
also be attributed to the mechanical expansion of the electrode
material that takes place during these charging and discharging
cycles, as well as the minor dissolution of electrode materials
that occur during the cycling process, which has been described
in the proposedmechanism in Section 2.2.1.38,39 This can be due
to the increase in internal resistance.

To further analyse the kinetics of electrochemical reactions
and the conductive properties of CaMnO3 in the 0.5 M Ca(NO3)2
electrolyte, Electrochemical impedance spectroscopy (EIS)
measurements were carried out. The results from EIS
5 V at different specific currents varying from 0.5–12 A g−1. (b) Rate
–12 A g−1. (c) Long-term cycling performance of CaMnO3 in a 0.5 M
. (d) Nyquist plots of CaMnO3 before and after electrochemical cycling.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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demonstrated a decrease in electrochemical performance
following cycling, as shown in Fig. 6d. A subtle shi to the right
in the Nyquist plot within the high-frequency range indicates
a rise in the solution resistance, which may be attributed to the
degradation at the electrode–electrolyte interface. The expan-
sion of the semicircle in the mid-frequency region indicates an
increased charge-transfer resistance, potentially due to struc-
tural changes. To further analyse the internal kinetics, the
diffusion coefficient and ionic conductivity of the three elec-
trode system were calculated from EIS using the following
equations:

Z
0 ¼ R1 þ Rct þ su

�
�1
2

�
; (3)

D ¼ R2T2

2A2n4F 4C2s2
; (4)

sion ¼ n2F 2CD

RT
; (5)

where Z0 is the real part of the resistance (U), R1 is the solution
resistance, Rct is the charge-transfer resistance, u is the angular
frequency, R is the universal gas constant (J mol−1 K−1), T is
absolute temperature (K), A is the electrode surface area (cm2), n
is the number of electrons involved in redox reaction, F is the
Faraday constant, C is the molar concentration (mol cm−3), s is
the Warburg diffusion factor, and D is the diffusion coefficient.
Fig. S5 shows the linear tting results. The linear tted line
gives the slope values of 30.9 and 7.34 for the pristine and cycled
electrodes, respectively. The diffusion coefficient values are
calculated using eqn (4) and are found to be 1.43 × 10−10 and
2.54 × 10−9 cm2 s−1 for the pristine and cycled electrodes,
respectively, which shows that the diffusion has increased aer
cycling. While the diffusion coefficient has increased, the cor-
responding ionic conductivity increased from 2.69 ×

10−7 S cm−1 to 4.77 × 10−7 S cm−1. This suggests that cycling
enhanced the ion transport, likely due to the improved elec-
trolyte penetration despite an increase in charge-transfer
resistance.

In order to evaluate the charge-storage contribution of
CaMnO3 in the 0.5 M Ca(NO3)2 electrolyte, the power law was
used:
Fig. 7 (a) Dual logarithmic plot of the current vs. scan rate of the CaMn
slope corresponding to the calculated ‘b’ value. (b) Capacitive-diffusive
1.2 V. (c) Capacitive contribution of CaMnO3 in the 0.5 M Ca(NO3)2 elec

© 2026 The Author(s). Published by the Royal Society of Chemistry
i = avb, (6)

where i is current, v is the scan rate and a and b are adjustable
parameters. When b is closer to 1, the charge storage is domi-
nated by capacitive behaviour, whereas when b is closer to 0.5,
the electrochemical process will be diffusion-controlled. Fig. 7a
shows the logarithm plots of the cyclic voltametric current
corresponding to the cathodic peaks of CaMnO3 in a 0.5 M
Ca(NO3)2 electrolyte, at a scan rate ranging from 5 to 100 mV
s−1. The cathodic b value obtained was 0.86, which is close to 1,
indicating that the charge storage is predominantly governed by
capacitive behaviour.

Dunn's method was used to differentiate and quantify the
capacitive and diffusive behaviour within the electrode material
by the following equation:

i = k1v + k2v
1/2, (7)

where i is the current response, v is the scan rate and k1 and k2
are the constants that correspond to the capacitive contribution
and diffusive contribution, respectively. From Fig. 7b, it can be
seen that as the scan rate increases, the capacitive contribution
increases. At lower scan rates, the ions have enough time to
diffuse to the electrode and undergo the redox process, giving
a distinct peak, but as soon as the scan rate increases, the ions
do not have enough time to diffuse; thus, capacitive charge
storage dominates, giving a more rectangular cyclic voltam-
mogram that can be clearly seen in Fig. 7c.

2.2.1 Post-cycling analysis. In order to evaluate the struc-
tural and morphological properties of the cycled electrodes,
post-cycling analysis of the CaMnO3 electrode was performed in
the three-electrode conguration at 5 A g−1. We have compared
the SEM images with those of the pristine CaMnO3 electrode.
Fig. 8a–d shows the SEM images of the CaMnO3 electrodes
before and aer 3000 cycles. The capacitance fading of the
CaMnO3 electrodes aer electrochemical cycling in the three-
electrode conguration is proven from the signicant
morphological changes of the cycled electrode (Fig. 8d–f), as
compared with the pristine electrode (Fig. 8a–c). SEM images
were taken before and aer cycling to understand how the
morphology changed aer the cycling. The SEM images of the
pristine electrode in Fig. 8a–c show that the electrode is
O3 electrode derived from the cathodic peak current at 1.2 V, with the
contribution bar diagram of the CaMnO3 electrode at the potential of
trolyte from the CV analysis performed at 5 mV s−1.
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Fig. 8 (a–c) SEM images of the CaMnO3 electrode before cycling in the three-electrode configuration. (d–f) SEM images of the CaMnO3

electrode after 3000 continuous cycles at a specific current of 5 A g−1 in the three-electrode configuration.
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composed of nanoscale CaMnO3 particles, which are uniformly
distributed. The cycled electrode in Fig. 8d–f appears to have
cracks; this degradation can hinder the cycling stability of the
material.

Fig. 9 shows the XRD patterns of the electrode before and
aer charge–discharge cycling in an aqueous Ca(NO3)2 elec-
trolyte. The pristine electrode exhibits diffraction peaks corre-
sponding to CaMnO3, along with dominant reections from the
graphite sheet at 26.4° and 54.6°, and a weak diffraction peak at
∼42°. Aer cycling, additional diffraction peaks appeared at
18.3° and 33.9°, which are attributed to the formation of
MnOOH. The overlap of the MnOOH and graphite peaks at
∼24.9° is also observed. These reections are in good agree-
ment with the standard JCPDS pattern of MnOOH (PDF No. 01-
088-0649), indicating the formation of anMnOOH phase during
electrochemical cycling. Furthermore, the intensity of the weak
graphite reection at∼42° decreased. In the pristine electrodes,
the particles are preferentially oriented with their basal planes
to the current collector, resulting in high-intensity XRD reec-
tions. Aer prolonged cycling, the orientation of the particles
changes, which would inuence the XRD reections.40 During
Fig. 9 X-ray diffraction pattern of the CaMnO3 electrode before and
after electrochemical cycling in 0.5 M Ca(NO3)2 in the three-electrode
configuration (peaks at ∼26° and ∼55° arise from the current collector
(graphite)). The peaks are indexed to MnOOH (JCPDS 01-088-
0649).

17456 | RSC Adv., 2026, 16, 17450–17461
cycling, manganese undergoes reversible Mn4+/Mn3+ redox
reactions, while the overall electrochemical performance is
dominated by capacitive behaviour arising from the surface
adsorption and desorption of Ca2+ ions. So, from the above
understanding, the mechanism can be proposed as follows:

(CaMnO3)surface + Ca2+ + e− 4 (CaMnO3–Ca
2+)surface

The reversible redox reaction of Mn at the surface can be
proposed as follows:

Mn4+ + e− 4 Mn3+

Some of the Mn3+ species react with the aqueous electrolyte,
form MnOOH on the surface of the electrode, and continue to
participate in the charge–discharge process. The mechanism
can be written as follows:

Mn3+ + H2O / MnOOH + H+

MnOOH 4 MnO2 + H+ + e−.

The FTIR (Fourier transform infrared spectroscopy) spectra
of the CaMnO3-coated graphite electrode before cycling are
shown in Fig. S7. The spectrum shows characteristic Mn–O and
Mn–O–Mn vibrations of the basic MnO6 octahedra in the 400–
900 cm−1 region, conrming the presence of the CaMnO3

perovskite phase.41 Aer electrochemical cycling, additional
broad O–H stretching bands (∼3200–3600 cm−1) and a distinct
–OH bending vibration near ∼1626 cm−1 emerge.42 The
appearance of a peak at ∼736 cm−1 aer electrochemical
cycling is attributed to the n4 in-plane bending vibration of
nitrate ions originating from the Ca(NO3)2 electrolyte.43 These
spectra indicate the electrochemically induced formation of
MnOOH on the surface of CaMnO3, while the presence of Mn–O
© 2026 The Author(s). Published by the Royal Society of Chemistry
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lattice vibrations suggests that the CaMnO3 core structure is
retained.
2.3 Performance of the CaMnO3 symmetric supercapacitor

The two-electrode studies were done by fabricating a coin cell
supercapacitor device with Whatman glass bre lter paper
dipped in a 0.5 M aqueous Ca(NO3)2 electrolyte solution sand-
wiched between CaMnO3 electrodes with an active mass of
1.32 mg cm−2 each. The CVs were measured within a stable
voltage of 0–1.2 V, and further increase in the voltage window
led to oxygen evolution. The CV curve shown in Fig. 10a has
a rectangular shape, characteristic of the electrical double-layer
capacitor, with no distinct redox peaks. It can also be seen that
there is no signicant change in the shape of the CV curves
when the scan rate increases, indicating a reversible electro-
chemical reaction. The galvanostatic charge–discharge was
carried out at a specic current of 0.1 A g−1 to evaluate the
capacitive performance (Fig. 10b) of the assembled CaMnO3

symmetric supercapacitor device. The device attained a specic
capacitance of 76.1 F g−1 with a stable operating voltage window
of 1.2 V. The specic capacitance of the symmetric super-
capacitor was calculated using the following equation:44–49

Specific capacitance ¼ 4� I � Dt

m� DV
(8)

where I is the current, m is the sum of the masses of active
materials on both electrodes, Dt is the discharge time and DV is
the total potential window. Fig. 10c and d show the rate
performance of the symmetric device at different specic
currents, varying from 0.1–2 A g−1. The cycling of the aqueous
CMO‖CMO symmetric supercapacitor was performed at
Fig. 10 (a) Cyclic voltammograms of the CaMnO3 symmetric supercapac
s−1). (b) GCD analysis performed at 0.1 A g−1 specific current in the volta
currents (0.1–1 A g−1). (d) Rate performance of the CaMnO3 symmetric s
fabricated CaMnO3 symmetric supercapacitor. (f) Capacitance retenti
supercapacitor.

© 2026 The Author(s). Published by the Royal Society of Chemistry
a specic current of 0.25 A g−1, at a stable voltage of 0–1.2 V. An
initial value of 49.3 F g−1 was obtained, which then dropped to
65% of the initial value aer 3000 continuous cycles, as shown
in Fig. 10f. The device exhibited 100% coulombic efficiency even
aer 3000 continuous charge–discharge cycles, as shown in
Fig. 10f. To our knowledge, this study is the rst to report on
a symmetric supercapacitor utilizing CaMnO3 as the electrode
material for calcium-ion energy storage, highlighting its novelty
and potential for alternative energy storage systems.

The energy density and power density of the device were
calculated using the equations below:50,51

Ed ¼ Cs � DV 2

4� 2� 3:6
; (9)

Pd ¼ Es � 3600

Dt
; (10)

where Cs is the Specic capacitance, DV is the voltage window,
and Dt is the discharge time. An energy density of 3.8 W h kg−1

and a high-power density of 1190 W kg−1 were obtained for the
fabricated symmetric supercapacitor device, as shown in the
Ragone plot in Fig. 10e. These results are comparable with those
of the reported symmetrical MnO2/RGO//MnO2/RGO and RGO//
RGO devices fabricated by Haojie Fei, which had energy
densities of 2.1 W h kg−1 and 1.9 W h kg−1, respectively.52

Daraghmeh et al. synthesised a carbon-nanobre-based
symmetric supercapacitor, which showed a maximum specic
energy of 2.3 W h kg−1 at a specic power of 197 W kg−1,
comparable with the above mentioned results.53 Maity et al.
synthesised a nitrogen-functionalized covalent triazine-based
framework for a supercapacitor, which exhibited 7 W h kg−1

and a power density of 200 W kg−1.54 N. Sudhan et al.
itor in the potential window of 0–1.2 V at various scan rates (5–100mV
ge window of 0–1.2 V. (c) GCD analysis performed at different specific
upercapacitor in the voltage window of 0–1.2 V. (e) Ragone plot of the
on and coulombic efficiency of the fabricated CaMnO3 symmetric
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Fig. 11 Electrochemical impedance spectroscopy analysis of the
fabricated CaMnO3 symmetric supercapacitor device before and after
electrochemical cycling; the inset shows an enlarged view of the high-
frequency region.
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synthesised carbon from rice straw for symmetrical aqueous
cells, which exhibited a high energy density of 7.8 W h kg−1 at
a power density of 150.2 W kg−1, comparable with the results in
this work.55

To further analyse the kinetics of the symmetric CaMnO3-
based perovskite supercapacitor device, electrochemical
impedance spectroscopy analysis was done. The cycled
symmetric supercapacitor exhibited a progressive decline in
electrochemical performance with the increase in resistance
components, as observed in the post-cycling Nyquist plot
(Fig. 11). Aer extended cycling, both the ohmic resistance (Rs)
and charge-transfer resistance (Rct) increased, indicating higher
diffusion resistance, all of which hinder rapid ionic transport to
the electroactive sites. The diffusion coefficient was calculated
from Fig. S6; using eqn (3) and (4). A decrease from 4.29× 10−11

cm2 s−1 to 1.37 × 10−11 cm2 s−1 was observed aer electro-
chemical cycling. Similarly the ionic conductivity decreased
from 8 × 10−8 to 2.68 × 10−8 S cm−1 for the pristine and cycled
CMO‖CMO symmetric supercapacitor, respectively. The
noticeable rightward shi in the high-frequency Nyquist region
Fig. 12 Practical utility of the aqueous CMO‖CMO symmetric supercap

17458 | RSC Adv., 2026, 16, 17450–17461
reects the higher charge-transfer resistance due to surface
layer formation on both electrodes and the combined Warburg
contribution, which limit the ion transfer and hinder the
gradual capacity fading from an initial 49.3 F g−1 to 65%
retention aer 3000 cycles. These results demonstrate that,
while both the three-electrode and two-electrode congurations
experience minor interfacial resistance increases, the three-
electrode setup maintains higher ionic transport and better
capacitance retention compared with the two-electrode
symmetric cell, along with the cumulative degradation of
interface kinetics and ion accessibility.

To further analyse the practical application of the aqueous
symmetric CMO‖CMO supercapacitor device, red and yellow
LEDs were illuminated by connecting two charged super-
capacitors (aer charging up to 1.2 V). Fig. 12a and b demon-
strate the glowing red and yellow LEDs powered by the aqueous
CMO‖CMO symmetric supercapacitor. Thus, this study high-
lights the practical implications of the symmetric perovskite-
type CaMnO3-based aqueous supercapacitor.
3. Experimental section
3.1 Materials

Calcium nitrate tetrahydrate, manganese nitrate tetrahydrate,
urea, N-methyl-2-pyrrolidone (NMP), PVDF (poly(vinylidene di-
uoride)) binder, and Super P carbon were used as received. A
graphite sheet (thickness = ∼381 microns) was used as the
substrate.
3.2 Synthesis of CaMnO3

The synthesis of the CaMnO3 powder was carried out by the
hydrothermal method, as shown in Fig. 13. First, 5.02 g of
calcium nitrate tetrahydrate and 4.72 g of manganese nitrate
tetrahydrate were dissolved separately in 20 mL of deionized
water. Then, these solutions were stirred together for 30
minutes. 2.4 g of urea was dissolved in 20 mL of deionised water
and added dropwise to the above solution as a chelating agent
to form a homogenous solution. This solution was then trans-
ferred to a 100 mL Teon-lined stainless-steel autoclave, which
was then kept in a hot-air oven at 150 °C for 12 hours, aer
which the precipitate formed was evaporated at 80 °C. Finally,
the obtained product was annealed at 500 °C for 3 hours in
acitor device for illuminating a (a) red LED and (b) yellow LED.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Synthesis of the CaMnO3 perovskite material by a simple hydrothermal method, followed by calcination at 900 °C.
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a tubular furnace, followed by calcination at 900 °C for 12 h to
obtain CaMnO3 powder.

3.3 Electrode preparation and electrochemical testing

The working electrode was prepared by using the active material
(CaMnO3), Super P carbon, and PVDF as binder and NMP as
solvent. The above materials were taken in a weight ratio of 80 :
10 : 10 and ground in a mortar; NMP was added dropwise to get
a homogenous mixture of the slurry. The slurry was then brush-
coated onto a graphite sheet and dried at 100 °C in an oven
overnight. The area of the electrode was 1 cm2, and the active
mass on the electrode was 1.2 mg cm−2. The electrochemical
capacitive performance of CaMnO3 was characterized by cyclic
voltammetry (CV), galvanostatic charge–discharge (GCD) and
electrochemical impedance spectroscopy (EIS) analyses in
a 0.5 M Ca(NO3)2 aqueous electrolyte using Bio-Logic BCS-810.
The measurements were conducted in a three-electrode setup
using a CaMnO3-coated graphite sheet as the working electrode,
a platinum electrode as the counter electrode and Ag/AgCl as
the reference electrode. The CV measurements of CaMnO3 were
performed within a potential window of −0.4 to 1.5 V at
different scan rates (5, 10, 25, 50, 75 and 100 mV s−1). The GCD
measurements of CaMnO3 were performed at different specic
currents within the potential window of −0.4 to 1.5 V. EIS
measurements of CaMnO3 were performed over the frequency
range of 100 kHz to 10 mHz, with an AC amplitude of 10 mV.

4. Conclusion

In summary, a high-performance calcium-ion supercapacitor
based on CaMnO3 perovskite electrode has been successfully
developed using a neutral Ca(NO3)2 electrolyte. The optimized
CaMnO3 electrode exhibits a specic capacitance of 258.6 F g−1

at 0.5 A g−1 and excellent cycling stability, retaining 72.6% of its
initial capacitance aer 1500 charge–discharge cycles with
100% coulombic efficiency. The as-assembled CMO‖CMO
symmetric device delivered a specic capacitance of 76.1 F g−1,
an energy density of 3.8 W h kg−1, and a power density of
1190 W kg−1 within a stable 1.2 V operating window. The
aqueous CMO‖CMO symmetric supercapacitor maintained
© 2026 The Author(s). Published by the Royal Society of Chemistry
65% of its initial capacitance even aer 3000 continuous cycles.
The practical application of the symmetric supercapacitor
device was demonstrated by powering red and yellow LEDs.
This remarkable performance surpasses most previously re-
ported perovskite-type CaMnO3-based supercapacitors, making
this supercapacitor a highly promising candidate for next-
generation sustainable and high-power energy storage
applications.
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