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Material advancement in sustainable energy storage is increasingly driven by green chemistry
approaches. In this context, we have investigated an Aloe vera-mediated synthesis route for MNnCo,0,4
nanostructures as a battery-type electrode material for hybrid supercapacitor applications. The material
was synthesized via an eco-conscious, biogenic route using Aloe vera gel as a natural reducing
and stabilizing agent. High-resolution synchrotron XRD and TEM analyses confirmed the formation of
single-phase spinel nanocrystals with an average size of ~12.7 nm, while FESEM revealed aggregated
mesoporous clusters indicative of secondary particle formation. BET analysis demonstrated a moderate
specific surface area of 43.27 m? g~ and a dominant pore size around 10 nm, supporting rapid ion
transport and efficient electrolyte access. XPS spectra revealed the coexistence of Mn**/Mn** and Co®*/
Co®" oxidation states, along with abundant oxygen vacancies and/or oxygen interstitials, collectively
contributing to enhanced redox kinetics and charge storage capability. The material exhibited excellent
electrochemical performance, delivering a high specific capacitance of 680 F g™* at 1 A g~* and
retaining 282.7 F g% even at 80 A g~ and 365.7 F g~* at a high scan rate of 200 mV s™%. Furthermore,
it showed remarkable long-term stability, with 84.5% capacitance retention after 5000 cycles. These
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findings establish the Aloe vera-derived MnCo,0O4 as a green-engineered, high-rate capable, and
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1. Introduction

Environmental concerns have driven the need for sustainable,
green synthesis methods over conventional approaches invol-
ving toxic chemicals and harsh conditions.” In response,
green synthesis strategies, which utilize natural, biodegradable,
and renewable resources under mild conditions have gained
prominence.”” These approaches align with green chemistry
principles by reducing energy consumption, waste, and eco-
logical impact.> Among them, plant extract-based synthesis has
emerged as a practical and eco-conscious method, leveraging
phytochemicals like polyphenols, flavonoids, enzymes, and
sugars that serve as both reducing and stabilizing agents.*
Aloe vera, a succulent known for its medicinal properties, is a
promising candidate for green synthesis due to its rich compo-
sition of bioactive compounds capable of reducing metal pre-
cursors and controlling nanoparticle formation.">® Beyond its
chemical advantages, Aloe vera is extremely resilient and widely
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durable electrode material for hybrid supercapacitor applications.

adaptable, thriving in diverse climates and surviving 20-30 days
without water, making it a sustainable green resource even in
resource-limited settings.””® Among various plant-derived redu-
cing agents, Aloe vera stands out for its unique biochemical
composition and favorable physicochemical properties."?
Its gel contains polysaccharides (e.g., acemannan), phenolic
compounds, amino acids, vitamins, and enzymes that act
synergistically as reducing and stabilizing agents, enabling
controlled nanoparticle formation under mild conditions."’
The near-neutral to slightly alkaline pH (6.5-7.5) of Aloe vera
creates a stable reaction environment, unlike acidic extracts
(e.g., lemon juice), which may introduce organic acids that
hinder electronic conductivity and ion diffusion,®'®"" which
creates an ideal reaction environment for nanoparticle
formation.'>'* Moreover, the gel matrix of Aloe vera provides
a clean, enclosed biochemical environment that protects the
extract from external contaminants such as airborne particu-
lates or heavy metals.’*"'® As the gel is internally located within
the succulent leaf, it is inherently shielded from direct contact
with air and environmental pollutants.'® This intrinsic protec-
tion minimizes the risk of contamination by heavy metal ions,
which is a common concern in other green synthesis routes,
where leaf or root extracts may uptake environmental toxins

© 2025 The Author(s). Published by the Royal Society of Chemistry
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from soil or water.'***

Studies suggest that heavy metals tend
to accumulate in the outer epidermal layers of the Aloe vera
leaf, not in the inner gel, thereby ensuring the chemical purity
of extract.® Thus, Aloe vera offers several integrated advantages,
biocompatibility, chemical purity, mild pH, and multi-
functionality,»® which make it a superior and sustainable
choice for green synthesis of metal oxide nanostructures.
Bimetallic transition metal oxides (TMOs), particularly those
with spinel structures such as AB,O, (where A is a divalent
metal cation (2+), B is a trivalent metal cation (3+), and O is an
oxygen anion (2—)), have garnered considerable attention as
electrode materials for energy storage applications due to their
high theoretical capacitance, multiple oxidation states enabling
rich redox activity, robust structural stability, and synergistic
interactions between metal ions.'®'” These properties contri-
bute to enhanced electrochemical performance, including
higher specific capacitance, better rate capability, and excellent
cycling stability.’”'® Various spinel-type bimetallic oxides have
demonstrated outstanding electrochemical performance. For
example, NiCo,O, exhibits a high specific capacitance of
1254 F g~ ' at 2 A g7 ','® while FeCo,0, reaches 1690.14 F g~ *
at 0.5 A g .*° Similarly, ZnCo,0, delivers 331.2 C g ' at
2 A g7'*" CuCo,0, achieves 393.66 C g " at 1 A g ',*>* and
CoMn,0, exhibits 807.02 F g~ " at 1 A g~ *.>* Another promising
example is NiMn,0,, which demonstrates a specific capaci-
tance of 930 F ¢~ at a scan rate of 5 mV s~ ',>* the combination
of nickel and manganese offers complementary redox couples
(Ni**/Ni** and Mn*‘/Mn*"), which facilitate multi-electron
transfer processes and contribute to enhanced faradaic reactions,
electrical conductivity, and improved electrochemical reversibility.
Cobalt-manganese-based spinel oxide (MnCo,0,) offers the
synergistic advantage of high theoretical capacitance of Mn
and excellent redox activity of Co ions. This combination results
into significantly improved energy storage capacity.”**® Both Mn
and Co offer multiple oxidation states leading to multiple faradaic
redox reactions and contributing to improved capacitance***®
MnCo,0, has a spinel structure, which is a robust three-
dimensional electrical framework which improves electronic
and ion conductivity, electrochemical stability, and charge
storage capacity, compared to other TM oxides.?” This dual-
metal configuration enables a broader range of reversible redox
reactions compared to monometallic oxides, leading to super-
ior electrochemical performance.”®>® Furthermore, the syner-
gistic effect between manganese and cobalt ions enhances not
only the electrical conductivity but also the structural integrity
of the material during repeated charge-discharge cycles.”® This
interaction also facilitates faster charge transfer and improved
ion diffusion, which are critical for achieving high power
density and long-term cycling stability.”® Despite these advan-
tages, the practical utilization of MnCo,0, and other spinel
oxides still encounters limitations, including particle agglom-
eration, restricted rate performance at higher current densities,
and challenging synthesis conditions that may involve toxic
chemicals or high-temperature processing.'®*%*' Addressing
these challenges through green synthesis strategies, nano-
architecture design, and morphology optimization remains
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crucial for unlocking the full potential of spinel bimetallic
TMOs in next-generation supercapacitor and battery technologies.

To overcome these challenges, the present work introduces,
environmentally benign approach for synthesizing bimetallic
MnCo,0, using Aloe vera gel as a natural reducing and struc-
turing agent. This green synthesis route eliminates the need for
toxic chemicals and high-temperature calcination, offering a
safer and more sustainable alternative for material fabrication.
The as-synthesized Aloe vera gel assisted MnCo,0, nano-
particles (Alv-MnCo,0, NPs) nanoparticles was systematically
characterized using advanced techniques. Electrochemical eva-
luation revealed exceptional performance, with a high specific
capacitance of 680 Fg " at 1 A g~ " and 282.67 F g~ " even at an
ultra-high current density of 80 A g™, along with outstanding
cycling stability, 84.5% retention after 5000 cycles at 20 A g~ ™.
This study not only demonstrates the potential of Aloe vera-
assisted green synthesis in producing high-performance elec-
trode materials but also contributes to the ongoing quest for
sustainable and scalable solutions in the field of energy sto-
rage. The integration of bio-based synthesis with advanced
electrochemical applications represents a step forward in har-
monizing technological progress with ecological responsibility.

2. Experimental section

2.1. Characterization

The synthesized Alv-MnCo,0, NPs were thoroughly character-
ized to examine their structural, chemical, thermal, and mor-
phological properties.

Synchrotron X-ray diffraction (SXRD). SXRD measurements
were carried out at the BL-12 beamline of Indus-2 synchrotron
source, Indore, India, using an angle-dispersive X-ray diffrac-
tion setup in transmission mode. Samples were filled in rotat-
ing capillary tubes, and diffraction data were collected using a
MAR-345 dTB image plate area detector.>*> A monochromatic
X-ray beam was obtained through a Si(111) double-crystal
monochromator with a wavelength of 0.08262 nm. The
sample-to-detector distance and wavelength were precisely
calibrated using the standard LaBg (NIST) diffraction pattern.
The 2D diffraction images were converted to intensity vs. 20
plots using Fit2D software for subsequent analysis.*®

X-ray photoelectron spectroscopy (XPS). XPS was employed
to analyze the surface composition and chemical states of
Alv-MnCo,0,4 NP. The measurements were conducted using a
Thermo Scientific K-Alpha spectrometer equipped with a
monochromatic Al Ko source (Av = 1486.6 eV). Survey and
high-resolution spectra were recorded to determine the binding
energies and oxidation states of the constituent elements.

Fourier-transform infrared spectroscopy (FTIR). FTIR was
utilized to investigate the structural features of the MCO samples.
The spectra were recorded at room temperature in the range of 500-
4000 cm™ ! using a PerkinElmer Frontier spectrometer. For the
measurements, finely ground Alv-MnCo,0, NPs powder was mixed
with spectroscopic-grade KBr and pressed into pellets. The obtained
spectra were baseline-corrected for accurate interpretation, enabling
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confirmation of functional groups and detection of any residual
organic species from the synthesis process.

Field-emission scanning and transmission electron micro-
scopy (FESEM/TEM). Morphological characterization was
performed using FESEM analysis was carried out on a Thermo-
Fisher Scientific Apreo-S Low Vacuum system at appropriate
accelerating voltages to obtain high-resolution images. Samples
were mounted on aluminum stubs using conductive carbon tape
and sputter-coated with a thin gold layer to minimize charging
effects. TEM investigations were performed using a Thermo
Fisher Talos F200X G2 microscope operating at 200 kV, provid-
ing detailed insights into particle size, lattice fringes, and
internal nanostructures. These observations were correlated
with pH-induced morphological and structural variations.

Brunauer-Emmett-Teller (BET). The specific surface area
and porosity of Alv-MnCo,0, NPs were analysed through N,
adsorption-desorption measurements at 77 K using an Auto-
sorb 6100 High Vacuum Physisorption Analyzer. Prior to the
experiment, the samples were degassed at 180 °C under
vacuum for 12 h. The BET method was applied to determine
the specific surface area, while the BJH model was employed for
pore size distribution analysis.

Thermogravimetric analysis (TGA). TGA was conducted
using an Inkarp thermogravimetric analyser to evaluate the
thermal stability and decomposition behaviour of Alv-MnCo,0,
NPs. The measurements were performed under a nitrogen atmo-
sphere by heating the samples from room temperature to 800 °C at
a rate of 10 °C min~'. The resulting thermograms provided
insights into weight loss patterns associated with moisture
removal, decomposition of organic residues, and phase stability.

2.2. Chemicals and reagents

The chemicals used in this work were of analytical grade and were
utilized without any further purification. Manganese acetate
(Mn(CH;COO0),, Loba Chemie, Extra Pure Grade, 98.5%) and cobalt
nitrate hexahydrate (Co(NOj;),-6H,0, Loba Chemie, Extrapure,
97%) served as the primary metal precursors for the synthesis of
the Alv-MnCo,0, NPs. Aloe vera extract, obtained from the Uni-
versity of Petroleum and Energy Studies (UPES) nursery, Dehradun,
India, was used as a natural reducing and stabilizing agent. N-
Methyl-2-pyrrolidone (NMP, Sigma-Aldrich, anhydrous grade, assay
99.5%) acted as the solvent during electrode preparation, while
carbon black (CB, Sigma-Aldrich) and polyvinylidene fluoride
(PVDF, Sigma-Aldrich) were employed as the conductive additive
and binder, respectively. Nickel foam (Vritratech, New Delhi, India,
>99% purity, 1.5 mm thickness, 95-98% porosity) was used as the
current collector. For electrochemical studies, potassium hydroxide
(KOH, Loba Chemie, Extrapure, >85% purity) was used as the
electrolyte. Ethanol (Loba Chemie, 99.9%) and acetone (Loba
Chemie, 99.9%) were utilized for cleaning purposes. Deionized
(DI) water was employed throughout the synthesis and washing
processes.

2.3. Synthesis of Alv-MnCo,0, NPs

Fresh Aloe vera leaves were sourced from the polyhouse at UPES,
Dehradun. The leaves were thoroughly washed multiple times with

8688 | Mater. Adv., 2025, 6, 8686-8700

View Article Online

Paper

double deionized (DDI) water to eliminate dust and surface
impurities. About 30 g of Aloe vera gel was carefully extracted
from the cleaned leaves and transferred into a beaker. This gel was
then homogenized with 150 mL of DI water using a clean grinder
mixer to obtain a uniform, viscous solution. The resulting Aloe
vera gel mixture was heated in a hot air oven at 85 °C for 2 hours to
ensure uniform mixing. After cooling to room temperature, 5 g of
manganese acetate tetrahydrate (Mn(CH;COO),-4H,0) and 10 g of
cobalt nitrate hexahydrate (Co(NO3),-6H,0) were dissolved into the
prepared Aloe vera gel under continuous magnetic stirring. Here,
the Aloe vera gel functioned as a natural reducing and stabilizing
agent, aiding in the reduction of metal ions and controlled
nucleation. The mixture was stirred continuously at 80 °C for
1-2 hours until a dark, viscous gel formed, indicating the progres-
sion of the reaction. The resulting gel was subsequently calcined in
a muffle furnace at 400 °C for 2.5 hours, with a ramp rate of
5 °C min", to yield Alv-MnCo,0, NPs.** A schematic representa-
tion of the synthesis procedure is shown in Fig. 1

2.4. Electrode preparation and electrochemical measurements

Electrochemical performance was evaluated using electrodes
fabricated with Alv-MnCo,0, NPs, conductive carbon black
(CB), and polyvinylidene fluoride (PVDF) in an 8:1:1 weight
ratio. The homogeneous slurry was coated onto nickel foam
(NF) (1 x 1 em?), which was pre-cleaned by sequential washing
with acetone and deionized (DI) water, followed by bath sonica-
tion for 10 min. It was then rinsed with ethanol, immersed in
3 M HCI solution for 30 min to remove surface oxides, soni-
cated again in DI water, and finally washed with ethanol. The
cleaned NF was dried in a vacuum oven at 60 °C for 2 h to
ensure complete removal of moisture,® and then the coated
electrodes (Alv-MnCo,0,@NF) were dried in a vacuum oven at
80 °C overnight. The active material loading on NF was 0.4 mg.
The prepared electrodes served as working electrodes, while a
platinum mesh (2 x 2 cm?) and a saturated calomel electrode
(SCE) were used as counter and reference electrodes, respec-
tively. Aqueous 1 M KOH was employed as the electrolyte.
Electrochemical measurements were conducted using a Biolo-
gic SP-150e electrochemical workstation. Cyclic voltammetry
(CV) was performed at various scan rates. Galvanostatic charge-
discharge (GCD) tests were carried out at different current
densities, with stability and coulombic test. Electrochemical
impedance spectroscopy (EIS) was measured in the frequency
range of 10 mHz to 100 kHz to assess the charge transfer
resistance and ion diffusion characteristics. Fig. 2 illustrates
the schematic representation of the electrode preparation
process and the electrochemical measurement setup.

3. Result and discussion

3.1. Morphological, structural and electronic structural
characterisation

The phase purity and structural properties of the synthesized
Alv-MnCo,0, NPs were analysed using high-resolution syn-
chrotron X-ray diffraction (XRD) with a monochromatic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Aloe vera derived Manganese
Cobalt Oxide
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Fig. 1 Schematic representation of the green synthesis route for Alv—MnCo,0O4 NPs, involving Aloe vera extract preparation, precursor mixing, and
thermal treatment to obtain the final nanomaterial (created in Biorender.com).
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Fig. 2 Fabrication of Alv—MnCo,0, electrode and electrochemical testing process, including slurry preparation, coating on nickel foam, vacuum drying,

and CV analysis in a three-electrode setup (created in Biorender.com).

wavelength of 0.81262 A. The diffraction pattern (Fig. 3a) dis-
plays broad yet well-resolved peaks that can be indexed to the
face-centred cubic spinel structure with the Fd3m space group
(no. 227).>° The lattice parameters were found to bea=b =¢ =
0.81262, a = b =c=8.2196 A and o = ff = y = 90°, confirming the
cubic symmetry of the structure. The most intense reflections
corresponding to the (111), (220), (311), (400), (511), and (440)
planes further validate the formation of a single-phase cubic
MnCo,0,.>® The absence of any secondary or impurity peaks
supports the phase purity of the sample. The synthesis route,
involving aloe vera gel as a natural stabilizing and reducing
agent, likely contributed to the clean phase formation and
uniform nucleation under mild conditions. The broadening
of the diffraction peaks, as evident from the pattern, suggests
the formation of nanoscale crystallites with possible lattice
strain.

To quantify these effects, Williamson-Hall (W-H) analysis
was performed to decouple the contributions from crystallite
size and microstrain. The W-H equation is expressed as follow-
ing eqn (1):*

(B: peak broadening)
(1)

ﬁtotal = ﬁcrystallite size T ﬂmicrostrain

© 2025 The Author(s). Published by the Royal Society of Chemistry

The broadening caused by crystallite size can be calculated
using the Scherrer equation:

K2
~ Pcos0

(2)
while the broadening due to microstrain (&) is given by:
f=4etan 6 3)

Both eqn (2) and (3) are incorporated into eqn (1).

ﬂtolal = m + 4etan 0

Piota1 €OS 0 = % + 4esinf

(B €050) = e(dsing) + (@

Here, this takes the form of a straight-line equation: y = mx +
. K2\ . .
¢, where m(e) is the slop and 6(3) is the intercept. In eqn (4),

Protal is the full width at half maximum (FWHM) in radians, 1 is

Mater. Adv., 2025, 6, 8686-8700 | 8689
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(a) Synchrotron XRD pattern of Alv—MnCo,0O4 NPs recorded in transmission mode using a wavelength of 0.08262 nm. (b) Williamson—Hall plot

used to calculate the crystallite size and microstrain in Alv—=MnCo,04 NPs. (c) Thermogravimetric analysis (TGA) showing mass loss behaviour of the
material. (d) FTIR spectra of Aloe vera extract (red line)** and Alv—MnCo,0,4 NPs (black line).

the X-ray wavelength (0.81262 A), K is the shape factor (assumed
to be 0.9), D is the crystallite size, and ¢ is the microstrain.

The corresponding W-H plot (Fig. 3b) of f§ cos 6 versus 4 sin
showed a moderate positive slope of 0.00384 + 0.00171, repre-
senting the microstrain, and an intercept of 0.00837 + 0.00151,
from which the average crystallite size was calculated to be
approximately 9.13 nm. This nanoscale dimension is consistent
with the observed peak broadening in the XRD pattern. Based
on this crystallite size, the dislocation density (0), was esti-
mated using the following relation.?”

Dislocation density (6) = ]
where D is crystallite size of Alv-MnCo,0,. The value was found
to be ~12 x 107> nm™? (equivalent to ~1.2 x 10'® m~?). Such
a high density of crystallographic defects is typically associated
with small crystallite size of material contributes to additional
electrochemically active sites,”” which plays a vital role in
enhancing its electrochemical properties. Nanoscale particles
provide a high surface-to-volume ratio, increasing the number
of active sites for electrochemical reactions and facilitating
faster ion transport through reduced diffusion lengths.*®
Furthermore, the presence of microstrain introduces defect

8690 | Mater. Adv., 2025, 6, 8686-8700

sites and localized lattice distortions, which can act as addi-
tional electrochemically active centers and improve the rever-
sibility of redox reactions.** However, the observed strain and
defect density remain within a moderate range, suggesting they
do not compromise the structural stability of the material. This
controlled balance between high surface activity (arising from
small crystallite size and defect sites) and structural integrity
makes the synthesized Alv-MnCo,0, NPs a promising candi-
date for high-performance energy storage applications.

The thermal stability of the Alv-MnCo,0, NPs was evaluated
using thermogravimetric analysis (TGA), as shown in Fig. 3c.
The TGA curve displays a minimal weight loss of approximately
5.5% when the sample was heated from room temperature
to 800 °C under a nitrogen atmosphere. The slight mass
reduction below 200 °C is attributed to the removal of adsorbed
moisture and residual volatile organic species from Aloe vera,
such as surface-bound hydroxyls, carboxylates, or polysacchar-
ide fragments."*** Beyond this range, the material exhibits
remarkable thermal stability, with no significant weight loss
observed up to 800 °C, indicating the formation of a robust and
thermally stable spinel phase. This low mass loss reflects the
successful calcination of organic residues during synthesis and
confirms the structural integrity of the MnCo,0, framework at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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elevated temperatures. Previous reports indicate that Aloe vera-
derived organics decompose primarily between 200-400 °C,
leaving negligible carbon residue above this temperature.*®*!
This low mass loss reflects the successful calcination of organic
residues during synthesis and confirms the structural integrity
of the MnCo,0, framework at elevated temperatures.*®*' Such
thermal robustness is particularly advantageous for electroche-
mical energy storage applications, where electrode materials
are expected to endure high-temperature processing and pro-
longed cycling without degradation.

To study the functional groups involved in the synthesis and
surface chemistry of the material, we performed Fourier-
transform infrared (FTIR) spectroscopy on both Aloe vera
extract and the resulting Alv-MnCo,0, NPs, as shown in
Fig. 3d. The Aloe vera spectrum displays a broad and intense
band in the range of 3400-3600 cm ', attributed to the O-H
stretching vibrations from hydroxyl groups present in phenolic
compounds, carboxylic acids, and bound water molecules.®
These bands persist in the MnCo,0, spectrum but are sharper
with a shoulder at 3426 cm™*, suggesting retention of surface
hydroxyl groups, only because of adsorbed moisture. Addition-
ally, symmetric and asymmetric C-H stretching vibrations
(in CH, or CH; group) appear near 2930 cm " and 2852 cm ™,
respectively in both Aloe vera and MnCo,0, spectra, indicative
of aliphatic chain remnants or surface-bound biomolecules.’
A key band near 1634 cm ' is observed in both spectra.
In MnCo,0y,, this is primarily assigned to the bending vibration
(H-O-H) of surface-adsorbed water molecules, common in
spinel-type metal oxides,”® whereas in Aloe vera, this band
may also correspond to amide I (C—=0O stretching) or antisym-
metric -O-C—=O0" stretching from proteins and organic acids.’
Additional bands at 1386 cm ' and near 1100 cm ' are
associated with symmetric carboxylate stretching and C-O/C-
OH vibrations, which originate from residual Aloe vera poly-
saccharides and esters.”® These organic functional groups
confirm active involvement of aloe vera in complexing and
templating during synthesis. Significantly, the MnCo,0, spec-
trum exhibits two strong absorption bands at 659 cm™" and
~570 em™', corresponding to Co-O and Mn-O stretching
vibrations in tetrahedral environment, respectively character-
istic of the spinel lattice.**> The presence of these sharp metal-
oxygen bands affirms successful formation of crystalline
MnCo,0, nanostructures, while the attenuated but observable
organic peaks indicate partial surface capping by Aloe vera-
derived biomolecules. Collectively, the FTIR results support the
role of Aloe vera as a green, dual-functional agent, acting as a
reductant and stabilizer, facilitating the formation of MnCo,0,
nanostructures with enriched surface functionalities. These
surface groups are anticipated to improve electrolyte accessi-
bility and interface wettability, thereby benefiting the electro-
chemical behaviour of the material for energy storage
applications.

The morphological characteristics and elemental composi-
tion of the Alv-MnCo,0, NPs were systematically analysed
using transmission electron microscopy (TEM), field emission
scanning electron microscopy (FESEM), energy-dispersive X-ray

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spectroscopy (EDS), and elemental mapping techniques as
shown in Fig. 4. The TEM images (Fig. 4a and b) reveal quasi-
spherical, nanoscale particles with good dispersion. The corres-
ponding particle size distribution histogram (Fig. 4c) shows an
average particle size of approximately 12.7 nm, which closely
matches the average crystallite size estimated from XRD
(~9.2 nm), indicating that the material is largely crystalline
at the nanoscale. FESEM image (Fig. 4d) displays a more
aggregated morphology, where the individual particles appear
clustered into larger secondary structures. The particle size
histogram derived from FESEM (Fig. 4f) shows a broader
distribution with an average size of 26.2 nm, which is notice-
ably larger than the TEM-based size. This difference can be
attributed to the agglomeration of small nanocrystallites, a
well-documented phenomenon in nanomaterials.*’> Nano-
particles with reduced crystallite sizes possess high surface
energies, which drive them to aggregate during the drying or
annealing steps in order to minimize total surface energy.****

The EDS spectrum (Fig. 4e) confirms the presence of Mn, Co,
and O elements in the sample, with a weight percentage of Co
(53.33%), O (25.69%), and Mn (20.98%), and corresponding
atomic percentages of 31.29%, 55.51%, and 13.20%, respec-
tively. The slightly cobalt-rich composition in material, sug-
gests a favourable stoichiometric deviation that enhances
electrochemical redox activity, likely due to the increased con-
tribution of Co**/Co®* redox couples.*® Furthermore, the ele-
mental mapping images (Fig. 4g) demonstrate a uniform and
homogeneous distribution of Mn, Co, and O across the surface,
validating the compositional consistency of the synthesized
nanostructures. Importantly, the Aloe vera-assisted synthesis
route used in this study plays a pivotal role in achieving such a
fine nanostructure. Bioactive compounds present in Aloe vera,
such as polysaccharides and phenolic compounds, act as
natural capping and reducing agents, controlling the nuclea-
tion and limiting the growth of crystallites during synthesis.>>*
This green and sustainable approach contributes significantly
to the reduction in crystallite size, which is beneficial for
electrochemical applications, as it provides more active surface
area and redox-active sites for charge storage.

The surface area and porosity of the Alv-MnCo,0, NPs were
assessed via nitrogen adsorption-desorption isotherms and
BJH pore size distribution analysis. As presented in Fig. 5a,
the adsorption/desorption curves show hysteresis and the
shape suggest type IV (h3) isotherm. This reveals mesoporous
nature of the nanomaterial with slit like pores.*® BET analysis
yielded a specific surface area of 43.27 m”> g ', while the
corresponding BJH analysis (Fig. 5b) revealed a narrow pore
size distribution centred around 10 nm, with a cumulative pore
volume of 0.142 cm® g~". These parameters confirm the for-
mation of a mesoporous architecture with moderate surface
area and well-defined pore structure. Such mesoporosity is
particularly advantageous for electrochemical energy storage
applications, as it promotes efficient electrolyte penetration
and facilitates rapid ion diffusion throughout the electrode
matrix.*” Moreover, the accessible surface area provides abun-
dant electroactive sites, enhancing faradaic redox interactions.
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Average Particle Size 12.7nm
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Fig. 4 (a) and (b) TEM images of Alv—MnCo,04 NPs showing quasi-spherical and well-dispersed nanoparticles. (c) Particle size distribution histogram
obtained from TEM analysis, showing an average particle size of ~12.7 nm. (d) FESEM micrographs illustrating agglomerated secondary particles, formed
due to the aggregation of primary nanocrystallites, (e) the EDS spectrum displays the elemental composition, revealing a slightly cobalt-rich
stoichiometry, which is favourable for redox-based energy storage. (f) Corresponding particle size distribution from FESEM showing an average size
of ~26.2 nm. (g) Elemental mapping images confirming the homogeneous distribution of Mn, Co, and O in the nanostructure.
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Fig. 5 (a) Nitrogen adsorption—desorption isotherms of the synthesized Alv—MnCo,0,4 NPs show a typical type IV isotherm with a clear H3-type
hysteresis loop, indicating mesoporous characteristics. The BET-specific surface area of the material is calculated to be 43.27 m? g™, (b) BJH pore size
distribution curve shows both cumulative and differential pore volume as a function of pore diameter, with a dominant pore size around 10 nm and a
cumulative pore volume of approximately 0.142 cm® g%, further confirming the mesoporous nature of the material.

The interconnected mesoporous channels are expected to mitigate ~ Collectively, high surface area (43.27 m”> g™ '), slit like pore
ion transport limitations at high current densities, thereby improv-  structure, favourable morphology, surface rich in functional
ing rate performance and stability during prolonged cycling.**  groups and Co rich stoichiometry of the synthesized Alv-MnCo,0,
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Fig. 6 High-resolution XPS spectra of Aloe vera-assisted MnCo,04 nanorods showing (a) C 1s spectrum deconvoluted into peaks corresponding to
C-C, C=C, and O-C=0 functional groups; (b) O 1s spectrum showing lattice oxygen (O-L), oxygen vacancies (O-V), and adsorbed oxygen species
(O-ads); (c) Mn 2p spectrum indicating the presence of Mn®*, and Mn** oxidation states; and (d) Co 2p spectrum confirming the coexistence of Co?* and

Co®* along with satellite features.

NPs material contribute significantly to its electrochemical
performance.

The XPS analysis was carried out to investigate the surface
composition and oxidation states of the elements present in
Alv-MnCo,0, NPs (Fig. 6). The C 1s spectrum (Fig. 6a) was
deconvoluted into three peaks located at 284.8 eV, 286.3 eV,
and 288.7 eV, corresponding to C-C, C-O, and O-C=0 bonds,
respectively.>***° Since the adventitious C-C binding energy is
found at 284.8 eV, we rule out any significant charging effect in
the sample, and the binding energy (BE) of all the edges are
used without any modification.>® The high-resolution O 1s
spectrum (Fig. 6b) exhibits three peaks at 530.1 eV, 531.8 eV,
and 533.2 eV, corresponding to lattice oxygen (M-O), oxygen
vacancies (O-V), and surface-adsorbed oxygen species or hydro-
xyl groups (O-ads), respectively.”” The oxygen vacancies in the
electrode materials act as functional sites for improved
capacity.>* The Mn 2p high-resolution spectrum (Fig. 6¢) shows
spin-orbit split peaks around 642 eV (Mn 2p3/,) and 653 eV (Mn
2p1/2), respectively. A spin-orbit splitting of about 11 €V is in
agreement with literature.”” The Mn 2ps/, and 2p,/, peaks are
further fitted with two Gaussians each and the 2p;/, peaks are
centred at 642.1 and 644.6 eV. These peaks are attributed to

© 2025 The Author(s). Published by the Royal Society of Chemistry

Mn®*" and Mn*", respectively.”® Similarly, for 2p;, band the
peaks at 653.5 and 655.9 eV represent Mn** and Mn*", respec-
tively, indicating a mixed valence state of Mn.>> A deviation of
oxidation state from nominal oxidation states of either +2 or +3
for Mn is well documented in literature,®* and a surface rich in
Mn*" also indicates oxygen vacancies at the surface, which is in
agreement with FTIR analysis, where absorption modes corres-
ponding to oxygen vacancies are observed.

The Co 2p spectrum (Fig. 6d) exhibits two spin-orbit split
peaks around 781 eV (Co 2psj,) and 795 eV (Co 2p,,,), along
with satellite features. Deconvolution of 2p;, peak reveals
peaks at 780.1 and 781.5 eV, characteristics of Co** and Co*"
species, respectively. Two shake-up satellite features at ~786
and 791 eV, attributed to Co>* and Co*", are also in agreement
with literature.>”>' MnCo,0, is a direct spinel and hence Co**
occupies entire tetrahedral site, whereas, Mn*" and Co®" occupy
the octahedral sites. The presence of +4 oxidation state for Mn
introduces oxygen vacancies and/or oxygen interstitials, which
serve as electroactive sites and are beneficial for faradaic charge
storage. Thus, the synergy between Co>*/Co*" and Mn**/Mn**
species contributes significantly to the improved electrochemi-
cal behaviours of the Alv-MnCo,0, electrode.””
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3.2. Electrochemical characterisation

The electrochemical performance of Alv-MnCo,0, NPs was
systematically evaluated using cyclic voltammetry (CV) and
galvanostatic charge-discharge (GCD) techniques, demonstrat-
ing its remarkable potential for supercapacitor applications.
In the CV curves (Fig. 7a), recorded at scan rates ranging
between 1 to 200 mV s ', exhibit well-defined redox peaks
characteristic of battery-type faradaic behaviour.’® At a scan
rate of 5 mV s, the anodic peak at 0.38 V and cathodic peak at
0.29 V correspond to the oxidation and reduction of Mn and Co
cations to their respective oxyhydroxides and oxides.>® The
nanostructured electrode facilitates fast electron transfer
between the transition metal ions.>® A slight positive shift of
the anodic peak and a negative shift of the cathodic peak with
increasing scan rate were observed, which is a common phe-
nomenon in supercapacitor materials.>® This shift can be
attributed to internal resistance (IR) drop and the kinetic
limitations of ion diffusion at higher sweep rates, which restrict
full faradaic interaction within the limited time frame.”®
Despite this shift, the overall shape of the curves remains
stable, indicating good electrochemical reversibility and
structural stability under rapid charge-discharge conditions.
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The specific capacitance calculated from CV using the eqn (5),>°
yielded values of 639.2, 637.0, 596.3, 527.8, 481.5, 451.4, 428.9,
411.6, 391.5, and 365.7 F g’1 at scan rates of 5, 10, 20, 40, 60, 80,
100, 120, 150, and 200 mV s ', respectively. Even at a high
scan rate of 200 mV s~ ', the material retained a capacitance of
365.7 F g~ ', demonstrating excellent surface-controlled capacitive
behaviour and effective ion transport.** The gradual decline in
capacitance at higher scan rates is mainly due to the limited
diffusion time of electrolyte ions, which restricts the utilization of
deeper active sites for faradaic reactions.*

B J1-Av
T vem-Av

sp (5)
where, Cj;, is the specific capacitance (F g ') I is the current (Amp),
Av the potential window (Volt), v is the scan rate (V s*) and m the
active mass (g).

Complementing the CV analysis, GCD curves (Fig. 7b) of the
Alv-MnCo,0, electrode at current densities from 1 to 80 A g™ "
exhibited nearly symmetric charge-discharge profiles, further
confirming the pseudocapacitive nature of the material. The
specific capacitance values calculated from the GCD data using
eqn (6),°° were 680, 640, 604.4, 568.9, 506.7, 497.8, 311.1, 357.3,

0.5
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Fig. 7 (a) CV curves of Alv—MnCo,04 NPs electrode at various scan rates from 5 to 200 mV s+ showing stable redox peaks with minimal shift, indicating
consistent redox behaviour. (b) GCD profiles recorded at current densities from 1 to 80 A g~ demonstrating excellent rate capability and symmetric
charge—discharge characteristics. (c) Anodic peak current vs. scan rate plot showing a b-value of ~0.78, confirming mixed charge storage behaviour
(supercapacitor). (d) Bar plots showing capacitive and diffusion-controlled contributions to charge storage at different scan rates.
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and 282.7 F g ' at 1, 2, 4, 8, 12, 16, 20, 40, and 80 A g,
respectively. Even at the extremely large current density of
80 A g ', a decent capacitance of 282.7 F g~ ' was maintained,
underscoring excellent rate capability of the electrode. This
performance showcases the Alv-MnCo,O0, NPs as a highly
efficient electrode material, with high-rate capability for high-
power applications. The consistency in redox peak behaviour
and high capacitance retention at elevated scan rates and
current densities strongly affirms its potential for next-
generation supercapacitor applications.

I, x At
sp — T (6)

where, I, is the current density (A g~ ), At is the discharge time
(sec), and AV is the potential window (V).

To further understand the charge storage mechanism, the
relationship between the peak current (i,) and the scan rate (v)

was analysed using the power law eqn (7):>°

b= a’ (7)

where 7 is the peak current, v is the scan rate, and b is the slope
obtained from the log(i) vs. log(v) plot.
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As shown in Fig. 7c, the calculated b value is approximately
0.78, indicating a mixed charge storage behaviour. b value close
to 0.5 typically signifies a diffusion-controlled process, while a
value near 1.0 suggests a surface-controlled capacitive process.
The intermediate b value of 0.78 suggests that the Alv-MnCo,0,
electrode exhibits a synergistic supercapacitor behaviour,
combining both battery-type faradaic reactions and capacitive
surface-controlled mechanisms. At lower scan rates, the mate-
rial primarily demonstrates diffusion-controlled behaviour
due to the sufficient time available for ion diffusion into the
bulk of the electrode. However, as the scan rate increases, the
charge storage becomes increasingly dominated by surface
redox reactions, where fast electron transfer and surface-
accessible active sites govern the process. This transition
highlights the ability of material to adapt across different
charge-discharge regimes, making it highly suitable for
hybrid energy storage systems demanding both high energy
and power densities.

Additionally, the capacitive and diffusion contributions to

the total current were separated using the eqn (8):>’
l(V) = klv + kzvl/z = Icapacitive + Idiffusion (8)
15
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Fig. 8 Capacitive and diffusion contribution analysis of Alv—MnCo,0,4 N at different scan rates: (a) at 5 mV s~ capacitive contribution is 31% (b) at
40 mV s, capacitive contribution is 55%; (c) at 100 mV s, capacitive contribution is 66%: (d) at 200 mV s, capacitive contribution increases to 74%,
highlighting surface-dominated behavior at higher scan rates.
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where kv represents the capacitive current contribution,
and k,"? corresponds to the diffusion-controlled current.
By rearranging this eqn (9):*’

iV

( 1) :k|V1/2+k2

v2

©)

The slope (k;) and intercept (k,) of the plot of l—i versus v/

V2
(Fig. 7d) provide insights into the capacitive and diffusion
contributions. Using these constants, the capacitive contribu-
tion percentage was calculated as eqn (10).®
Capacitive contribution (%) = P2 ____
Icapacitive + Idiffusion

x 100% (10)

The diffusion contribution can similarly be calculated as
eqn (11):
Diffusion contribution (%) = 100% — Capacitive

(11)

Fig. 7d illustrates the trend of the capacitive and diffusion

contribution (%)

contributions as a function of scan rate. It is evident from the
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data that the capacitive contribution increases with increasing
scan rate, highlighting the surface-controlled nature of the
charge storage at higher scan rates. This trend is further
supported by Fig. 8a-d, which compare the CV profiles at
5mVs ', 40 mVs ', 100 mV s ' and 200 mV s ' respectively.
At lower scan rates, diffusion-controlled processes dominate,
as the ions have sufficient time to access the entire electrode
surface. In contrast, at higher scan rates, the capacitive con-
tribution increases as the process becomes more surface-
controlled, resulting in faster ion exchange at the electrode-
electrolyte interface.>®>°

Fig. 9a illustrates the variation of specific capacitance with
current density, while Fig. 9b presents the trend with scan rate.
Both plots exhibit a consistent decline in specific capacitance
with increasing current density and scan rate, which is typical
due to limited ion diffusion and incomplete electrode utiliza-
tion at high rates. Notably, the material retains a significant
portion of its capacitance even at very high current densities,
highlighting its excellent rate capability and robustness, an
essential criterion for practical energy storage applications.
Fig. 9c depicts the cycling performance of the Alv-MnCo,0,
NPs electrode over 5000 continuous charge-discharge cycles at
a high current density of 20 A g~'. Remarkably, it exhibited a
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(a) Specific capacitance vs. current density trend showing excellent retention at high current densities; (b) specific capacitance vs. scan rate trend

indicating strong performance even at elevated scan rates; (c) long-term cycling performance showing 84.5% capacitance retention after 5000 cycles,
reflecting excellent stability; (d) Ragone plot of the Alv—MnCo0,0, electrode showing the relationship between energy density and power density at
various current densities, highlighting high-energy and high-power performance for supercapacitor applications.
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stable capacitance retention of 84.5% after 5000 cycles. Inter-
estingly, an initial sudden decay of approximately 16.5% was
observed within the first ~800 cycles, likely due to surface
reconstruction or structural rearrangements. However, after
this initial phase, the capacitance remained nearly constant,
indicating the stabilization of the electrode-electrolyte inter-
face and mechanical integrity of the material during long-term
cycling.

The corresponding Ragone plot (Fig. 9d) illustrates the
energy-power performance of the electrode. The energy density
(E) in Wh kg™ " and power density (P) in W kg~ ' were calculated
using the eqn (12) and (13):*°

0.5 x CypAV?
E=—7¢g— (12)
3600 x E
P=—x (13)

where Cj;, is the specific capacitance (F g~'), AV is the potential
window (V), and At is the discharge time (s). The material
delivers 19.13 Wh kg " at 225 W kg™ " at 1 A g~ ' and main-
tains 8.85 Wh kg™ ' at 4500 W kg™ ' and 7.95 Wh kg ' at
18000 W kg™ at 80 A g~ ', demonstrating the excellent high-
power performance and suitability of the electrode for super-
capacitor applications.

The EIS analysis of the Alv-MnCo,0, electrode is presented
in Fig. 10, with the inset showing the equivalent circuit used for
fitting. The circuit (Fig. 10 inset)®® was fitted using Z-view
software with data obtained from the EC-lab module of the
Biologic SP-150e electrochemical workstation. The Nyquist plot
reveals a small equivalent series resistance (R) of ~0.56 Q,
indicating low intrinsic resistance and good electrical conduc-
tivity. The nearly vertical line in the low-frequency region
signifies ideal capacitive behavior and efficient ion diffusion.
Together, these results confirm the fast charge transfer kinetics
and excellent electrochemical performance of the material.
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Fig. 10 Nyquist plot from EIS analysis showing low equivalent series
resistance (~0.56 Q), confirming fast charge transfer kinetics and low
internal resistance.
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The electrochemical performance of various MnCo,0,-
based electrodes reported in recent literature is summarized
in Table 1. The superior electrochemical performance demon-
strated by the MnCo,0, electrode material synthesized using
Aloe vera pulp as a natural reducing and capping agent is a
direct outcome of: (i) the formation of small (~9 nm) and well-
dispersed nanoparticles with minimal agglomeration, as con-
firmed by synchrotron XRD and TEM analyses, along with a
mesoporous, slit-like pore structure and high surface area
(43.27 m> g7 "), as revealed by BET analysis, which improves
wettability and electrolyte accessibility; (ii) the presence of a
thin and stable solid electrolyte interphase (SEI), as indicated
by the low series resistance in EIS measurements; and (iii) the
existence of surface oxygen vacancies, as confirmed by XPS and
FTIR results. The optimized physicochemical characteristics
revealed through preceding structural, morphological, and sur-
face analyses. The nanostructured architecture, mesoporosity,
and tailored surface chemistry collectively facilitate rapid ion
transport, abundant electroactive sites, and stable redox
kinetics. The presence of multi-valent Co and Mn species, as
identified via XPS, enhances faradaic charge storage through
multiple redox transitions, while the mesoporous texture
observed from BET analysis ensures effective electrolyte pene-
tration and mitigates diffusion resistance. Furthermore, the
nanoscale features and controlled crystallinity provide an ideal
balance between conductivity and structural integrity, promot-
ing high-rate capability and prolonged cycling stability. These
pre-electrochemical insights form a strong foundation that
justifies the excellent GCD results and further establish the
Alv-MnCo,0, NPs as a well-engineered, high-performance elec-
trode material for energy storage applications.

4. Conclusion

In this study, we demonstrated a sustainable, Aloe vera-assisted
green synthesis of spinel-type MnCo,0, nanostructures for
high-performance hybrid supercapacitor applications. The
material was synthesized via an eco-friendly route and compre-
hensively characterized. Synchrotron XRD confirmed the for-
mation of a single-phase cubic spinel structure with an average
crystallite size of ~9.13 nm, and TEM/FESEM analyses revealed
well-dispersed, quasi-spherical nanoparticles ranging from
~12.7 to ~26.2 nm. BET analysis confirmed a mesoporous
structure with a moderate surface area (43.27 m> g~') and
~10 nm pore size, ideal for rapid ion transport. XPS and FTIR
analyses revealed the presence of oxygen vacancies and/or
oxygen interstitials, and the coexistence of Mn**/Mn*" and
Co™*/Co®" oxidation states, providing multiple redox-active sites
and improved charge storage kinetics. A b-value of ~0.78 and
increasing capacitive contributions at higher scan rates demon-
strated mixed charge storage behaviour (battery-type and capa-
citive), supporting the supercapacitor characteristics of
material. The material exhibited excellent electrochemical per-
formance, delivering a high specific capacitance of 680 F g~ " at
1Ag ',506.7Fg "at12 Ag " (retaining 74.5% of initial value),
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and 282.7 F g at 80 A g~ ', based on GCD measurements;
additionally, a capacitance of 365.7 F g~ " was obtained at a high
scan rate of 200 mV s~ ' from CV analysis, confirming excellent
rate capability. The electrode maintained 84.5% of its initial
capacitance after 5000 cycles at 20 A g '. Together, these
structural, chemical, and electrochemical features highlight
the synergistic impact of biogenic synthesis, multi-valent redox
couples, mesoporosity, and nanoscale architecture. This study
provides a promising, scalable, and environmentally friendly
route toward energy storage materials for hybrid supercapacitor
applications.
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