Energy

OF CHEMISTRY
Advances

¥ ROYAL SOCIETY
-«

View Article Online

View Journal

Synergistic interactions in LaMnO3z/CuO
composites with enhanced supercapacitive
performance

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d5ya00339¢c

Alisha Dhakal, @ *® Felio R. Perez,° Shawn David Pollard® and Sanjay R. Mishra*®

Composites of La-based perovskites with metal oxides have attracted significant attention in electro-
chemistry owing to their synergistic effects. In this work, LaMnO3z (LMO)/CuO composites with varying
ratios of (100-x)% LMO :x% CuO (where wt% x = 0, 10, 30, 50, and 100) were successfully synthesized
via autocombustion technique followed by annealing at 1000 °C. The morphology and phase purity of
the composites were confirmed by X-ray diffraction (XRD) and field-emission scanning electron
microscopy (FESEM), respectively. Among all compositions, LMO/CuO(9:1) exhibited the highest BET
specific surface area of 14 m? g~! with an average pore size of 2.11 nm. Compared to single-phase
LaMnOs3z or CuO, the composites demonstrated increased oxygen vacancies, as confirmed by XPS O 1s
spectra. These structural features directly contributed to superior electrochemical performance, with
LMO/CuO(9:1) achieving a specific capacitance (Csp) of 646.8 F g~* at 1 mV s~* and 517.1 F g* at
1 A g% Furthermore, it delivered an energy density (Eq) of 25.8 Wh kg™ at a power density (Py) of
397.6 W kg%, along with excellent cyclic stability, retaining 99.8% capacitance after 5000 charge/

Received 21st November 2025,
Accepted 4th February 2026

DOI: 10.1039/d5ya00339¢ discharge cycles. These findings underscore the crucial role of synergistic interactions between LaMnO+
and CuO in enhancing electrochemical performance, thereby positioning LMO/CuO composites as
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Introduction

The global population is increasing, while fossil fuel resources
are depleting rapidly. To address the energy crisis, there is an
increasing demand for sustainable energy storage/conversion
devices that must possess high energy density (Eq)/power
density (P4), long cyclic stability, and be environmentally
friendly."™ Supercapacitors represent one class of energy-storage
devices capable of meeting these requirements and are generally
categorized into three types: (i) electric double-layer capacitors
(EDLCs), (ii) pseudocapacitors, and (iii) hybrid capacitors.” In
EDLCs, charges are deposited on the surface without any chemical
changes, making it a non-faradaic system. On the other hand,
faradaic reactions, in which oxidation and reduction occur at the
anode and cathode, are also involved and are referred to as
pseudocapacitors.® A hybrid supercapacitor combines EDLCs
and pseudocapacitors. Carbon-based materials operate via the
EDLC mechanism to store energy, with higher charge/discharge
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rates, higher power density, and longer lifetimes.””® However,
carbon-based materials have a lower energy density than
batteries.’

The charge-storage mechanism in transition-metal oxides,
including Mn,03, RuO,, NiC0,0,, C0o30,4, and V,0s, and mixed
oxides such as perovskites, plays a critical role in pseudocapa-
citive energy-storage applications, owing to their ability to
adopt multiple oxidation states and their stable morphology
and high structural integrity.'® They offer high specific capaci-
tance (Csp)°® due to fast, reversible redox reactions and higher
E4. Among oxides, RuO, exhibits a high Csp ~ 1580 F g™ ' at
1 mV s """ However, the high cost makes RuO, less attrac-
tive for commercialization. Overcoming these limitations is
crucial to meet the benchmark requirements for widespread
commercial adoption.

Perovskite-type oxides have attracted considerable interest
for supercapacitor applications due to their favorable physical
and chemical properties, oxygen storage (inherent to oxygen
vacancies), high electrical conductivity, thermal stability, and
low cost."®'* The perovskites are in the form of ABO; (A is a
lanthanide, B is a transition metal)."> Among perovskite mate-
rials studied for supercapacitors, LaMnO3 has attracted con-
siderable attention owing to its unique combination of La
and Mn atoms. In the presence of oxygen vacancies, LaMnO;
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perovskites (LaMnO;_s) lead to a partial reduction of Mn®" ions
to Mn>" ions. These vacancies facilitate anionic intercalation,
and Mn ions return to their original ionic states (Mn** and
Mn>*"), thereby enhancing the material’s supercapacitance,*®
Conversely, excess oxygen (LaMnOs,s) promotes further oxida-
tion of Mn*" to Mn**."> However, its low specific surface area
and tendency to agglomerate decrease its electrochemical
performance. To overcome this problem, perovskites are often
mixed with other metal oxides or carbon-based compounds.
Among metal oxides, CuO is a promising candidate owing to its
natural abundance, cost-effectiveness, eco-friendliness, ease of
synthesis, and high theoretical capacitance (1783 F g~ *)."”

For example, A. Arya et al. synthesized LaMnO;-NiO compo-
sites via a sol-gel-assisted hydrothermal method and obtained
a Cgp of 170 F g at 10 mV s '. This improvement was
attributed to the synergistic interaction between LaMnO; and
NiO, which enhanced both ion transport efficiency and faradaic
redox reactions.'® A. Dhakal et al. followed the autocombustion
method to synthesize LaMnO3;-Mn;0, composites and reported
aCspof 660 Fg ' at 1 A g 'in 6 M KOH." P. M. Shafi et al.
synthesized LaMnO;/rGO/PANI through a situ polymerization
route with a Cgp of 802 F g™' at 1 A ¢! in 3 M KOH.>® The
improved Csp was attributed to the higher specific surface area
and a greater number of electroactive sites. B. Patil et al
prepared LaMnO;-rGO composites by mixing the components
and performing electrochemical measurements in 1 M Na,SO,.
The Csp of LaMnO;/rGO75% displayed a high value of 641 F g~ *
at 1 A g ' due to the larger surface area and high electrical
conductivity of rGO and oxygen vacancy in LaMnO;.>' LaMnO;-
CeO, composites were synthesized via a hydrothermal method
by S. Nagamuthu et al., achieving a Csp of 262 Fg 'at1Ag 'in
1 M Na,S0,.>* The enhanced Cgp was due to the synergistic
redox activity of Ce/Mn ions and improved conductivity.
R. Packiaraj et al. synthesized mixed metal oxides composed
of ZnO-NiO-CuO through the sol-gel method and reported a
high Cgp 0f 1831 Fg ' at 1 A g~ ' in 2 M KOH, which was higher
than that of single or binary metal oxides.>® This performance
improvement was attributed to the synergistic interactions
among metal oxides, in which nickel and copper enhanced
active-site density and electrical conductivity, while zinc con-
tributed to good chemical and thermal stability. MnO,-CuO
was prepared by K. M. Racik et al using a hydrothermal
method and obtained the Cgp of 279.12 F ¢~ ' at 0.5 A g~ " in
1 KOH.> The higher capacitance compared to the individual
oxides was attributed to the combined effects of MnO,’s
structural stability and CuO’s high electrical conductivity.

Building on the argument above, in this study, we synthe-
sized LMO/CuO composites via a facile autocombustion tech-
nique and systematically investigated their electrochemical
performance in an aqueous electrolyte. The incorporation of
CuO into LaMnO; is expected to enhance charge storage
through synergistic effects arising from both structural and
interfacial contributions. Lattice mismatch and strain at
the disordered interface between oxide particles promote the
formation of oxygen vacancies, thereby enabling polaron
hopping.>® The O* -deficient interface leaves behind localized
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electrons that stabilize mixed-valence states (Mn*'/Mn*" «
Cu**/Cu*), broadening pseudocapacitive processes. The com-
posite thus has a broader spectrum of accessible valence states
with more charge storage per unit mass. Furthermore, the
addition of secondary oxides prevents LaMnO; particles from
agglomerating, thereby increasing the number of redox-active
sites accessible to the electrolyte. Thus, the addition of CuO to
LaMnO; forms heterojunctions that may reduce charge-transfer
resistance, thereby enhancing electron mobility within the
composite. Collectively, these effects could improve the Cgp,
rate capability, and cyclic stability of the LMO/CuO composites.

Experimental
Synthesis of LMO composites

LMO/CuO composites were synthesized via an autocombustion
method. In the first step, a 1: 1 molar mixture of lanthanum(m)
nitrate hexahydrate and manganese(n) nitrate tetrahydrate,
with a 1:1 metal nitrate-to-citric acid monohydrate ratio, was
dissolved in 30 mL of deionized (DI) water to prepare solution
1. Similarly, copper(u) nitrate hemipentahydrate and citric acid
monohydrate were dissolved in 30 mL of DI water to form
solution 2. Both solutions were magnetically stirred separately
for 30 min. Solution 2 was added to solution 1 under contin-
uous magnetic stirring until a homogeneous mixture was
obtained. After 15 minutes, the mixture was heated to 120 °C
until auto-ignition occurred. The resulting powder was trans-
ferred to a furnace and annealed at 1000 °C for 16 hours. The
final product was obtained as LMO/CuO(100-x)%: x%, (with
Wt% x = 0, 100, 10, 30, and 50) composites named as LMO/
CuO(1:0), LMO/CuO(0:1), LMO/CuO(9:1), LMO/CuO(7:3),
and LMO/CuO(1:1), respectively. The chemical reaction
for the formation of LMO/CuO composites is presented in
Scheme 1 and eqn (1).

La(NO5);-6H,0 + Mn(NO;),-4H,0 + Cu(NO;),-2.5H,0
+ CgHgO,-H,0 — LaMnO; + CuO + 7/2 N, + 6CO,

+27/2 H,0 + 60, (1)

EEEEEATY
C4HsNO;.H,0 [oszse]
2
-~ A

0 . © Calcination at

- \ &/ 1000 °C for 16h
Magnetic stirring

S {

0 2 MagnetiE stirring and Auto ignited

-y heating at 120 °C ‘

La(NO,);.6H,0 + Final Product:
LaMnO,-Cu0

CsH:0,.H.0

Scheme 1 Schematic diagram of the synthesis of LMO/CuO composites
via the autocombustion technique.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Preparation of the electrode

To clean the substrate (Ni-foam) and the electrode, the pre-
paration method described in our previous work is followed.>®
Briefly, the Ni-foam was cleaned by sequential ultrasonication
for 10 minutes each in 16 mL of 37 wt% HCI, deionized (DI)
water, and ethanol, followed by drying at 110 °C for 2 hours. For
electrode fabrication, an electrode solution was prepared by
dispersing 6 mg of LMO/CuO composite and 1 mg of poly-
vinylidene fluoride (PVDF) in 1 mL of N-methyl-2-pyrrolidone
(NMP) under magnetic stirring. A volume of 0.6 mL of this
homogeneous mixture was uniformly coated onto the pre-
cleaned Ni-foam and then dried at 100 °C for 20 hours in a
vacuum furnace. The active material loading was determined
by subtracting the bare Ni-foam’s original mass from that of the
coated, dried electrode.

Characterization

The prepared LMO/CuO composites were characterized using
various analytical tools. The crystal structure and phase studies
were conducted using XRD (Bruker D8 with Cu Kol radiation)
and FESEM (Hitachi S-470). The elemental and chemical com-
positions were investigated using energy-dispersive X-ray
spectroscopy (EDX; Bruker Esprit Spectrum 2.3) and X-ray
photoelectron spectroscopy (XPS; Thermo Scientific K-Alpha).
The surface area and porosity of the composites were measured
using a NOVAtouch surface area analyzer (Quantachrome
Instruments).

Electrochemical analysis

Electrochemical measurements were performed in a three-
electrode configuration in a 1 M KOH electrolyte at ambient
temperature using a Gamry instrument (IFC1000-07045). The
Ag/AgCl electrode served as the reference electrode, a platinum
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plate as the counter electrode, and LMO/CuO composites
coated on nickel foam as the working electrode. Cyclic voltam-
metry (CV) was performed at scan rates from 1 to 200 mV s~ *
over a potential window of 0 to 0.6 V. Chronopotentiometry
(charge-discharge) tests were conducted at various current
densities within a voltage range of 0 to 0.45 V. Electrochemical
impedance spectroscopy (EIS) was recorded in the frequency
range from 10 mHz to 100 kHz. The Cgp, (F g 1), Eq (Wh kg™ ),
and Py (W kg™ ') were calculated from the CV and charge-
discharge (GCD) data using eqn (2)-(5).>”°

Cop = mv(Vzl—Vl)J:I( )y )
Cop = ImAxVAz 3)

£y = %ZXAVZ ()

py =20 M (5)

where, IZfI(V)dV gives the area enclosed in the CV curves, m

implies mass of the active material in the electrode, v (mV s )
represents scan rate, V,-V; (AV) is a potential window,
I(V) corresponds to the response current, I,,, denotes the current
density, and At denotes the discharge time.

Results and discussion

Structure and morphology

Fig. 1(a) presents the crystalline phases of LMO/CuO(1:0, 0:1,
9:1,7:3,and 1:1) composites as determined by powder XRD at

m= Observed=== Calc Backgr d (Obs-Calc) LaMnO, | CuO
® CuQ * LaMﬂ01 { (b) A l AL A — Lx()/Cu()(l:l)
A A P
1 (a) M l kL 1. A 0 G | T T T
A LMO/CuO(1:1)
A o e A A - n
_ I LMO/CuO(7:3) = 1 A4 Aa A LK 0/(‘“0(7?
=. l‘ ™~ =‘ v 1 1 Tl LIS L | I mrt
) LMO/CuO(9:1)] &
S = = = ~a = z l | —— LMO/Cu0(9:1)
.Q-i = : - = QO - ‘3 ’
g %¢ : %} § S\-]/ 3 %g g l l: ) IllA I I 1 1 ‘A‘II I II;A
i i %l ? % ? Lﬁ -
= _ ~ LMO/CuO(0:1)
a 5.2 a S o & = ' LMO/CuO(0:1)
s =l 8 © =« & a — =
\-; N : N~ \; ] 1 j 11 [ 1| 1 1l
1 i I *
. . . LMO{CuO(I :0) LMO/CuO(1:0)
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Fig. 1 (a) XRD pattern of LMO/CuQO composites. (b) Rietveld refinement of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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XRD data for LMO/CuO composites was performed using GSAS-II.
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room temperature. The composites LMO/CuO(1 : 0) only exhibit
a single phase of LaMnO; with prominent diffraction peaks at
22.83, 32.34, 32.68, 39.95, 46.64, 52.31, 57.68, and 67.69°,
corresponding to (012), (110), (104), (202), (024), (122), (300),
and (220) crystal planes of LaMnO; with a rhombohedral crystal
structure and space group of R3¢ (167) (PDF 01-076-9017).
Similarly, for the molar ratio of LMO/CuO(0:1), the main
diffraction peaks at 32.54, 35.59, 38.72, 48.76, 53.59, 58.19,
61.60, 66.24, and 68.17 correspond to the (110), (111), (111),
(202), (020), (202), (113), (311), and (220), crystal planes of CuO
with a monoclinic crystal structure and space group C2/c'> (PDF
01-085-7183). However, the remaining three composites exhibit
both distinguishable LaMnO; and CuO phases, with no other
impurities present. Fig. 1(b) presents the Rietveld-refined XRD
patterns of the LMO/CuO composites obtained using GSAS-II.
The estimated composition of composites extracted from
the Rietveld refinement are; LMO/CuO(100%:0%), LMO/
CuO(0% : 100%), LMO/CuO(84% : 16%), LMO/CuO(75% : 25%),
and LMO/Cu0O(65% :35%) for samples LMO/CuO(1:0), LMO/
CuO(0:1), LMO/CuO(9:1), LMO/CuO(7:3), and LMO/
CuO(1:1), respectively. The crystallite size was calculated using

K
B x cost’
size (nm), K is the Scherrer constant (0.9), A is the X-ray
wavelength (1.5406 A), 8 is the full width at half maximum
(FWHM) of the diffraction peak, and 0 is the Bragg diffraction
angle. The characteristic diffraction peaks (20) of LaMnO; were
observed at 22.83, 32.34, 32.68, 39.95, and 46.64°, while those of
CuO appeared at 35.59, 38.72, 48.76, and 61.60°. The calculated
crystallite sizes of LaMnO; and CuO are summarized in
Table S1.

The FESEM images in Fig. 2(a—e) show the surface morpho-
logy of pure LMO/CuO composites with varying ratios (1:0,
0:1, 9:1, 7:3, and 1:1)). Fig. 2(a) shows the LMO/CuO(1:0)
composites, which are spongier and more fragile with a chain-
like structure. LMO/CuO(0:1) sample (Fig. 2(b)) displays a
relatively dense and well-faceted crystalline structure, com-
posed of tightly packed grains with smooth surfaces. The
LMO/CuO composites exhibit distinct morphological transfor-
mations with varying CuO content. The LMO/CuO(9: 1) sample
(Fig. 2(c)) shows a porous and loosely aggregated structure,
likely due to the dominant LaMnO; phase. As the CuO content
increases in LaMnOj at a 7: 3 ratio (Fig. 2(d)), the morphology
resembles granular particles connected in a chain, with the
presence of voids and open channels, indicating loosely packed
particles and enhanced interparticle connectivity. At a 1:1 ratio
(Fig. 2(e)), the microstructure appears highly uniform, with
fine particles distributed densely across the surface between
LaMnOj; and CuO phases. The elementary mapping of O (red),
La (blue), Mn (green), and Cu (magenta) is shown in Fig. S1.
The corresponding EDX spectra (Fig. 2(a’-e’)) confirm the
expected elemental composition of each sample. These EDX
results validate the presence of La, Mn, Cu, and O in LMO/CuO
composites.*> Minor peaks for Au and C are also present, which
are attributed to the gold coating and carbon tape used during
FESEM sample preparation.

the Scherrer equation D = ! where D is the crystallite
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Fig. 2 (a—e) FESEM images and (a’-e’) elemental mapping of the LMO/
CuO(1:0), LMO/CuO(0:1), LMO/Cu0O(9:1), LMO/CuO(7:3), and LMO/
CuO(1:1) composites, respectively.

The surface area and pore size distribution of the LMO/CuO
composites were evaluated using N, adsorption-desorption
isotherms, as shown in Fig. 3(a-e). All curves show a gradual
increase at low P/P,, followed by a sharp rise near P/P, ~ 0.9-
1.0, characteristic of type IV isotherms (IUPAC classification),
typical of mesoporous materials. LMO/CuO(1 : 0), with a mod-
erate slope and a rapid rise at high P/P,, exhibits mesoporous

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 N, adsorption—desorption isotherms of LMO/CuO composites (a—e) with corresponding BJH pore size distribution curves (insets).

behavior with a moderate surface area, whereas LMO/
CuO(0: 1), with much lower adsorption volume, may be due
to a low surface area and few pores in CuO. Among the samples,
LMO/CuO(9:1) exhibited the highest Brunauer-Emmett-Teller
(BET) surface area of 13.82 m* g ', while the BET values for all
composites are summarized in Table S1. The pore volume and
pore radius distribution, derived from Barrett-Joyner-Halenda
(BJH) analysis of the desorption branch, are displayed in the
inset Fig. 3(a-e), confirming the mesoporous nature of the
composites. In all insets, the peak is sharply located below
~10 nm, averaging 2-5 nm, proving that the pores are meso-
porous. Beyond 15 nm, dV/dr nearly drops to zero, indicating
the absence of macropores in the compounds. Well-ordered
porosity, as evidenced by a narrow pore-size distribution, could
enhance ion diffusion in the electrode material.** Such meso-
porosity, combined with a high specific surface area, facilitates
efficient ion diffusion and charge transport, which are critical
for enhanced electrochemical performance. Notably, CuO
shows a very low specific surface area (Fig. 2(b)).

The chemical composition of LMO/CuO composites was
determined by XPS analysis and presented in Fig. 4(a-e).
Fig. 4(a) shows the La 3d XPS spectra, which exhibit distinct
spin-orbit peaks at 834.4 and 838.0 eV, corresponding to La
3dss,, along with additional peaks at 850.8 and 855.4 eV
associated with La 3dj/,. These findings confirm the presence
of La*" in the LMO/CuO composites, which aligns with the
results reported by.>>?* Meanwhile, Fig. 4(b) presents the Mn
2p spectra, which reveal broad line widths and complex peak
structures, indicating the coexistence of multiple Mn oxidation
states. The major peaks observed at 639.98 eV and 651.78 eV

© 2026 The Author(s). Published by the Royal Society of Chemistry

35 with a

correspond to Mn 2p;, and Mn 2py,, respectively,
consistent spin-orbit separation of approximately 11.8 eV. Each
peak is further resolved into components attributed to Mn*",
Mn**, and Mn** oxidation states (Fig. 4(d)). Specifically, peaks
at 641.2 eV and 652.3 eV correspond to Mn**, those at 642.3 eV
and 653.9 eV represent Mn®*, and peaks at 644.0 eV and
655.5 eV relate to Mn**.>3%%7

Similarly, the deconvoluted Cu 2p XPS spectrum (Fig. 4(c))
reveals characteristic Cu*>" peaks at around 935.41 and 954.89 eV,
along with Cu" peaks located at 933.81 and 953.34 eV, respectively.
In addition, two distinct satellite peaks are observed at 941.18
and 943.77 eV, further confirming the presence of multiple
copper oxidation states.”® The O 1s XPS spectra of transition
metal oxides are deconvoluted into three Gaussian peaks,
generally appearing in the ranges of 529-530 eV, 531-532 eV,
and 532-535 eV, corresponding to lattice oxygen (O,), oxygen
vacancies (O,), and chemisorbed oxygen species associated
with surface hydroxyl groups (O;), respectively.’*™*' As illu-
strated in Fig. 4(e), all three oxygen species O,, O,, and O are
observed in the spectra of single-phase LaMnOj3;, CuO, and the
LMO/CuO composites. The corresponding O,/O, ratios are 0.66,
0.46, 0.95, 0.66, and 0.74 for LMO/CuO with ratios 1:0, 0:1,
9:1, 7:3, and 1:1, respectively. The nearly 1:1 O,/O; ratio in
LMO/CuO(9:1) composites indicates the presence of oxygen
vacancies, providing further evidence of lattice-defect for-
mation. The calculated Mn®*'/Mn>' ratios were 1.68, 1.29,
1.31, and 1.33, while the Mn*'/Mn*" ratios were 1.69, 1.42,
1.36, and 1.23 for LMO/CuO(1:0), LMO/CuO(9:1), LMO/
CuO(7:3), and LMO/CuO(1:1), respectively. Similarly, the
Cu®"/Cu'" ratios were determined to be 2.12, 1.11, 0.86, and
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Fig. 4 XPS spectra of high-resolution of (a) La 3d and (b) Mn 2p and deconvoluted spectra of (c) Cu 2p, (d) Mn 2p, and (e) O 1s of LMO/CuO composites.

0.50 for LMO/CuO(0:1), LMO/CuO(9:1), LMO/CuO(7:3),
and LMO/CuO(1:1), respectively. Notably, the LMO/CuO(9:1)
composite exhibits a high Mn**/Mn*" and Cu**/Cu'" ratios,
indicating that these oxidation states (Cu®>", Mn®") can readily
undergo reversible redox transitions, which is highly favorable
for enhancing electrochemical activity.

Electrochemical analysis

Fig. 5(a) shows the CV curves of LMO/CuO composites at
1 mV s~ in the potential range 0 to 0.6 V. Among them, LMO/
CuO(9:1) CV curves enclosed the largest integral area, which
indicates having a higher Cgp. Furthermore, Fig. 5(b) displays
the chronopotentiometry charge/discharge curves of the LMO/
CuO composite electrode at 1 A g~ ". The discharge time of the
LMO/CuO(9:1) has the largest value compared to other compo-
sites, further highlighting its better performance in electro-
chemical properties. Based on XPS data and faradaic reaction,
the possible oxygen intercalation/deintercalation reactions dur-
ing the energy storage of LaMnO; and CuO are,**™**

La[Mn33,Mni’,5]0;_5 + 200H™ < LaMn®"O; + dH,0 + 25e”

(6)
LaMn®'0; + 200H™ <« La[Mn33,Mni’ ,5]0;:s + 6H,0 + 26e”
7)
2Cu0 + H,0 + 2¢ < Cu,0 + 20H" (8)
Cu,0 + H,0 + 20H™ < 2Cu(OH), + 2e~ (9)

Energy Adv.

The CV curves of the LMO/CuO composite electrode exhibit
distinct pairs of redox peaks, indicative of strong faradaic
behavior (Fig. 5(c)). Although the redox activity indicates effec-
tive charge-transfer processes, the individual peaks corres-
ponding to LaMnO; and CuO are not clearly distinguishable
due to their overlapping potential regions. As the scan rate
increases from 1 to 200 mV s~ ', the anodic peaks shift to more
positive potentials, while the cathodic peaks shift to more
negative potentials. This behavior is attributed to enhanced
electrical polarization and partially irreversible redox processes,
suggesting that redox reactions occur more rapidly at the
interface between the active electrode material and the electro-
Iyte at higher scan rates.

Electrochemical energy storage processes can be classified
as capacitive-controlled (capacitor-like) or diffusion-controlled
(battery-like). To distinguish these kinetic contributions and
understand the charge-storage behavior of electrode materials,
electrochemical techniques such as cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) are com-
monly employed. In CV, the current response (i) as a function of
the scan rate (v) provides valuable insight into the underlying
charge storage mechanism. This relationship is typically
described by a power-law eqn (10):*°

i=a’ (10)

where a is a constant and b is an exponent that indicates the
dominant charge storage process. The b-value can be obtained
from the slope of the log-log plot of peak current () versus scan

© 2026 The Author(s). Published by the Royal Society of Chemistry
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rate (v). For LMO/CuO(1:0), LMO/CuO(0: 1), LMO/CuO(9:1),
LMO/CuO(7 : 3), and LMO/CuO(1 : 1), the b-values are 0.59, 0.61,
0.63, 0.64, and 0.66, respectively. A more detailed picture is
given in Fig. S2(a). The obtained b-values, ranging from 0.5 to
1.0, reflect a combined charge-storage mechanism involving
both diffusion and surface (capacitively controlled) effects.
To understand the diffusion coefficient of LMO/CuO compo-
sites, let us consider b = 0.5, then the power-law eqn (10) can be
expressed in terms of the Randles-Sevcik equation (eqn (11)):*®

(11)

where i,, 4, Co, 1, D, R, T represent the peak current, surface
area of the electrode material, surface concentration of the
electrode, number of electrons involved in the reaction of the
redox couple, diffusion coefficient, gas constant, and tempera-
ture, respectively. The relationship between peak current and
the square root of the scan rate is a straight line, whose slope is
proportional to the diffusion coefficient, as shown in Fig. S2(b).
To understand the quantitative relationship between the
diffusion-controlled and surface (capacitive)-controlled, Dunn’s
equation was used, as shown in eqn (12):*’

ip = 2.69 X 10°AC,(n’Dv/RT)

i(V) = kv + kpp'’? (12)

For analytical purposes, eqn (12) can be rearranged slightly to
1 I
@ =kv2+iks
2

(13)

In this equation, parameters k; and k, are constant. The

current response for diffusion-controlled processes varies v*/2,

© 2026 The Author(s). Published by the Royal Society of Chemistry

whereas for capacitive-controlled processes it varies directly with v.
In detail, the relation between the i(V)v"* and v"/* gives a straight
line with slope (k;) and y-intercept (k,) (eqn (13)). Solving for k; and
k, at each potential allows us to qualitatively estimate the diffusion
(k,v"?) and capacitive contributions (k;v). The diffusion percen-
tage, even at 200 mV s ', is 76, 71, 64, 66, and 60% for LMO/
CuO(1:0), LMO/CuO(0: 1), LMO/CuO(9:1), LMO/CuO(7: 3), and
LMO/CuO(1:1), respectively, and shown in Fig. S2(c). The
diffusion-controlled process that dominates the energy storage
mechanism indicates a faradaic redox reaction.

The charge/discharge curves of LMO/CuO(9:1) at different
current densities from 1 to 15 A g~ ' are shown in Fig. 5(d).
Distinct sloping plateau regions are observed across various
current densities, consistent with typical pseudocapacitive
behavior and consistent with the CV results. The CV profiles
recorded at different scan rates and the corresponding charge-
discharge curves measured at multiple current densities for
LMO/CuO(1:0), LMO/CuO(0:1), LMO/CuO(7:3), and LMO/
CuO(1:1) are shown in Fig. S3(a-h).

The Csp was calculated from the CV curves by using eqn (2)
and is 369, 284, 647, 430, and 334 F g ' at 1 mV s~ ' of LMO/
CuO(1:0), LMO/CuO(0:1), LMO/CuO(9:1), LMO/CuO(7:3),
and LMO/CuO(1:1), respectively, and shown in Fig. 5(e). The
plot reveals that the Csp decreases with increasing scan rate,
which can be attributed to the electrochemical kinetics at the
electrode—-electrolyte interface. At lower scan rates, electrolyte
ions have sufficient time to penetrate into the bulk of the
electrode material, thereby increasing capacitance. In contrast,
at higher scan rates, ion diffusion is limited, and ions primarily
interact with the electrode surface, thereby reducing capacitance.

Energy Adv.
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From the charge/discharge curves (eqn (3)), the Csp at 1 A g~ ' are
338, 203, 517, 465, and 129 F g, as presented in Table S2. The
calculation of the Cgp of LMO/CuO composites at different current
densities is presented in Fig. 4(f). According to our previous work,
the Csp (10 Fg~ ' at 1 mV s~ ') from bare Ni-form could be ignored.*®
Table S2 presents the Cgp relationship with scan rate and current
density for the LMO/CuO composites, including the E4 and Py
values. Here, the Csp of LMO/CuO(9: 1) composites is greater than
others, maybe due to (i) the synergetic effect between the LaMnOj;
and CuO, and (ii) loose packing morphology. Further increasing the
CuO ratio decreases the Csp, likely due to particle agglomeration,
thereby reducing the availability of redox-active sites.

Fig. 6(a) shows the electrochemical impedance spectroscopy
(EIS) of LMO/CuO composites, with a well-fitted equivalent
circuit that accounts for all impedance components. The fre-
quency range is divided into three parts. In the low-frequency
region, the slope of the curve corresponds to the Warburg
impedance (W), which indicates electrolyte diffusion at the
electrode.”® In the low-frequency region, the Nyquist plot of
LMO/CuO composites shows a straight line with a phase angle
of approximately 70° (a vertical line for an ideal capacitor),
indicating good capacitive behavior.>® Such non-ideal behavior
is typically represented in the equivalent circuit by incorporat-
ing a constant-phase element (CPE):>'

ZCpE = (14)

O(jw)*
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In eqn (14), Zcpe represents the impedance of the constant
phase element (CPE), j is the imaginary unit (/> = —1), and o
denotes the angular frequency defined as w = 2nf, where f'is the
frequency in Hertz (Hz). The parameters Q and « are frequency-
independent constants, with Q. Corresponding to the inter-
facial differential capacitance. The dimensionless exponent o
(0 < a < 1) characterizes the deviation from ideal capacitive
behavior. Zcpr becomes a pure capacitor when « = 1, a resistor
when o = 0, and a Warburg impedance when o = 0.5. In the high-
frequency region, the intersection of the Nyquist plot with the x-
axis corresponds to the solution resistance (R,), which includes
the combined contributions from the intrinsic resistance of the
substrate, the ionic resistance of the electrolyte, and the contact
resistance at the interface between the active material and the
current collector.>® The small semicircle in the high frequency
region indicates (inset Fig. 6(a)) the charge transfer resistance (R,),
which is the lowest value of 6.35 Q for LMO/CuO(9: 1). The fitted
parameters obtained from the equivalent circuit model from
Gamry Echem Analyst are summarized in Table S3. The lower
R, value indicates faster charge-transfer kinetics at the electrode-
electrolyte interface. The slope of the low-frequency region
indicates the diffusion coefficient of the electrode materials.*’

Long cyclic stability is the desired property of any efficient
supercapacitor device. The cyclic stability test was performed by
repeating the charge-discharge measurements of the LMO/CuO
composites at 10 A g~ " in the same potential window (0-0.45 V)
over 5000 cycles, as shown in Fig. 6(b) (solid symbols).

- I.&lOICuO(I:Oi
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(a) Nyquist plots with fitting equivalent circuit and high frequency region (inset), (b) long-term cyclic stability over 5000 charge—discharge cycles,

showing capacitance retention (left axis) and Coulombic efficiency (right axis). (c) Relationship between log of E4 vs. P4 at different current densities
from 1 to 15 A g~ of LMO/CuO composites. (d) Nyquist plot after stability test, FESEM images of LMO/CuQ(9 : 1) composites (e) before, and (f) after

stability test.
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We observed some capacitance fluctuations that may be attrib-
uted to temperature changes during continuous charging and
discharging.> After 5000 cycles, the Cgp remains 175, 148, 234,
190, and 121 F g~ for LMO/CuO(1:0), LMO/Cu0(0: 1), LMO/
CuO(9:1), LMO/CuO(7:3), and LMO/CuO(1:1) with retention
percentages of 97.2, 98.8, 99.8, 97.6, and 97.2%, respectively.

The Coulombic efficiency (1) was calculated by using the
following eqn (15):>*

n% = 145 100 (15)

1

here, ¢4 and ¢. are the discharging and charging times, respec-
tively. Cyclic stability was measured at 10 A g~' in a 1 M KOH
solution. The coulombic efficiency remains above 97% for all
composites, even at 5000 cycles (Fig. 6(b), half-filled symbols),
demonstrating excellent cyclic stability in electrochemical capa-
citor applications. The Ragone plot illustrates the relationship
between log(E4) and log(P4), where Eq and P4 are calculated
using eqn (4) and (5), respectively, as shown in Fig. 6(c). LMO/
CuO(9:1) composite has the highest E4 of 26 Wh kg™ with
respective Py of 398 W kg~ . Similarly, LMO/CuO(1 : 0), LMO/
CuO(0:1), LMO/CuO(7:3), and LMO/CuO(1:1) have Eq of 17,
10, 23, and 6 Wh kg~ " with corresponding P4 of 399, 399, 398,
and 401 W kg ', respectively, and presented in Table S2. The
LMO/CuO composites exhibit respectable electrochemical per-
formance in comparison with previously reported values, as
summarized in Table S4. Fig. 6(d) represents the EIS measure-
ments recorded after 5000 charge-discharge cycles (stability
test). The R, values were found to be 9.65, 13.90, 7.25, 9.16, and
10.61 Q for LMO/CuO(1:0), LMO/CuO(0:1), LMO/CuO(9: 1),
LMO/CuO(7:3), and LMO/CuO(1:1), respectively, listed in
Table S5. R, values increased relative to those observed prior
to cyclic stability, which can be attributed to partial electrode
surface degradation and the formation of resistive layers during
prolonged electrochemical cycling, as evidenced by FESEM
images (Fig. 6(f)). Repeated ion intercalation/deintercalation
and continuous exposure to the electrolyte may lead to structural
distortion, surface passivation, and the accumulation of OH™
and K" ions at the active surface, thereby increasing charge-
transfer and solution resistances. Fig. 6(e) presents the FESEM
image of the LMO/CuO(9:1) electrode before the stability test,
which closely resembles Fig. 2(c), indicating that the coating of
the active material on the nickel foam is uniform and well-
adhered. However, in the FESEM image (Fig. 6(f)), the particle
surfaces of the LMO/CuO composites show reduced asperities
after the 5000-cycle stability test, compared with their original
morphology. This transformation can be attributed to several
factors, including prolonged exposure to the alkaline electrolyte,
which may lead to surface etching or the formation of passiva-
tion layers that can fill surface irregularities. The FESEM images
of other composites before and after the stability test are
presented in Fig. S4. The surfaces appear smoother after cyclic
stability, although the overall morphology of the composites
does not differ significantly from that of the source material.

In the LaMnO;-CuO composite, the Csp exhibits a pro-
nounced enhancement at the 90:10 wt% ratio, attributable to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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an optimal synergistic interplay that maximizes heterogeneous
interfaces and redox-active sites while mitigating agglomera-
tion-induced drawbacks at higher CuO loadings. This composi-
tion fosters superior electronic conductivity, accelerated ion
diffusion via oxygen vacancies, and balanced faradaic contribu-
tions from LaMnOj’s anion intercalation and Mn®*/Mn*" redox
processes, positioning it as the ideal “sweet spot” for pseudo-
capacitive performance. At the atomic level, CuO introduces
Cu®" « Cu'* redox centers that complement Mn states through
efficient d-orbital overlap, engineers lattice defects to enhance
0O~ mobility and electrolyte adsorption, and tunes the electronic
structure via p-type hole injection, thereby lowering charge-
transfer barriers and boosting overall capacitance retention.
The observed reduction in electrochemical performance at higher
CuO content may arise from increased heterogeneity, which leads
to CuO clusters and higher interparticle resistance within the
composite. Additionally, these clusters block redox-active sites on
the LaMnO; surface. Thus, at ~10% CuO, the composite
achieves an optimal balance of Cu®*/Cu’" redox couples, and
enhanced conductivity synergizes with Mn**/Mn** hopping with-
out disrupting the perovskite framework.

Conclusion

LaMnO;-CuO composites were synthesized via a facile auto-
combustion route and thoroughly characterized to establish the
correlation between their structure and electrochemical perfor-
mance. Rietveld refinement confirmed the compositional ratios,
while XRD verified the coexistence of distinct phases. XPS
analysis revealed an increased concentration of oxygen vacan-
cies, indicative of enhanced defect-assisted conductivity and
redox activity. In contrast, BET measurements indicated a higher
surface area for the LMO/CuO (9 : 1) composite, thereby facil-
itating efficient ion access. These structural and surface features
collectively provide a favorable framework for charge storage.
Electrochemical studies demonstrated that the LMO/CuO(9:1)
composite achieved the best performance, delivering Csp of
647 Fg 'at1mVs 'and 517 Fg 'at 1 A g ', with excellent
cyclic stability (99.8% retention after 5000 cycles). Overall, a 75%
enhancement in specific capacitance is observed for LMO/
CuO(9: 1) compared to pure LMO. It also exhibited a high energy
density of 26 Wh kg~ at a power density of 398 W kg™ '. The
superior performance is attributed to the synergistic interaction
between LaMnO; and CuO, which enhances redox activity,
electron transport, and defect chemistry. These results demon-
strate that controlled incorporation of CuO (~10%) into
LaMnO; provides an optimal balance of conductivity, stability,
and capacitance, underscoring the potential of perovskite-oxide
composites for next-generation supercapacitors.
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