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Optical and electrochemical
performance of electrospun NiO-
Mn,O, nano$om.posites for energy
storage applications

Zahra Shoghi Doroudkhani, Jamal Mazloom®*“ & Majedeh Mahinzad Ghaziani

NiO-Mn,O, ribbons were synthesized through electrospinning and subsequently compared with

NiO nanoparticles and Mn,0, octahedral particles to evaluate their optical and electrochemical
properties. XRD analysis confirmed the presence of cubic and tetragonal phases of NiO and Mn,0,,
respectively, within the nanocomposite. UV-Vis diffuse reflectance spectroscopy (DRS) revealed a
bandgap of 3.53 eV for the nanocomposite, while photoluminescence emission quenching indicated
an enhancement in surface defects. The ribbons exhibited superior electrochemical performance,
achieving a specific capacitance of 372 F g~! at a current density of 1 A g%, along with 94% capacitance
retention after 3000 cycles at 7 A g™1. Furthermore, the assembled NiO-Mn,0,//AC asymmetric
supercapacitor device exhibited a maximum energy density of 40 Wh kg™! at a power density of 2400
W kg™. These findings suggest that NiO-Mn,0, ribbons hold significant promise for high-performance
energy storage devices.
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Duringthelastdecade, with the rapid reduction of fossil fuels, global warming, and the worsening of environmental
pollution, much research has been conducted on developing various types of sustainable and renewable energy
storage devices. Presently, batteries and electrochemical capacitors are extensively used technologies that allow
for the possibility of converting and storing energy in various applications! . Supercapacitors are categorized
based on how they store charge into three groups: electrical double-layer capacitors, pseudocapacitors, and
battery-type supercapacitors. Battery-type supercapacitors combine the advantages of electrical double-layer
capacitors and pseudocapacitors, providing high charge storage and maintaining cyclic stability, which results
in both high energy and power”’. Supercapacitors are made of different materials for their application and
capacity. The constituent materials of the electrodes in all types of supercapacitors are different based on the
application and generally contain conductive polymers, metal oxides, and carbon materials. The material used
as an electrochemical supercapacitor electrode must have characteristics such as high surface area, capacitive
behavior, electrochemical stability, and high conductivity®-1°.

Transition metal oxides (TMOs) are recognized for their ability to store energy through redox reactions. When
these oxides are combined to create nanocomposites, their properties are significantly enhanced, depending
on the specific ratios of each oxide involved, making them highly valuable for various applications, including
batteries, fuel cells, and supercapacitors. Nickel oxide (NiO) and manganese oxide (Mn,0,) are among the TMOs
that exhibit outstanding properties for different applications. NiO and Mn,O, are notable transition metal oxides
with wide-ranging applications. NiO is a p-type semiconductor with a bandgap of 3.6-4 eV, recognized for its
structural integrity, environmental friendliness, and affordability. It is utilized in various domains, including
gas sensors, battery cathodes, and catalysts, and shows promise in supercapacitors and solar cells due to its
high capacity and stability!!~!*>. Enhancements like nickel vacancies and oxygen interstitials can overcome its
conductivity limitations. Wei et al. synthesized flower-like porous NiO utilizing a hydrothermal method, which
delivered a specific capacitance of 546.53 F g™! at 2 A g~!. The assembled asymmetric supercapacitor achieved
a high energy density of 29.7 Wh kg™!, maintaining 83.2% of the initial capacity over 3000 cycles at 3 A g™,
Mn,O,, known for its unique valence state and wide bandgap, is thermodynamically stable and conductive. Its
spinel structure, featuring Mn?** and Mn>* ions, contributes to its versatility'>~17. However, it faces challenges such
as low ion diffusion, cycling stability, and conductivity, which restricts its broader application. Hydrothermally
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synthesized spinel Mn,0, exhibited a high specific capacitance of 352 F g™ at a current density of 0.5 A g™,

Metal oxide composites can enhance the supercapacitive performance of their pure counterparts. Recent studies
have successfully electrodeposited a composite electrode made of MnO,-NiO using the chrono-potentiometry
method, which shows improved specific capacitance compared to MnO, alone. The highest specific capacitance
recorded is 435 F g7! in a 0.5 M KOH electrolyte!®. Kumar et al. synthesized a ternary hybrid composite by
functionalizing reduced graphene oxide sheets with NiO/MnO, nanoparticles using microwave irradiation for
uniform distribution. The high porosity of the reduced graphene oxide enhanced diffusion rates and energy
storage capacity. The composite achieved a peak specific capacity of 165.7 mA h g™! and maintained about 83.2%
cyclic stability after 2000 cycles?. He et al. developed a NiO@Mn,0, composite supported by reduced graphene
oxide (rGO) through a one-step hydrothermal method. This NiO@Mn,04/rGO composite demonstrates
impressive electrochemical performance, achieving a specific capacitance of 533.97 F g' at 1 A g~!. After 2000
charge-discharge cycles, it retains 75% of its capacitance even at a higher current density of 10 A g™'*.

Nanofibers produced through electrospinning have established themselves as compelling materials for
energy storage applications, particularly in supercapacitors. This technique allows for the fabrication of ultra-
fine fibers with high surface area and tunable porosity, which are critical for enhancing charge storage capacity
and improving electrochemical performance. The unique morphology of electrospun nanofibers facilitates rapid
ion transport and efficient charge transfer, making them ideal candidates for active materials in supercapacitor
electrodes. Recent advancements in the functionalization of nanofibers, including doping and hybridization
strategies, have led to substantial improvements in energy density, power density, and cycling stability?!~23.

This study focuses on synthesizing a novel NiO-Mn,O, nanocomposite with a ribbon-like morphology
using sol-gel electrospinning followed by calcination. We thoroughly investigated the structural, morphological,
optical, and electrochemical characteristics of the composites using diverse analytical methods. The results
revealed that the NiO-Mn,0, nanocomposite, when used as a supercapacitor electrode material, exhibited high
specific capacitance and sustained cycling stability throughout extended charge/discharge cycles.

Experimental

Materials

All reagents and chemicals including nickel(II) nitrate hexahydrate (Ni(No,),-6H,0, Merck), manganese nitrate
tetrahydrate (Mn(N03)2-4HZO, Merck), polyvinylpyrrolidone (PVP, MW =1,300,000, Sigma Aldrich), N, N-
dimethylformamide (DME, 99.8%, Merck) and ethanol (C,H.OH, 99.9%, Samchun), carbon black (Super P,
Merck), polyvinylidene difluoride (PVDE, Kynar HSV900, Arkema), N-methyl-2-pyrrolidone (NMP,>99%,
Merck), and potassium hydroxide (KOH, > 85%, chem-lab) were used without further purification.

Synthesis of NiO, Mn,0, and NiO-Mn,0, nanocomposite

Nickel oxide (NiO), manganese oxide (Mn,0,),and nickel oxide-manganese oxide (NiO-Mn,0,) nanocomposites
were synthesized using the sol-gel electrospinning technique. The preparation of these materials involves several
key steps.

To produce the nanofibers, 2 mmol of Ni(NO,),-6H,0 (or Mn(NO,),-4H,0) is first dissolved in 5 mL of
ethanol and stirred at 100 rpm for 20 min. Following this, 5 mL of Dimethylformamide (DMF) is added, and
the mixture is stirred for an additional hour. Next, 1.5 g of Polyvinylpyrrolidone (PVP) is gradually incorporated
into the solution while stirring continuously for 20 h to achieve a uniform and viscous sol. This prepared sol
is then subjected to electrospinning under the following conditions: a voltage of 17 kV, a distance of 10 cm
from the needle tip to the collector plate, and a flow rate of 0.4 mL/h. For the fabrication of the NiO-Mn,O,
nanocomposite, the same procedure is followed, using two separate sols containing 1 mmol of each metal nitrate.
These sols are combined and stirred for an additional hour to ensure thorough mixing. Finally, the resulting
nanofibers are dried at 100 °C for 12 h to produce PVP/Ni(NO,),, PVP/Mn(NO,),, and PVP/Ni(NO,),-
Mn(NO,), polymeric nanofibers. These nanofibers are then calcined at 500 °C with a heating rate of 2 °C/min
for 1 h to eliminate any residual polymer. A schematic representation of the preparation process for NiO-Mn,0,
nanofibers is illustrated in Fig. 1.

Characterization

The structural properties of the samples were studied by X-ray diffraction (XRD, PANalytical X'Pert Pro)
analysis using Cu-Ka radiation with a wavelength of 0.15406 nm. Nitrogen adsorption-desorption tests at 77 K
were performed on the prepared samples to analyze their specific surface areas by the Brunauer-Emmett-Teller
method (BET, Belsorp-mini). The Fourier-transform infrared (FTIR) spectra of the samples were investigated
using the Alpha Bruker spectrometer in the wavelength range of 400-4000 cm™!. The samples were analyzed
for their morphology using a field emission scanning electron microscope (FESEM, MIRA3, TESCAN-XMU).
Additionally, the microscope was equipped with energy dispersive spectroscopy (EDS) for further analysis.
Diffuse reflectance spectra (DRS) were performed with a spectrophotometer Scinco 4100 in the wavelength
range of 200-800 nm. Photoluminescence spectra of the samples were measured (Perkin Elmer, LS55).

Electrochemical measurement

Working electrodes for electrochemical testing were prepared by mixing an appropriate volume of N-methyl
pyrrolidinone (NMP) with carbon black (10 wt%), polyvinylidene fluoride (10 wt%) and 80 wt% electroactive
materials (NiO, Mn,0,, NiO-Mn,0, nanocomposite). Then, they were uniformly coated on the surface of
nickel foam (NE 1x1 cm?) and dried in an oven at 80 °C for 12 h to remove the remaining solvent. The active
mass on the surface of the fabricated working electrodes (NiO/NE, Mn,O,/NE NiO-Mn,0, nanocomposite/
NF) is about 1 mg. The electrochemical tests were performed using a device (Potentiostat—Galvanostat, Zahner—
Zennium). Cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) measurements were evaluated
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Fig. 1. Schematic representation of NiO-Mn,0, nanocomposite synthesized via electrospinning method.
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Fig. 2. (a) XRD patterns and (b) Williamson-Hall diagram for NiO, Mn,0,, and NiO-Mn,O, nanocomposite.

in a three-electrode cell system, using Ag/AgCl as the reference electrode, Pt wire as the counter electrode,
and electrodes (NiO/NF, Mn,0O,/NE NiO-Mn,0, nanocomposite/NF) as the working electrode in 3 M KOH
aqueous electrolyte at room temperature. Electrochemical impedance spectroscopy (EIS) was measured in the
frequency range of 0.01-100 kHz, using a 5 mV amplitude.

Results and discussion

XRD analysis
Figure 2a shows the XRD pattern for the prepared samples of NiO, Mn,0O,, and NiO-Mn,0, nanocomposite.

For pure NiO, the diffraction peaks located at 26 values of 37.44, 43.47, 57.57, 62.98, and 79.56° are associated
with the crystal planes (111), (200), (220), (311), and (222), respectively. The obtained results correspond to the
cubic structure of NiO (JCPDS Card No. 01-075-0269) and the Fm-3 m space group?®. In addition, the peaks
marked with the symbol (@) belong to Ni metal (JCPDS Card No. 04-0850)%. The diffraction pattern of pure
Mn304 sample with peaks at 20 values of 18.04, 28.94, 31.06, 32.36, 36.16, 38.03, 44.50, 45.37, 49.87, 50.75, 53.94,
56.07, 58.60, 59.98, 64.73, 65.83, 67.67, 69.74, 74.22, 76.66, and 77.55°, corresponds to the planes (101), (112),
(200), (103), (211), (004), (220), (213), (204), (105), (312), (303), (321), (224), (400), (323), (411), (305), (413),
(422), and (404), respectively. This pattern aligns with the tetragonal phase of Mn,0, (JCPDS Card No. 24-0734)
and the 141/amd space group”®?’. In the NiO-Mn,0, nanocomposite diffraction pattern, the peaks marked with
the symbols (#) and (&) correspond to the NiO and Mn,0O, phases, respectively. The average crystallite size (D)
and the lattice strain (¢) of the samples were estimated using the Williamson-Hall equation’:

Bcosl = % + 4esinf (1)
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The variables B, k, A, and 0 stand for the full-width at half-maximum (FWHM), a constant equal to 0.9, incident
X-ray wavelength measuring 1.5406 A and Bragg diffraction angle, respectively. The plot of fcos8 versus 4sinf is
shown in Fig. 2b. The average crystal sizes for NiO, Mn,0,, and NiO-Mn,O, nanocomposite samples were 35.1,
60.5, and 30.2 nm, respectively, while the lattice strains were 0.0012, 0.00129, 0.00204, respectively.

BET analysis

To thoroughly examine the porous architectures of the samples for enhanced insights, their specific surface areas
and pore dimensions were quantitatively assessed employing N, adsorption-desorption analyses. The nitrogen
adsorption-desorption isotherm corresponding to samples is graphically represented in Fig. 3. This isotherm
distinctly illustrates an IV-type curve, characterized by a prominent hysteresis loop that spans a spectrum of
relative pressures from P/P 0 to 1. The specific surface area values obtained for the samples are 22.32 m? g™ for
NiO, 44.66 m? g’1 for Mn,0O,, and 70.81 m? g’l for the NiO-Mn,0, nanocomposite, respectively. The relative BJH
pore size distribution diagrams of the NiO-Mn,0, nanocomposite are depicted in the inset in Fig. 3. The NiO-
Mn,O, composite exhibited a concentration of pore sizes at 16.97 nm. This finding elucidated that synergistic
integration of Mn,0, and NiO within the composite resulted in an enhancement of porosity. The BET analysis
confirmed the mesoporous characteristics, indicating that the porosity of the electrode materials provides the
beneficial pathways for the intercalation-deintercalation processes of electrolyte ions at the interface between
the electrode and the electrolyte.

FESEM analysis

Figure 4 shows the FESEM image of NiO, Mn,0,, and NiO-Mn,0O, nanocomposite. Figure 4a—c depicts the
morphology of as-spun samples. According to the images, the surface of the nanofibers is entirely smooth and
notably thick prior to calcination. Figure 4d,g shows that the post-calcination of PVP/Ni(NO,), composite at
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Fig. 3. Nitrogen adsorption-desorption isotherm for samples (the inset shows a plot of the pore size
distribution for NiO-Mn,0O, nanocomposite).
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various magnifications, exhibiting a cauliflower-like morphology of the NiO sample. The transformation of
PVP/Mn(NO,), nanofibers into polyhedral Mn,O, particles following calcination can be ascribed to various
factors associated with the heat treatment process, as demonstrated in Fig. 4e¢,h. During sintering, particles
may coalesce and densify, forming larger polyhedral particles. The elevated temperatures may induce surface
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Fig. 4. FESEM images of as-spun (a) PVP/Ni(NO,),, (b) PVP/Mn(NO,),, and (c) PVP/Ni(NO,),-Mn(NO,),
nanocomposite, (d-i) after calcination at various magnification (Images related to each example are arranged
below its as-spun counterpart), (j) EDS spectra NiO-Mn,O, nanocomposite after calcination (inset displays
the atomic percentage of elements), (K) High magnification FESEM image of NiO-Mn,O, nanocomposite.
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tension-driven reshaping of fibers into configurations that lower surface energy, leading to polyhedral shapes. It’s
also possible that the initial nanofiber configuration was not fully stable, and calcination simply reveals a more
stable polyhedral particle structure. The transformation from nanofibers to octahedral particles in the Mn,O,
sample post-calcination can be elucidated by the synergistic roles of PVP, which serves as a reducing, stabilizing,
and shape-directing agent?®. PVP’s affinity for specific crystal facets enables it to act as a shape-directing agent.
During electrospinning, PVP imparts viscosity to the solution, aiding in the formation of the initial nanofibers.
Upon calcination, the decomposition of PVP may lead to the reorganization of manganese ions. These ions tend
to align along crystallographic planes with lower surface energies, culminating in the emergence of octahedral
structures. Concurrently, the manganese ions may engage in self-assembly, a process steered by the reduction
of the system’s free energy, favoring the creation of thermodynamically stable, well-defined octahedral shapes.
Similar morphologies have been reported for manganese oxide samples synthesized with the assistance of
polymers, indicating a common influence of such organic compounds on the crystal growth and final shape of
the nanoparticles***’. Figure 4f,i demonstrates the ribbon-like morphology of the NiO-Mn,0, nanocomposite,
composed of pyramidal particles. The synergistic integration of Mn,O, and NiO within the composite enhances
the thermal stability of the nanofibers. This effect provides structural reinforcement and prevents the fibers from
collapsing or converting into particles. In such composites, the overall surface energy is typically lower than
that of the individual components, which reduces the driving force for morphological changes from fibers to
particles.

Figure 4j shows the EDS spectra of NiO-Mn,O, nanocomposite. The results approve the presence of nickel,
manganese, and oxygen within the configuration of the prepared sample. The table in Fig. 4j provides the atomic
percentages of these elements. Figure 4k presents a high-magnification FESEM image of the NiO-Mn,0,
nanocomposite, showcasing pyramidal particles that have developed on a fibrous structure.

FTIR analysis
Figure 5a represents the FTIR spectrum of NiO, Mn,0,, and NiO-Mn,0, nanocomp051te, showing distinct
absorption bands at various wavenumbers. The peaks appearing at 3430 and 1632 cm™! are associated with the
stretching vibrations of O-H and the H-O-H bending vibrations of water molecules that have been absorbed
from the environment, respectively®"*2. Additionally, the bands created around 1728 and 1279 cm ™! are attributed
to the stretching vibrations of C O and C-O bonds due to CO, adsorptlon on the surface of the samples®>*. The
absorption band at 1127 cm™ corresponds to C-O stretchlng vibrations®®, while the adsorption bands located
at 750 and 85 cm™! bands in NiO can be attributed to NO,~ from nitrates®2. Moreover, the bands at 2959, 2928,
and 2863 cm™! represent stretching vibrations of the C-H groups36 The absorption band at 1461 cm™! indicates
the presence of CH, bending vibration®”

In the NiO sample, the distinct band at 438 cm™! is assigned to the stretching vibrations of the Ni-O bond?2.
In the Mn,0, sample, two sharp absorption bands at 613 and 505 cm™" are linked to stretching states between
the Mn-O tetrahedral and octahedral sites of the Mn,O, nanoparticles®. The band in the specified region
corresponds to the vibration of metal oxide. In NiO- Mn O, nanocomposite, three characteristic absorption
bands at 605, 511, and 458 cm™ can be attributed to the Ni-O bond or O-Mn-O bond®.

DRS analysis

Figure 5b shows the UV-Vis diffuse reflectance spectra of NiO, Mn,0,, and NiO-Mn,O, nanocomposite across
the wavelength range of 300-800 nm. The optical bandgap energy (E ) of the spec1mens was determined using
the Tauc equation?’:

(ahv)™ = A(hv — Ey) (2)

where photon energy, absorption coefficient, and constant are the hv, a, and A, respectively, and # is equal 2 for
a direct band transition. The Kubelka-Munk function F(R) is proportional to the sample absorption coefficient
and is estimated using the following equation*!:

(1-R)?

2R ®

F(R) =

where R is the diffuse reflectance of samples. According to Fig. 5¢c, the bandgap energy of the samples in the
permissible direct transition was calculated by extrapolating the linear part of the curve (F(R) hv)? versus hv.
The estimated band gap of NiO was 3.25 eV, while Mn,O, has higher bandgap energy of 3.60 eV. The difference
in bandgap energies can be attributed to the different electronic structures and crystal field effects in these
two metal oxides. For the NiO-Mn,O, nanocomposite, the bandgap energy is 3.53 eV, which is between the
bandgap energies of the individual components. This suggests that the electronic structures of NiO and Mn,0,
are interacting in such a way that the bandgap of the composite is altered*2. Also, the observed energy band g gap
reduction in nanocomposites can be attributed to the emergence of exchange and correlation energies among the
electron-electron, and hole-hole interactions during the formation of the nanocomposites. This phenomenon
is indicative of strong electronic interactions that facilitate charge transfer processes within the composite
material?®. As such, the reduction in band gap not only signifies enhanced electronic coupling but also suggests
improved charge transport properties, which are essential for applications in supercapacitor devices.

PL analysis
The photoluminescence (PL) spectrum provides information about the radiation recombination taking place in
the material. The PL spectra of the NiO, Mn,0,, and NiO-Mn,0O, nanocomposite samples in the range of 200~
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Fig. 5. (a) FTIR spectra for NiO, Mn,0,, and NiO-Mn,0, nanocomposite, (b) UV-Vis DRS and (c) Tauc plot
of samples, (d) Photoluminescence spectra of NiO, Mn,0,, and NiO-Mn,0, nanocomposite.

800 nm, with an excitation wavelength of 270 nm are shown in Fig. 5d. For the NiO sample, the emission peak
observed at 366 nm is linked to the near band-edge emission (NBE), stemming from exciton recombination
processes occurring between the conduction and valence bands***°. The peak at 524 nm is likely due to
oxygen-related defects*. In contrast, the Mn,O, sample exhibits an emission peak at 383 nm, which can be
attributed to the recombination of free excitons through the exciton-exciton collision process at the near band-
edge’. Owing to a reduced defect density or a lower density of states at the band edge, Mn,0, demonstrates
a diminished NBE emission PL intensity compared to NiO. The observed decrease in PL intensity within the
NiO-Mn,O, nanocomposite spectrum may be linked to a reduced electron-hole recombination rate*®. Non-
radiative recombination centers created by surface defects in the nanocomposite are probably responsible for
the quenching of photoluminescence emissions. These defects may serve as trapping sites for charge carriers,
causing a decrease in the radiative recombination efficiency and subsequent quenching of PL intensity. Moreover,
heterojunctions formed at the NiO and Mn,O, interface within the nanocomposite introduce alternative
recombination pathways for charge carriers, potentially resulting in further PL quenching compared to the
individual oxide components. Consequently, PL quenching in the NiO-Mn,0, nanocomposite indicates an
increase in surface defects, which can act as active sites for electrochemical reactions, enhancing the material’s
performance in energy storage applications.

Electrochemical analysis
The electrochemical performance of NiO, Mn,0,, and NiO-Mn,0, nanocomposite was examined using cyclic
voltammetry and galvanostatic charge-discharge analysis. Figure 6a—c shows the cyclic voltammetry curves of

Scientific Reports |

(2025) 15:11436 | https://doi.org/10.1038/541598-025-96008-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

electrodes made of NiQO, Mn,O,, and NiO-Mn,0, nanocomposite at different scan rates of 10, 30, 50, and 80 mV
s~! within the potential window of 0-0.5 V. The shape of the curves indicates the quasi-capacitive behavior of the
electrodes. In the CV curves, two distinct redox peaks are detected due to Faradaic electrochemical reactions.
The corresponding reaction equations in the KOH electrolyte are as follows**’:

NiO + OH™ + NiOOH + e~ (4)
MnsO4 + OH™ 4+ Hy0 < 3MnOOH + e~ (5)

As can be seen, with increasing scanning rate, the redox currents increase. Concurrently, the position of the
anode peaks shifts to a more positive potential, while the cathode peaks shift to a more negative potential. This
shift may be attributed to an increase in ohmic resistance and polarization during the reaction®. Despite the
changes in scan rate, the symmetrical nature of the curves remains unchanged, suggesting that the reactions are
reversible and that the redox processes at the surface of the sample are rapid®'.

The enclosed area under the CV curves indicates the amount of charge stored, which is directly related to the
capacitance. The specific capacitance for the electrodes is obtained from the CV curves by applying the following

equation®?:
40
NiO (@) Mn,0, (b)
——10mVs’ A e 10 MV 57!
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Fig. 6. CV curves at different scan rates of (a) NiO, (b) Mn,0,, (c) NiO-Mn,0, nanocomposite, (d) CV
profiles of the electrodes recorded at a scan rate of 80 mV s~!.
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[ idv
=L (6)
c muAV

where, C_is the specific capacitance, f idV integral area beneath the curve, m is the mass of the electrode’s active
material, v indicates the scan rate, and AV signifies the potential window.

The CV curves of the NiO, Mn,O,, and NiO-Mn,0, nanocomposite electrodes at a scan rate of 80 mV s~! are
shown in Fig. 6d. The specific capacitance measured at scan rates of 10, 30, 50, and 80 mV s™! was approximately
334,298, 263, and 205 F g’l for NiO; 402, 343, 323,and 275 F g’1 for Mn,O,; and 472, 441, 408, and 356 F g’1 for
the NiO-Mn,0, composite. The higher specific capacitance of the NiO-Mn,0, nanocomposite, in comparison
to the individual NiO and Mn,O, samples, suggests that it can store more charge within the electrode, thereby
exhibiting superior capacitive performance.

Figure 7a shows the variations in specific capacitance for NiO, Mn,0,, and NiO-Mn,0, nanocomposite
electrodes at different scan rates. This trend may be attributed to the restricted ion distribution within the
electrode surface cavities during higher scan rates>. Using cyclic voltammetry, the change in current response to
variations in sweep rate can offer insights into whether the redox reaction is controlled by diffusion. Established
techniques are available to distinguish between diffusion-controlled and surface processes in electrode materials.
The total capacitance of the electrode consists of two parts: rapid electrochemical processes, such as ion
adsorption/desorption electric double layer capacitance process (EDLC), and fast Faradaic reactions of redox
species. The second part is affected by ion diffusion within the electrode material. Identifying the dominant
process is crucial for accurately interpreting the performance of the electrode material®%. During a linear voltage
scan at a constant rate, the electrode current follows a power law relationship®®:

i=a’ (7)
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Fig. 7. (a) Specific capacitance vs different scan rates, (b) plot of log i vs log v for NiO-Mn,O s nanocomposites
electrode (inset: linear fitting of k; and k, parameters), (c) CV curve at a scan rate of 30 mV s™' (Shaded region
shows the diffusive contribution), (d) percentage of Diffusive and capacitive contribution at various sweep
rates.
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Here, T’ stands for the current, ‘v’ indicates the sweep rate, while ‘@ and ‘b’ are constants; specifically, b’ equals 1
for EDLC processes and 0.5 for reactions governed by diffusion. For NiO-Mn,0, supercapacitor tested in KOH
electrolyte, ‘b’ value of approximately 0.77 (0.5<b<1) suggests a combination of battery-type and capacitive

mechanisms, which we refer to as supercapattery behavior. This relationship can be expressed as:

i=kv+ K'v? (8)
where “i” is the current at a set voltage, and “k” and “k’” represent constants. By plotting i/v'/? against v!/2, we
can determine the slope k. By calculating the values of “k” and “k””, we can graph the diffusion contribution
(shaded region), as illustrated in Fig. 7c at a scan rate of 30 mV s~!. Diffusion-controlled and capacitive-
controlled contribution percentages at sweep rates from 20 to 80 mV s™! are depicted in Fig. 7d. At slower
scan rates, the surface contribution is reduced compared to faster scan rates. As the scan rate increases, the
diffusion-controlled contribution declines slightly. Nevertheless, even at high scan rates, the diffusion-controlled
component remains more stable and substantial compared to the capacitance contribution. This indicates that
the significant capacitance of the NiO-Mn,O, composite electrode mainly originates from battery behavior®.

To more precisely assess the electrochemical performance and cyclic stability of NiO, Mn,0,,, and NiO-Mn,0,
nanocomposite electrodes, GCD analysis was performed within a potential range of 0-0.5 V at current densities
of1,3,5,7,and 10 A g‘l. The electrodes’ charge-discharge curves at different current densities are presented
in Fig. 8a—c. The nonlinear and relatively symmetrical forms of the charge-discharge curves underscore the
battery-like nature, which is consistent with the oxidation-reduction peaks observed in CV curves?,

The specific capacitance (C,) and specific capacity (Q) of electrodes were calculated based on GCD curves
using Egs. (9) and (10).

172

I x At
s = 9
c mx AV ©)
I x At
_ 10
Q m X 3.6 (10)

Here, I, At, m, and AV refer to the current, discharge time, and mass of active material in the electrode and
potential range, respectively®’~>.

The GCD curves of NiO, Mn3O » and NiO—Mn3O , Nanocomposite electrodes at a current density of 1 A g‘1
are displayed in Fig. 8d. The specific capacitance values obtained for the samples are 230 F g™! for NiO, 246 F g!
for Mn,O,, and 372 F g‘1 for the NiO-Mn,O, nanocomposite, as shown in Table 1. Notably, the NiO-Mn,0,
nanocomposite revealed a longer discharge time than the pure samples, suggesting a higher specific capacitance,
which can be attributed to the combined structure and synergistic effect between NiO and Mn,0,%.

The changes in specific capacitance of NiO, Mn,0,, and NiO-Mn,0, nanocomposite electrodes according to
different current densities are shown in Table 1. The specific capacitance values of the electrodes decrease with
increasing current density. At lower current densities, electrolyte ions have enough time to engage in charge
exchange at the electrode—-electrolyte interface, allowing for a thorough distribution across all active sites of the
electrode material. In contrast, higher current densities may lead to underutilization of the electrode materials
due to limited ion diffusion. Additionally, the GCD curves reveal an escalation in voltage drop corresponding
with the increase in current density, which contributes to the reduction in specific capacitance at elevated current
densities®!.

Figure 8e illustrates the cycling stability of electrodes at a current density of 7 A g~! over 3000 cycles. The NiO-
Mn,O, nanocomposite electrode exhibits a capacitance retention of about 94%, higher than the Mn,0, (91%)
and NiO (89%) electrodes. This indicates commendable cyclic stability, likely due to the reduction of impurities
and enhanced electrochemical characteristics, including better charge transfer and structural integrity, resulting
in superior performance and long-term cycling stability?>.

To more accurately study the charge-transfer and capacitive nature of NiO, Mn,O,, and NiO-Mn,0,
nanocomposite electrodes, electrochemical impedance spectroscopy (EIS) was conducted over a frequency
range of 100 kHz to 0.01 Hz in a 3 M KOH electrolyte solution. Figure 8f shows the Nyquist plots for each of the
electrode materials, with inset plots highlighting the data in the high-frequency domain. The intercept found on
the x-axis is indicative of the equivalent series resistance (R ), which comprises the cumulative effect of solution
(KOH) resistance, working electrode resistance, and the contact resistance between the electrode material and
current collector material. The diameter of the semicircle in the high-frequency range is directly correlated to
the charge transfer resistance (R_,) of the electrode, which plays a crucial role in governing the movement of
charge within the electrode-electrolyte interface. On the other hand, the Warburg impedance (W) associated
with electrolyte diffusion is depicted by the upright line in the low-frequency range®?-%*. By employing a suitable
equivalent circuit model using Z-View software (as shown in the inset of Fig. 8f), it is evident that the value of
R, is smaller for the NiO-Mn,O, nanocomposite electrode (0.50 ) compared to both the Mn,0O, electrode
(17.38 Q) and the NiO electrode (23.76 Q). This reduction in R , observed in the NiO-Mn,0, nanocomposite
electrode can be attributed to the highly effective interaction between the electrolyte and the electrode material,
thereby enhancing the accessibility of electrochemically active sites and promoting efficient charge transfer
mechanisms®>®. As delineated by the equivalent circuit analysis, the NiO-Mn,O, nanocomposite showcases the
lowest R_ value (1.83 Q), which is notably lower than the corresponding values for both the Mn,O, (1.97 Q) and
NiO (2.48 Q) electrodes. Taken together, all these findings unequivocally support the assertion that the NiO-
Mn,O, nanocomposite electrode demonstrates superior specific capacitance compared to all the tested samples.
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Fig. 8. GCD curves of (a) NiO, (b) Mn,0,, and (c) NiO-Mn,0, nanocomposite in various current density,
(d) comparative GCD curve of three electrodes in current density 1 A g~!, (e) cycling stability of electrodes,
(f) Nyquist plots of the electrodes (The inset shows the equivalent circuit and a close-up view of the high-
frequency region).

Notwithstanding, given that the magnitude of capacitance plays a critical role in determining the energy
density of the resultant device, the NiO-Mn,O, electrode has been chosen to assess the electrochemical
properties of the devices. The efficacy of supercapacitors is influenced not only by the composition of the positive
electrode but also significantly by the composition of the negative electrode. Activated carbon (AC) is applied
on the surface of nickel foam to fabricate a flexible asymmetric device. Moreover, a charge balancing procedure
between the positive and negative electrodes is implemented to ensure that the device demonstrates optimal
performance. The CV curves for both the positive and negative electrodes, in addition to the device, assessed at a
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Current density | Specific capacitance (Fg™!) | Specific capacity (mAh g™')
(Agh) NiO | Mn,O, | NiO-Mn,0, | NiO | Mn,0, | NiO-Mn,0,
1 230 | 246 372 35 42 60

3 211 | 220 323 29 31 45

5 186 | 192 305 26 28 42

7 171 | 178 292 23 25 40

10 146 | 151 265 19 22 37

Table 1. Calculated values of the specific capacitance and specific capacity of electrodes from the GCD plots at
various current density.

scan rate of 30 mV s71, are depicted in Fig. 9a. The voltage range for AC extends from — 1 to 0 V, thereby affording
a considerable voltage range for the device. CV and GCD measurements at varying voltages are performed to
ascertain a suitable voltage window for the device, indicating that the voltage window can achieve up to 1.6 V.

Figure 9b elucidates that the CV curves of the apparatus manifest a quasi-rectangular shape at scan rates
varying from 10 to 80 mV s™!, which can be ascribed to the dominant pseudocapacitive nature of the device. The
specific capacitances recorded across different scan rates are 209, 183, and 114 F g’l, respectively, showcasing
negligible deterioration despite a tenfold escalation in the scan rate, thus signifying the device’s outstanding rate
capability. Figure 9c displays the GCD curves of the device at current densities spanning from 1 to 10 A g™!, with
specific capacitances documented at 120, 115, 106, 84, and 62 F g’1 corresponding to the current densities of 1,
3,5,7, and 10 A g7}, respectively. In Fig. 9d, the device exhibits exceptional cycling stability, demonstrating a
capacitance retention of 89.75% after 5000 cycles at a current density of 7 A g™!. The coulombic efficiency of the
electrode (7,) was assessed utilizing Eq. (11) based on charge and discharge times (t_and t d)67, and the findings
are illustrated in Fig. 9e. The derived coulombic efficiency is estimated to be approximately 93.1%, corroborating
the device’s notable reversibility.

(%) = — x 100% (11)

Taking into account the measured C, of the device across a range of current densities, both power density and
energy density are computed employing the equations outlined below®’.

2
o C;LQV (12)
P = 3600% (13)

E (Wh kg™') represents the energy density, whereas P (W kg™!) denotes the power density. A Ragone plot is
utilized to elucidate the correlation between power density and energy density within the asymmetric storage
device. The energy and power density values for the NiO-Mn,0,//AC electrode were calculated using Eqgs. (12)
and (13). The energy densities of 40, 38, 35, 29, and 22 Wh kg‘1 were obtained at power densities of 2400,
3800, 6300, 7450, and 8800 W kg™!, respectively, and at current densities of 1, 3, 5, 7, and 10 A g™'. The
corresponding Ragone plots are provided in Fig. 9f. The enhanced energy density of the NiO-Mn,0, //AC
system is ascribed to the synergistic interaction present between the NiO and Mn,0,, both of which exhibit a
high specific capacitance. Even at an elevated current density of 10 A g™, the energy density retains a value of 22
Wh kg~! while simultaneously achieving a peak power density of 8800 W kg~!. The comparative analysis of other
literature with the present study is listed in Table 2, indicating that the performance is related to the composition,
morphology of the samples, as well as the electrolyte used.

Conclusion

The NiO-Mn,0, ribbons, embedded with pyramid-shaped particles, were synthesized using the sol-gel
electrospinning method. Their optical and electrochemical properties were compared to those of NiO
nanoparticles and Mn,O, octahedral particles. X-ray diffraction confirmed the presence of cubic and tetragonal
phases of NiO and Mn,0,, respectively. UV-Vis diffuse reflectance spectroscopy measurements indicated that
the bandgap energy of the NiO-Mn,0, nanocomposite is 3.53 eV, positioned between the bandgap energies of
its individual components. The observed quenching of PL emission in the NiO-Mn,O, nanocomposite is likely
attributed to surface defects, traps, or non-radiative recombination centers. The NiO—MnSO A ribbons exhibited
remarkable electrochemical performance, achieving a maximum specific capacitance of 372 F g™! at a current
density of 1 A g”!. Notably, after 3000 cycles at a current density of 7 A g”1, the specific capacitance retention of
NiO-Mn,0, nanocomposite significantly improved to 94% compared to individual components. Additionally,
the assembled NiO-Mn,0,//AC asymmetric supercapacitor device reached a maximum energy density of
40 Wh kg™ at a power density of 2400 W kg™'. NiO-Mn,0, electrode with safe and suitable electrochemical
performance is promising for practical application in energy storage devices and might play an important role
in renewable energy, potentially reducing pollution and decreasing the consumption of hydrocarbon fuels. We
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Specific capacitance
Materials Method Scan rate/current density | (Fg™) Electrolyte | Ref
CuS@NiO Hydrothermal 1Ag! 980 4MKOH |¢
NiO/rGO Hydrothermal 05Ag! 171 6MKOH |
Graphene/Mn,0, | Hydrothermal 05Ag! 121 1 MNa,SO, |7
NiO/Co,0, Hydrothermal 1Ag! 958 IMKOH |7
NiO@MnO, Hydrothermal 05Ag! 266 2MKOH |°
Mn,0,/NiO Solvothermal 1Ag! 331 1 M KOH 10
Cr,0,-NiO Hydrothermal 10mV s 333 IMKOH |72
NiO-MnO,@rGO | Microwave irradiation | 20 mV/ st 596 0.1MKOH |2
NiO@Mn304/rGO Hydrotherma] 1A g’1 533 1 M KOH 4
NiO/MnO, Sol-gel 10mVs™! 453 6 M KOH 7
NiO/MnO, Hydrothermal 50mV s 204 IMKOH |7
NiO-Mn,0, Electrospinning 1Ag! 372 1 M KOH This work

Table 2. Comparison on electrochemical performances NiO-Mn,O, nanocomposite with other reports.

hope that this work can open up new possibilities for exploring novel binary transition metal oxides as electrode
materials for application in the energy storage field.
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