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Rational design of NiCo,0O @carbon hollow
spheres as a high-performance electrode material
for flexible supercapacitorsy

{ M) Check for updates ‘

Cite this: Nanoscale, 2025, 17, 2252

Naveen T. Bharanitharan,? Durgalakshmi Dhinasekaran, (5 °

M. R. Ashwin Kishore, (2 ¢ Balakumar Subramanian® and Ajay Rakkesh Rajendran () *2

The design of innovative, flexible electrode materials with high electrochemical performance is critical for
the development of next-generation supercapacitors. Here, we report the rational synthesis of
NiCo,04@carbon hollow spheres, engineered via a metal-organic framework (MOF)-templated strategy,
as a high-performance electrode material for flexible supercapacitors. The unique hollow structure of
NiCo,04@carbon enhances ion accessibility and electron transport, while the carbon layer provides struc-
tural stability and conductivity, significantly boosting energy storage capabilities. Structural characteriz-
ation confirms the well-defined hollow morphology and uniform carbon coating, optimizing electro-
chemical activity. Electrochemical analysis reveals outstanding capacitance, enhanced performance even
at elevated current densities, and long-term stability, making NiCo,O4@carbon hollow spheres a promis-
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ing candidate for flexible, energy-dense supercapacitors. The material achieves a high specific capaci-
tance of 733 F g™t at 1 A g™%, with minimal degradation over 5000 cycles, underscoring its potential in
wearable electronics. This work highlights the effective use of MOF templates for creating hierarchical
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Introduction

Over recent years, there has been a significant shift toward the
development of portable and flexible electronics, driven by the
increasing demand for devices that are compact, lightweight,
and capable of conforming to various shapes and
applications.™” Traditional batteries, while effective, often face
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pristine NCO@Cs, a schematic explanation of the preparation strategy and XPS
spectra are provided. Three-electrode studies: voltammograms of NCO®@C at
higher scan rates; b-value, k; and k, obtained using the Dunns method; voltam-
mograms distinguished by current contribution; specific capacitance over
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nanostructures, offering valuable insights into the rational design of flexible energy storage materials.

limitations in terms of size, weight, and flexibility, thus motiv-
ating researchers to explore alternative energy storage solu-
tions.” Among these alternatives, supercapacitors have
emerged as a highly promising option. In particular, flexible
asymmetric supercapacitors (ASCs) have attracted substantial
attention due to their ability to combine electrode materials
with complementary electrochemical properties, enabling
enhanced energy storage while maintaining mechanical
flexibility.*®

Electrode materials for supercapacitors are primarily classi-
fied based on their charge storage mechanisms: double-layer
capacitance and pseudo-capacitance. Materials that exhibit
both types of mechanisms are considered ideal candidates for
energy storage applications.®® Nickel oxide (NiO) has long
been regarded as a top-performing pseudocapacitive material
owing to its high theoretical capacitance, large surface area,
and versatile morphology. However, its electrochemical per-
formance is hindered by issues such as poor cycling stability
and low conductivity. To overcome these limitations, cobalt
oxide (Co30,4) can be introduced to form a bimetallic nano-
composite. Cobalt oxide contributes excellent electroactive pro-
perties and improved cycling stability, making it an attractive
component for advanced supercapacitor applications.”*°

One of the most promising bimetallic oxides in this context
is nickel cobalt oxide (NiCo,0,, NCO), which has garnered sig-
nificant interest due to its superior electrical conductivity,

This journal is © The Royal Society of Chemistry 2025
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enhanced redox properties, and cost-effectiveness. Despite its
advantages over monometallic oxides, NCO faces challenges
related to structural stability, which is crucial for long-term
supercapacitor performance. Also, it is known that these bi-
metallic oxides are more susceptible to volumetric changes
over cycling, which affects stability. In comparison, materials
like sulfides and phosphides offer better stability, prompting
the need for innovative strategies to improve NCO’s
performance.'* ™"

MOFs (metal-organic frameworks) have evolved as a
dynamic solution for energy storage and environmental appli-
cations. Nickel-cobalt-based MOFs, in particular, offer unique
architectures, large surface areas, tunable pore sizes, and excel-
lent stability.”> However, their poor electrical conductivity
limits their direct application in energy storage. To address
this issue, recent research has focused on deriving bimetallic
oxides from partially carbonized MOFs.'® Ren et al. syn-
thesized ZnO@NiO and Co;0,@NiO composites from MOFs,
leveraging the residual carbon from the organic framework.
This residual carbon enhances electrical conductivity and miti-
gates volumetric changes, leading to superior pseudocapacitor
performance. Similarly, Zhu et al. developed MOF-derived P-
C0;0,@NC@OV-NiMnLDH//CNT@ZIF-8-derived carbon,
which exhibited remarkable specific capacitance and ultra-
long cycling stability, underscoring the material’s enhanced
durability. These studies demonstrate that partially carbonized
metal oxides derived from MOFs effectively address critical
challenges, such as poor electrical conductivity and volumetric
changes. At the same time, enhanced pore connectivity
improves overall stability.'”'

In this study, we report the synthesis of carbon-supported
nickel cobalt oxide (NCO@C) derived from a bimetallic NiCo-
BTC (benzene tricarboxylic acid) MOF. The synthesis involves a
solvothermal method followed by partial carbonization under
an inert atmosphere and subsequent oxidation in open air at
high temperatures. This process yields carbon-supported NCO
materials with high specific capacitance, superior conductivity
and enhanced structural robustness. This approach provides a
simple yet effective route to enhance the performance of NCO
by leveraging the unique properties of MOF-derived carbon
frameworks. Integrating NCO@C as an electrode material in
flexible ASCs is expected to significantly improve energy
storage performance. This potential is explored through com-
prehensive structural and electrochemical characterization,
demonstrating the material’s feasibility for real-world flexible
energy storage applications.

Materials and methods
Synthesis of NiCo-BTC microspheres

The synthesis process begins by dissolving Ni(NO3),-6H,0 and
Co(NO3),-6H,0 in a 1:2 molar ratio in 40 ml of DMF.
Concurrently, 0.315 g of trimesic acid is added to the solution
containing the dissolved metal salts, and the mixture is stirred
for 30 minutes to ensure complete dissolution. The resulting
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solution is then transferred to a 100 ml Teflon-lined stainless-
steel autoclave and heated at 150 °C for 12 hours. After the
reaction, the autoclave is allowed to cool naturally. The
obtained product is rinsed with ethanol and centrifuged four
times to remove any residual impurities. The sample is then
dried overnight at 80 °C in a hot air oven. Finally, the dried
powder is collected, thoroughly ground using a mortar and
pestle, and prepared for various characterization studies.

Synthesis of NiC0,0, derived from NiCo-BTC

NiCo-BTC (0.5 g) was placed in an alumina boat and posi-
tioned inside a tubular furnace. The sample underwent
annealing at 350 °C for 30 minutes under an argon atmo-
sphere. Following this, the sample was further annealed at
400 °C for 2 hours under open-air conditions to ensure com-
plete oxidation (as shown in Fig. S1t). After the annealing
process, the samples were collected, finely ground using a
mortar and pestle, and prepared for subsequent
characterization.

Characterization

The obtained samples were thoroughly characterized using
various analytical techniques. X-ray diffraction (XRD) was per-
formed with a PANalytical powder diffractometer using Cu Ko
radiation to confirm the crystal structure. Fourier transform
infrared spectroscopy (FTIR) was conducted with a Shimadzu
IR Tracer 100 spectrometer, covering an infrared (IR) range
from 400 to 4000 cm™, to identify functional groups. The
surface chemistry of the samples was analyzed using X-ray
photoelectron spectroscopy (XPS) with a PHI-VERSAPROBE III
instrument. For morphological and compositional analysis,
high-resolution scanning electron microscopy (HRSEM) was
employed using a Thermo Scientific Apreo S instrument, while
high-resolution transmission electron microscopy (HRTEM)
was performed using a JEOL JEM-2100 Plus. The specific
surface area of the samples was determined through nitrogen
(N,) adsorption-desorption measurements using the
Brunauer-Emmett-Teller (BET) method with a Micromeritics
ASAP 2020 surface area analyzer. The electrochemical behavior
of the NiCo,0, microspheres was examined using cyclic vol-
tammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS). These measure-
ments were carried out on an OrigaFlex OGF05A electro-
chemical workstation, utilizing a three-electrode system, with
platinum wire as the counter electrode and Ag/AgCl as the
reference electrode.

Preparation of electrodes for three and two electrode studies

The preparation of the working electrode involved loading a
vial with a mixture of 90 wt% of the active material, 5 wt%
polyvinylidene fluoride (PVDF) as the binder, and 5 wt%
carbon black as the conductive additive. This mixture was
thoroughly blended with N-methyl-2-pyrrolidone (NMP)
solvent until it formed a slurry. The resulting slurry was then
uniformly applied onto a 0.5 x 0.5 cm area of nickel foam (NF)
using a brushing technique. Prior to coating, the nickel foam
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was weighed and labeled as ‘E,,’. After the coating was dried,
the electrodes were weighed again, labeled as ‘E.,’, and the
weight of the active material was calculated by subtracting ‘E,’
from ‘E.,’.

Results and discussion

The structural characterization of NCO@C derived from NiCo-
BTC was conducted using X-ray diffraction (XRD) (Fig. 1a). The
XRD patterns confirm the successful formation of bimetallic
oxides, with high-intensity peaks corresponding to NiCo-BTC
no longer visible. Instead, new peaks were observed at 20
values of 19.11°, 31.30°, 36.84°, 44.86°, 59.39°, and 65.23°, and
indexed with corresponding Miller indices from (111) to (440)
owing to the cubic spinel structure of NiCo,0O4, which
coincides with JCPDS #20-0781. These diffraction planes
further corroborate the formation of the desired bimetallic
oxide phase. Notably, the absence of carbon peaks in the diffr-
actogram indicates that the carbon present is in an amorphous
form.

Further confirmation was obtained via Fourier-transform
infrared (FTIR) spectroscopy, as revealed in Fig. 1b. The spec-
trum of NiCo-BTC displays peaks at 1355 and 1605 cm™',
corresponding to the symmetric (v) and asymmetric (Vas)
stretching of carboxyl groups from trimesic acid, confirming
the effective coordination of -COO groups with the metal
center in a bidentate fashion."”*° Additionally, peaks at 1058,
757, and 1556 cm™ " were owing to the aromatic ring’s stretch-
ing vibrations. At lower wavenumbers, bands at 466 and
534 ecm™" correspond to Ni-O and Co-O bond stretching
vibrations, providing further evidence of the successful for-
mation of NiCo-BTC. The FTIR analysis of the NCO@C sample
reveals broad bands at 641 and 560 cm ™, attributed to metal-
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Fig. 1 (a) X-ray diffractograms of NiCo—BTC and NiCo,0,4 along with
the JCPDS card. (b) Infrared spectra of NiCo—BTC and NiCo,0;,. (c & d)
Micrographs of the NCO@C microspheres at various resolutions. (e & f)
TEM images showcasing similar morphologies and respective lattice
planes. (g—j) Elemental mapping of various atoms present in NCO@C.
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oxygen (M-O) vibrations, while bands at 1599 and 1394 cm ™"
are associated with C-C and C-O vibrations.*"**

The morphology and structure of NCO@C were examined
using scanning electron microscopy (SEM) (Fig. 1c and d),
which revealed that the NCO particles have a uniform size dis-
tribution and shape. The MOF template played a crucial role
in forming the hollow spherical structures, which are com-
posed of smaller spherical crystallites. These -crystallites,
oriented in various directions, aggregate to form hollow
spheres with rough outer surfaces. The SEM images at
different resolutions are provided in Fig. 1c and d. At lower
resolution, the SEM images reflect the spherical structure with
a rough exterior. The aggregated spheres can be distinctly seen
at higher resolution, revealing their outer rough surfaces. The
elemental mapping (Fig. 1g-j) further confirms the presence
and distribution of Ni, Co, and O within the structure.

Transmission electron microscopy (TEM) analysis corro-
borates the formation of the hollow spherical structures, show-
casing a high degree of crystallinity at the atomic level. Fig. 1e
and Fig. S37 display the successful formation of the spherical
morphology through the assembly of the crystallite particles.
The clear interior and denser exterior of NCO@C exhibit the
hollow structure formed due to the agglomerated crystallite
particles with overall spherical morphology. At higher resolu-
tion, the crystallite particles with different orientations
agglomerated to form the spherical hollow structure, as can be
seen in Fig. 1f. The lattice fringes observed in the TEM images
correspond to the (111) planes, with an interplanar spacing of
0.23 nm, further validating the formation of NiCo,0O, in line
with the XRD results. The hollow structure, well-defined mor-
phology, and uniform size further emphasize the successful
transformation of NiCo-BTC into NCO@C.

The XPS analysis of the carbonized hollow NCO@C spheres
confirmed the presence of Co, Ni, O, and C elements fitted
with the Gaussian-Lorentzian function and provided valuable
insights into their oxidation states. The deconvoluted Co 2p
spectrum displayed two spin-orbit components, Co 2ps, and
Co 2py5,, with binding energies at 779.4 eV and 794.6 eV,
respectively, corresponding to the Co®" oxidation state.
Additionally, the peaks detected at 781.4 eV and 797.1 eV were
ascribed to the Co®" oxidation state. Similarly, the Ni 2p spec-
trum exhibited spin-orbit components at 853.7 eV and 855.6
eV for Ni 2p;, and at 870.9 eV and 873.1 eV for Ni 2py,
characteristic of the Ni** and Ni*" oxidation states. The dual
presence of Co**/Co** and Ni**/Ni** redox pairs plays a pivotal
role in enhancing the charge storage capabilities of the
material. The higher oxidation states (Co®" and Ni**) are par-
ticularly advantageous, as they promote increased charge
mobility and improve redox kinetics at the electrode-electro-
Iyte interface, resulting in superior electrochemical perform-
ance. Furthermore, the facile transition between these oxi-
dation states enables rapid faradaic reactions, essential for
achieving high specific capacitance in charge storage appli-
cations. These observations align with previous studies that
emphasize the significance of mixed-valence states in aug-
menting the pseudocapacitive behavior of metal oxides.?*™2°
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The oxygen 1s spectrum (Fig. S2b¥) revealed three distinct
peaks: O; at 529.4 eV, corresponding to metal-oxygen bonds
(M-0), O, at 530.9 eV, attributed to oxygen ions (0°>7), and O
at 532.4 eV, representing chemisorbed oxygen and under-co-
ordinated lattice oxygen, which play a key role in improving
surface reactivity. The carbon 1s spectrum displayed peaks at
binding energies of 284.8 eV, 285.2 eV, and 288.5 eV, and the
peaks were associated with C-C, C-O, and lastly with C=0,
respectively, confirming the successful partial carbonization of
the material, which enhances the conductivity of the compo-
site (Fig. 2a—c).””"?8

Further insights into the surface area and porosity of the
NCO@C microspheres were obtained using N, adsorption/de-
sorption isotherms. The curves exhibited a type IV isotherm
with a well-defined hysteresis loop at high pressures, indicative
of a mesoporous structure. The NCO@C spheres demonstrated
a large BET surface area of 91 m”® g~ ', significantly higher than
typical bimetallic oxides. The pore size distribution study
(BJH) revealed pore sizes primarily in the range of 2-10 nm,
further confirming the mesoporous architecture. This high
pore volume and mesoporosity facilitate the rapid diffusion of
OH™ ions (from the electrolyte) into the microspheres, enhan-
cing the performance of the material. The optimized meso-
porous structure allows for effective faradaic reactions, promot-
ing efficient ion exchange and charge storage within the elec-
trode material (Fig. 2d).>°

The electrochemical behaviour of the NCO microspheres
coated on nickel foam (NiF) was systematically investigated
using a three-electrode setup. Cyclic voltammetry (CV) was per-
formed at various scan rates (v), ranging from 2 to 50 mV s
Voltammograms for the scan rates from 10 to 50 mV s~ " are
shown in Fig. S4,1 with a potential window of 0.7 V (Fig. 3a).
Distinct redox peaks corresponding to reduction and oxidation
processes are evident, indicating the occurrence of redox reac-
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Fig. 2 (a) XPS spectra revealing the surface chemistry of nickel 2p, (b)

cobalt 2p & (c) carbon 1s. (d) N, adsorption—desorption analysis of
NCO@C (inset: pore size distribution profile).
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Fig. 3 (a) Voltammograms at various scan rates. (b) Correlation
between the peak current and the square root of the scan rate. (c)
Current contribution at distinct scan rates using Dunn’s method. (d)
Charge—discharge curves. (e) Cycling stability over 5000 cycles. (f)
Impedance spectra revealing the intrinsic properties of the NCO@C
electrodes.

tions between Ni/Co-O and hydroxyl ions. As the scan rate
increases beyond 20 mV s, the electrode displays a mix of far-
adaic pseudocapacitance and double-layer capacitance, with
the latter becoming more dominant at higher rates, likely due
to partial carbonization. At lower scan rates, the faradaic pseu-
docapacitance is more pronounced. To explore the redox be-
havior of the NCO microspheres in greater detail, scan rates
ranging from 2 to 10 mV s~ were employed.

The correlation between the peak current (i) and the
square root of the scan rate (v*/?) for both anodic and cathodic
responses was analyzed using the Randles-Sevcik equation
(Fig. 3b).>° As the scan rate increases, the anodic peaks shift to
higher positive potentials, and the cathodic peaks move to
lower negative potentials. This shift signifies strong electro-
chemical reversibility and improved potential separation, indi-
cating enhanced redox activity. Specifically, at scan rates
between 2 and 10 mV s~ the anodic peak shifts from 0.51 V
to 0.59 V, a minor variation of 0.08 V, suggesting that the
NCO®@C microspheres exhibit excellent electrode reaction
kinetics. This behaviour is attributed to the highly conductive
nature of the carbon matrix and the increased surface area due
to partial carbonization.

The b-value, obtained from the equation i, = a”, provides
insight into the charge storage mechanism. The slope of the
log(ip) versus log(v) plot was found to be 0.641 (Fig. S5af),
suggesting a mixed charge storage mechanism that is inter-
mediate between diffusion-controlled and capacitive behav-
iour. A b-value closer to 0.5 indicates that the charge storage
mechanism is primarily pseudocapacitive. To further quantify
the contributions of surface-controlled and diffusion-governed
processes, Dunn’s method was applied. As shown in the bar
graph (Fig. 3c), the current resulting from diffusion-controlled
faradaic reactions is dominant at 2 mV s, while capacitive
contributions increase with scan rate, rising from 38% at 2 mVv
s~ to 57% at 10 mV s~ ". This trend can be attributed to the
increasing diffusion resistance and the presence of carbon.
The CV plots at 2 mV s~ and 10 mV s, illustrating the
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current contributions, are presented in Fig. $6.1*"*? These
findings underscore the significant role of partial carboniz-
ation in enhancing the capacitive behaviour of NCO@C micro-
spheres while also enabling excellent pseudocapacitive per-
formance at lower scan rates.

The charge-discharge (GCD) curves, as shown in Fig. 3d,
were measured across a range of current densities, confirming
the pseudocapacitive nature of the NCO®@C electrode. The
specific capacitance values, calculated at current densities
ranging from 1 to 5 A g (as shown in Fig. S71), were deter-
mined to be 733, 701, 659, 578, and 486 F g~', respectively.
These values underscore the remarkable electrochemical per-
formance of NCO®@C, due to the synergistic interaction of Ni
and Co atoms, exhibiting multiple valence states and facilitat-
ing faradaic reactions. Additionally, the carbon matrix plays a
crucial role in enhancing conductivity, thereby improving
charge transport and storage capabilities. The electrochemical
reaction responsible for the charge storage behaviour of NCO
can be described by the following redox reactions:****

NiC0,0; + OH™ + H,O « NiOOH -+ 2CoOOH + e~
CoOOH + OH™ < Co00,; +H,0 + e~

NiC0,0, + 30H™ < NiOOH + 2C00, + H,0 + 3e~

The stability and coulombic efficiency (CE) of the NCO@C
electrode material were evaluated by subjecting it to 5000
charge-discharge cycles. After cycling at a current density of 10
A g, the electrode exhibited a capacity retention of 90.3%
and a CE of 95.5%, reflecting its enhanced stability compared
to similar reported studies (Fig. 3e). Notably, the specific
capacitance of NCO@C demonstrated a slight improvement
over previously reported works, further underscoring its
superior electrochemical performance. To explore in greater
detail the electron-transfer dynamics, interfacial interactions,
and capacitive characteristics of the electrode material, impe-
dance spectroscopy was performed across a frequency range of
100 kHz to 10 mHz, with the resulting Nyquist plot presented
in Fig. 3f. Analysis of the Nyquist plot using the equivalent
circuit (inset of Fig. 3f) provided valuable insights into the
material’s resistive and capacitive behaviour. The intrinsic re-
sistance (Rs) of the active material on NiF is measured by
finding the intercept on the real axis in the high-frequency
region, which was measured at 1.36 Q before cycling and
slightly reduced to 1.2 Q after cycling. This reduction indicates
the material’s robustness and low internal resistance.>®

The semicircular region of the plot corresponds to the
charge transfer resistance (R.) at the electrode-electrolyte
interface, which exhibited a minor increase post-cycling,
suggesting stable charge transfer properties. At lower frequen-
cies, the Warburg resistance ‘R,,’ represents the ion diffusion
resistance within the electrode’s architecture. The steep slope
at low frequencies indicates capacitive behaviour akin to that
of an ideal capacitor, with minimal diffusion resistance. After
cycling, this slope became slightly steeper, pointing to efficient
electrolyte ion diffusion through the porous structure of the
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NCO®@C microspheres, which minimizes ion diffusion resis-
tance and enhances the electrode’s capacitive performance.
These results demonstrate that the NCO@C electrode pos-
sesses rapid charge transfer kinetics, reduced intrinsic resis-
tance, and excellent conductivity, aligning with findings from
previous studies.*>**® Post-cycling structural studies, including
ex situ diffraction analysis and electron microscopy, were
carried out to further assess the material’s stability. Fig. S8(a
and b)} presents the X-ray diffraction patterns, where the
observed peaks correspond to NiCo,O, and the Ni foam sub-
strate on which the active material is coated. The diffraction
peaks at 31.13° and 36.72°, assigned to the (220) and (311)
planes of NiCo,0O,, confirm the structural stability of the
material with no phase changes even after 5000 charge-dis-
charge cycles. Furthermore, the scanning electron microscopy
(SEM) images (Fig. S91) demonstrate minimal damage to the
spherical morphology of the material post-cycling. Energy-dis-
persive spectroscopy (EDS) analysis shows the presence of Ni,
Co, O, C, and traces of K, the latter attributable to K" ions from
the electrolyte. These findings collectively establish the excep-
tional structural and morphological stability of the
NiCo,0,@C electrode, making it a highly durable and reliable
material for supercapacitor applications.

To demonstrate the practical application of the prepared
materials, a flexible asymmetric supercapacitor (ASC) was con-
structed using NCO@C as the cathode and rGO as the anode,
both coated on a flexible nickel substrate, with PVA/KOH gel
serving as the electrolyte. Before assembling the flexible ASC, the
electrochemical performance of rGO as the anode and NCO@C
as the cathode was evaluated in a two-electrode setup using
aqueous KOH as the electrolyte. This configuration delivered a
remarkable specific capacitance of 213 F g™ at a current density
of 1 A g7, along with excellent cycling stability, retaining 89% of
its initial capacitance after 5000 cycles at 6 A g~ (Fig. S121).
These outcomes underscore the synergistic interaction of the
NCO@®@C and rGO combination, which prompted the construction
of the flexible device (Fig. S131). The flexible ASC was sub-
sequently tested across various scan rates and current densities,
with the corresponding cyclic voltammetry (CV) and galvanostatic
charge-discharge (GCD) profiles showing well-defined peaks (rep-
resented in Fig. 4a-d). As the scan rate progressed, the broaden-
ing of these peaks indicated contributions from both the pseudo-
capacitive behaviour of NCO@C and the surface capacitive nature
of 1GO. The GCD analysis revealed that the device achieved a
peak specific capacitance of 46 F ¢~ at 1 A g~ . Furthermore, the
device displayed a peak power density of 2.25 kW kg™ and an
energy density of 14.36 W h kg™", highlighting its potential for
high-performance energy storage.

Long-term cycling tests demonstrated the robustness of the
ASC, with ~84% capacitance retention going past 5000 cycles
and a CE of 98%. The stability and efficiency of the device
suggest its suitability for powering portable electronic devices.
To further showcase its real-world applicability, the ASC was
successfully used to power red LEDs and an alarm clock
(Fig. 4e and f), emphasizing the promise of these electrode
materials for flexible energy storage applications.

This journal is © The Royal Society of Chemistry 2025
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Capacity retention over 5000 cycles@5A g~ . (e & f) Analog clock and
LEDs powered using the fabricated ASC.

Conclusions

In summary, this study successfully demonstrates the for-
mation of NiCo,0,@C microspheres derived from NiCo-BTC
via partial carbonization, with detailed structural analysis con-
firming their hollow, micro-spherical morphology, alongside
highly mesoporous architecture and vast surface area. The
electrochemical evaluation of NiCo,0,@C revealed a remark-
able specific capacitance of 733 F g™' at 1 A g”' and excellent
cycling stability, retaining 90.3% of its capacitance over 5000
cycles. Ex situ XRD and SEM analyses confirmed the structural
integrity of the material after cycling, further emphasizing its
robustness. In two-electrode configurations with reduced gra-
phene oxide (rGO) as the anode, the combination of these
materials significantly enhanced overall device performance,
demonstrating their synergistic effect in energy storage. The
design and testing of a flexible asymmetric supercapacitor
(ASC) using NiC0,0,@C microspheres and rGO showcased
their practical applicability, underscoring the possibilities
offered by these materials for high-performance, flexible
energy storage devices. These findings highlight the critical
role of NiCo,0,@C microspheres in advancing supercapacitor
technology for real-world applications.
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