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Hierarchical nanoporous NiCoN nanoflowers with
highly rough surface electrode material for high-
performance asymmetric supercapacitorsy
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This study presents a novel strategy to enhance the energy storage performance of asymmetric
supercapacitors (ASCs) by utilizing nanoporous NiCoN flower structures as the positive electrode
material. The NiCoN material is synthesized via a straightforward hydrothermal method, followed by
calcination in a nitrogen atmosphere. The resulting electrode demonstrates exceptional electrochemical
properties, including a high specific capacity of 773 C g~ (1955 F g7?), excellent rate capability, and
outstanding cycling stability. The hierarchical architecture of the NiCoN electrode, composed of
interconnected porous nanosheets, facilitates efficient charge transfer and enhanced electrolyte ion
diffusion. When paired with activated carbon (AC) as the negative electrode in the NiCoN//AC ASC
configuration, the device achieves an impressive energy density of 36 W h kg™ at a power density of

Received 30th October 2024 775 W kg™, Moreover, the device exhibits remarkable cycling stability, retaining 85% of its initial
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capacitance after 5000 charge—discharge cycles. These findings underscore the potential of NiCoN as

DOI: 10.1038/d4ra07757a a high-performance electrode material for ASCs, offering a promising pathway for advancements in
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1. Introduction

As renewable energy sources continue to gain momentum, the
demand for reliable and efficient energy storage solutions is
rapidly increasing.? Although lithium-ion batteries (LIBs)
currently dominate the market, they face several limitations,
including energy density constraints, safety concerns related to
electrolyte flammability, and performance degradation due to
dendrite formation.** These challenges necessitate the explo-
ration of alternative energy storage technologies. On the other
hand, electrochemical capacitors, often referred to as ultra-
capacitors or supercapacitors (SCs), have garnered significant
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next-generation energy storage technologies.

interest due to their advantageous properties, including ease of
manufacturing, rapid charge, and discharge capabilities, long
service life, and simple operating mechanisms.*” However,
while SCs excel in power density, their relatively low energy
density limits their applicability in certain applications.®

Significant research has been dedicated to improving SC
energy density to make them more competitive with lithium-ion
batteries. Two primary strategies emerged in this effort: expand-
ing the voltage window and enhancing capacitance.’ Despite their
voltage potential, organic solvents pose safety risks, limiting their
practical application.” On the other hand, aqueous asymmetric
supercapacitors, which use activated carbon and transition metal
oxides, present a promising alternative due to their wider voltage
window and the combination of capacitive and faradaic storage
mechanisms.* Also, the morphological characteristics of the
electrode material play a significant role in influencing its
capacitance, making the selection of electrode material a key
factor in optimizing energy storage performance.™

Recently, binary transition metal oxides (BTMOs) have gained
significant attention as electrode materials for supercapacitors.
Their ability to exist in multiple oxidation states, combined with
enhanced conductivity and favorable electrochemical properties,
positions them as promising candidates for high-performance
energy storage devices."»* BTMOs offer advantages over single
metal oxides, such as improved charge storage capacity and
faster charge-discharge rates, making them valuable for appli-
cations requiring high power density and long-term durability.*®
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However, metal oxide-based electrodes often suffer from limited
electrical conductivity, which negatively impacts their overall
electrochemical performance.*® While advancements have been
made in this area, the inherent limitations of metal oxides, such
as poor stability and conductivity, persist. In contrast, binary
metal nitrides - materials composed of two different metal
elements combined with nitrogen — have emerged as promising
candidates for supercapacitor electrodes. These nitrides exhibit
high electronic conductivity, excellent cycling stability, and fast
charge-discharge rates, making them attractive for energy
storage applications.” The combination of two metal elements in
binary nitrides results in synergistic effects that enhance their
electrochemical performance, such as improved capacitance,
rate capability, and energy density. Among binary metal nitrides,
cobalt and nickel nitrides have shown particular promise due to
their high reactivity and favorable electrochemical properties.***
These materials have been extensively studied for their potential
applications in supercapacitors, with research focusing on opti-
mizing their synthesis methods, electrode fabrication tech-
niques, and operating conditions to achieve the desired
performance characteristics. Some examples consisting of Ni-
Mo oxide precursor was annealed to make Nij, ,Mo0, gN nanorods
in the presence of NH;, where the Ni nanoparticles were deco-
rated on the nanorods. The Ni,,Mo,sN electrode material
showed high power and energy densities.”® Li et al, made
honeycomb-like CoN-Ni;N/NC nanosheets using a solvothermal
technique and treated them in the NH; atmosphere.* The CoN-
Ni;N/NC electrode exhibited better electrochemical performance
by increasing of active site and conductivity. Liu et al. synthesized
Ni-doped Co-Co,N heterostructures that were grown by a metal-
organic framework and delivered high specific capacities.”” This
literature confirms the remarkable electrochemical performance
of binary nitrides.

Interestingly, NiCoN, a binary metal nitride composed of
nickel, cobalt, and nitrogen, has recently emerged as a highly
promising electrode material for supercapacitors, offering
exceptional electrochemical performances. The synergistic
interaction between nickel and cobalt, coupled with the pres-
ence of nitrogen, improves electrical conductivity, reduces
energy losses, and enhances overall capacitance and stability.
Recent studies have highlighted the potential of NiCoN in
supercapacitor applications. For instance, Liu et al. synthesized
NiCoN nanosheets on graphene paper, achieving high specific
surface area and excellent electrochemical performance,
including a high specific capacitance of 960 F ¢~ and 95%
cycling stability after 5000 cycles.*® Similarly, Gao et al. reported
a specific capacitance of 1484 mF cm 2> for NiCoN nano-
structures using supercapacitors.> These findings highlight the
potential of NiCoN as a promising electrode material for
supercapacitor applications. However, a significant challenge
remains in growing transition metal nitrides due to the high
nitration temperatures required. The final morphology and
distribution of active sites may be influenced by the various
preparation methods used, such as solvothermal synthesis, NH;
annealing, and MOF-assisted growth.

In the present work, we fabricated nanoporous NiCoN
flower-like structures through nitrogen treatment of NiCo
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bimetal carbonate hydroxides without affecting the structural
morphology. The novelty of the present work lies in the fabri-
cation of nanoporous NiCoN flower-like structures via
a nitrogen treatment of NiCo bimetal carbonate hydroxides,
which successfully maintains the ordered nanosheet arrange-
ment on nickel foam. This structural design enhances electron
transfer within the electrode, addressing a key challenge in
energy storage materials. Additionally, the application of the
NiCoN structure as an anode in an asymmetric supercapacitor
(ASC) with activated carbon as the cathode demonstrates
superior energy density (36 W h kg™* at 775 W kg™ power
density) and exceptional cycling stability (85% capacitance
retention after 5000 cycles), outperforming many previously
reported ASCs. This work highlights an innovative approach to
developing high-performance, durable electrodes for advanced
energy storage systems.

2. Experimental

2.1. Materials

Nickel nitrate hexahydrate (Ni(NOj),-6H,0), cobalt nitrate
hexahydrate (Co(NOj3),-6H,0), ammonium floride (NH,F), and
urea (CH4N,O) were purchased from Sigma Aldrich, Korea. Ni
foam was purchased in MTI, Korea. Polyvinylidene fluoride,
carbon black (Denka black), N-methyl-2 pyrrolidone (NMP),
ethanol, and hydrochloric acid (HCI) were provided by the
Daejung Chemicals.

2.2. Preparation of flower-like nanoporous NiCoN electrode
material

The flower-like NiCoN with a highly rough surface was synthe-
sized, as illustrated in Fig. 1. A solution containing 1 mmol of
Ni(NO3),6H,0 and 1 mmol of Co(NO3),-6H,0 was prepared in
30 mL of deionized water and stirred magnetically for 30 min.
Subsequently, 5 mmol of NH,F and 10 mmol of urea were added
sequentially to the solution. The mixture was heated in a sealed
autoclave at 120 °C for 6 h and then cooled to room temperature
naturally. The precipitate from the hydrothermal reaction was
collected and washed repeatedly with deionized water. The
collected powder was then calcined at 500 °C for 2 h in a tube
furnace under a nitrogen gas flow. To test the electrochemical
performance of prepared NiCoN material, initially, Ni foam (NF)
(2 x 1 cm®) was cut into pieces for conducting substrate, which
was cleaned with 3 M HCI and water then ethanol for each
10 min. The NF thickness was 1.6 mm. The slurry was prepared
using drop-casting to coat on NF with a working area of 1 x 1
cm” for electrode preparation. By mixing active material, PVDF,
and carbon black in the ratio of 80:10: 10 while grinding with
adding NMP, a slurry was made. The coated NFs were dried in
an oven at 75 °C overnight to remove the NMP solution and
other counterparts. The coated NF had a mass loading of
approximately 2.3 mg.

2.3. Material characterization

We utilized a combination of characterization techniques to
elucidate the synthesized electrodes’ structural and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of synthesis hierarchical NiCoN porous nanoflower-sheets.

compositional properties. Scanning electron microscopy (SEM,
S4800, Hitachi), transmission electron microscopy (TEM,
Technai G* STwin), and X-ray photoelectron spectrometer (XPS,
K-alpha, thermoscientific) were employed to examine the
morphology, microstructure, and composition of the fabricated
materials, respectively. X-ray diffraction (XRD, PANalytical Xpert
Pro) analysis confirmed the crystalline structure and phase
purity, while Fourier transform infrared (FTIR, model Spec-
trum100, PerkinElmer) spectroscopy provided information
about the chemical composition and functional groups in the
materials.

2.4. Electrochemical measurements

An electrochemical workstation (Bio-Logic VMP-3e) was
employed in a three-electrode configuration to assess the elec-
trochemical properties of the electrodes. Cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), and electro-
chemical impedance spectroscopy (EIS) techniques were
utilized in a cell containing a 3 M KOH electrolyte solution. The
fabricated NiCoN electrode served as the working electrode,
while an Ag/AgCl electrode acted as the reference electrode and
a platinum wire was used as the counter electrode. The specific
capacitance (Cs) of the electrodes was calculated from the GCD
curves using the following equation:

I x At

Co= ——
ST AV xm

1)
where I represents the discharge current, AV denotes the
potential window during discharge, A¢ is the discharge time,
and m is the mass of the active electrode material.

Before fabricating an ASC, the charge stored in the positive
and negative electrodes must be balanced to ensure optimal
performance. This balance can be achieved by ensuring that the
following equation holds:

my C_xAV_ )

m- Cyx AV,
where m, AV, and C represent the respective electrodes’ mass,
potential window, and specific capacitance.

An ASC was assembled using NiCoN-loaded Ni foam as the
positive electrode, AC as the negative electrode, a cellulose
paper separator, and a 3 M KOH electrolyte. The specific
capacitance (Csc, F g 1), energy density (E, W h kg™ '), and power
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density (P, W kg™ ') of the ASC were calculated from the GCD
curve using the following equations:

I x At
RN @)
o CSC X AVZ
=" @
3600 x E
p=""=
- )

where I, A¢, AV, and M have their usual meanings.

3. Results and discussion

The formation of NiCoN is synthesized by the two-step process,
as presented schematically in Fig. 1. In the first step, NiCo
bimetal carbonate hydroxides were formed in the hydrothermal
method, and then the resulting product was calcined in the N,
atmosphere to attain NiCoN nanostructured material. In this
synthesis, urea is utilized as a precipitating agent, while NH,F
acts as a surfactant to control the morphology of the final
product. Initially, Ni** and Co®" ions form metal salt complexes
with F from NH,F in the homogeneous solution. As the
temperature rises, urea undergoes hydrolysis-precipitation,
releasing Ni*" and Co** ions that react with CO;*>~ and OH~
derived from urea decomposition to create NiCo bimetal
carbonate hydroxides. After calcination in N,, the metal oxide
product was then formed as NiCoN nanostructured material.
The reaction mechanism of the synthesis is provided below.>

CH,4N,0 + H,O — 2 NH; + CO,
NH; + H,O — NH,OH
NH,OH — NH** + OH~
CO, + OH™ - HCO;~ — H* + CO5*~
2Ni?" + CO52~ + 20H™ — Niy(CO5)(OH),
2C0*" + CO5>~ + 20H™ — Co,(CO3)(OH),
Niy(CO;)(OH), + Cos(CO3)(OH), + N, —

2NiCoN + 2CO, + 2H,0

RSC Adv, 2025, 15, 4619-4627 | 4621
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X-ray diffraction (XRD) analysis was conducted on the as-
prepared NiCo bimetal carbonate hydroxides and NiCoN
powder to confirm the formation of nickel and cobalt nitride
phases after calcining with N,. The characteristic XRD peaks
belonging to the nickel and cobalt nitrate, as shown in Fig. 2a,
indicate the successful synthesis of NiCoN. From the XRD, the
XRD of NiCo carbonate hydroxide shows peaks at 11.5, 33.2, and
59.5°, belonging to the Co and Ni carbonate hydroxides (JCPDS
(Ni) 35-0501 and (Co) 48-0083), which are well consistent with
the literature.”**” The high intense XRD of NiCoN sample peaks
positioned at 26 values of 36.72°, 42.64°, 44.34°,51.7°, and 61.8°
correspond to the polycrystalline hexagonal CozN (JCPDS card
no. 06-0691) and NizN or Niz ,Co,N (JCPDS card no. 10-0280)
phases, confirming the transformation of the transition metal
precursors into metal nitrides.*®*** Most of the peak positions of
CosN or NizN demonstrate a similar position due to the similar
atomic sizes of Ni and Co. FTIR spectroscopy was also per-
formed to identify the functional groups in the samples. The
NiCo carbonate hydroxide samples show FTIR peaks at 509 and
633 cm ™" are associated with bending and stretching vibrations
of metal (Ni/Co)-O-N bonds.* These vibrations indicate inter-
actions between nickel or cobalt, oxygen, and nitrogen within
the sample structure. A broad peak at 3484 cm ™" is associated
with metal-OH stretching vibrations.* Peaks at 1603 and
1696 cm ™" are attributed to N—=H and C=N bonds, respectively,
while the peak at 1338 is assigned to N-O bonds.**** Further,
the N, calcined sample (NiCoN) shows two high intense peaks
at 534 and 642 cm ™' are attributed to the metal-N-O, and
metal-N bonds.*® The XRD and FTIR results provide crucial
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insights into the complex chemical environment of the NiCoN
sample, emphasizing the coexistence of M-N and M-O phases.
The XRD patterns likely reveal distinct diffraction peaks corre-
sponding to both nitride and oxide crystalline structures, indi-
cating their simultaneous presence within the material. This
dual-phase nature is significant as M-Ns contribute to
enhanced electrical conductivity and catalytic activity, while M-
Os offer robust stability and strong redox activity. FTIR spectra
further corroborate this by displaying characteristic vibrational
modes associated with metal-nitride (e.g., M-N stretching) and
metal-oxide (e.g., M-O stretching) bonds, highlighting the
synergy between these phases. This coexistence creates
a unique chemical and electronic environment that facilitates
efficient charge transfer and active site availability, directly
improving the electrochemical performance, including higher
catalytic efficiency, prolonged stability, and superior reactivity
in applications like energy storage.

The elemental composition and purity of the NiCoN elec-
trode were analyzed using XPS. As shown in Fig. 2c, the XPS
spectrum confirms the presence of Ni, Co, and N elements in
the NiCoN material, indicating successful synthesis of NiCoN.
High-resolution XPS spectra provide deeper insights into the
chemical states of the respective elements, which are crucial for
understanding the material's electrochemical performance. The
deconvoluted Co 2p spectrum presented in Fig. 2d reveals a pair
of spin-orbit doublets, with peaks at approximately 779.2 and
796.4 eV corresponding to Co®", and peaks at 781.8 and 798.1 eV
corresponding to Co®" oxidation states.*® Similarly, the high-
resolution Ni 2p spectrum in Fig. 2e shows two spin-orbit
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Fig. 2 (a) XRD pattern, (b) FTIR spectra, (c) XPS spectrum, and (d—f) high-resolution XPS analysis of the NiCoN electrode on Ni foam surface.
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peak pairs, corresponding to Ni** and Ni** states. The fitting
peaks located at 856.2 and 873.6 eV are attributed to Ni**, while
the other two peaks at 854.6 and 872.5 eV indicate Ni**.%
Additionally, two shake-up satellite peaks were observed in the
Ni 2p spectrum. The coexistence of Co** and Ni** oxidation
states is significant, which enhances the redox activity,
contributing to improved charge storage capability in super-
capacitors. The existence of different oxidation states suggests
that the NiCoN structure is well developed and has a strong,
active surface for redox reactions. The presence of shake-up
satellite peaks indicates there are significant interactions with
the surrounding ligands, providing additional evidence for the
formation of a mixed metal nitride structure. The N 1s XPS
spectrum in Fig. 3f shows a prominent peak at 399.6 eV,
attributed to N species, confirming the formation of metal
nitrides.*® This finding is significant, as the incorporation of
nitrides into the NiCoN sample is known to enhance electrical
conductivity and catalytic activity, key factors for improving
overall electrochemical performance. The introduction of
nitrogen into the structure not only facilitates charge transport
but also contributes to structural stability, ensuring the mate-
rial retains its integrity during extended cycling. This stability is
crucial for confirming the electrode's long operational lifespan
in practical applications. Additionally, the intense oxidation
peak observed in the analysis can be attributed to the formation
of Ni-O and Co-O bonds, likely due to air exposure during
sample preparation and storage. These oxide species may also
contribute to the material's electrochemical behavior by adding
redox-active sites, further complementing the nitrides in
boosting performance. This dual-phase synergy highlights
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the potential of NiCoN as a robust and efficient electrode
material.*

The morphological characteristics of the synthesized
samples were examined using SEM. Fig. 3a-c presents SEM
images of the NiCoN heterostructures at different magnifica-
tions. The SEM images reveal a nanoporous, flower-like struc-
ture composed of highly rough nanosheets. These nanosheets
were firmly interconnected, facilitating efficient charge transfer
between the active components of NiCoN and the current
collector. The loosely arranged nanostructures along with
abundant interconnected open spaces, clearly indicate a large
electroactive surface area, which is beneficial for enhancing the
electrode’s electrochemical performance. Additionally, energy-
dispersive X-ray spectroscopy (EDS) analysis was performed to
investigate the elemental composition and distribution within
the NiCoN material. The EDS spectrum, as shown in Fig. 3d,
confirms the presence of Ni, Co, and Ni atoms within the
synthesized material. EDS mapping images (Fig. 3e-g) further
demonstrate the uniform distribution of these elements
throughout the NiCoN electrodes, underscoring the homoge-
neity of the material. Furthermore, the morphological and
crystalline characteristics of the NiCoN electrodes were
analyzed using TEM and high-resolution TEM (HR-TEM). The
TEM images in Fig. 3h and i depict the hierarchical, flower-like
structure composed of porous nanosheets, which aligns with
the SEM observations. The measured d-spacing of 0.22 nm
corresponds to the (002) crystal planes of NiCoN, as confirmed
through detailed analysis (Fig. 3j). The selected area electron
diffraction (SAED) pattern in Fig. 3k displays a series of well-
defined concentric confirming the polycrystalline

rings,

Fig. 3

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

(a—c) SEM, (d) EDS spectrum, (e—g) EDS mapping images, (h) TEM, (j) HR-TEM, and (k) SAED pattern of as-prepared NiCoN electrode.
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nature of the NiCoN material. These diffraction rings were
precisely indexed to the (220), (311), (110), (002), and (101)
planes, aligning with the expected crystal structure of NiCoN.
The clear and sharp nature of these rings indicates high crys-
tallinity, which is crucial for optimizing material properties.
This polycrystalline structure ensures efficient charge transport
pathways, enhanced electronic conductivity, and a higher
density of active sites for energy storage. The crystalline quality
thus plays a pivotal role in the superior performance and reli-
ability of NiCoN-based supercapacitor electrodes.

Fig. 4a displays CV curves of NiCoN at scan rates ranging
from 3 to 12 mV s~ ' within a potential window of 0 to 0.5 V (vs.
Ag/AgCl). For the increased scan rates, well-defined redox peaks
are evident, which confirms typical pseudocapacitive behavior
characterized by rapid charge transfer kinetics. These redox
peaks are primarily attributed to faradaic reactions involving
the oxidation and reduction of M-O/M-O-OH species (where M
represents Ni or Co).* As the scan rate increases, the anodic and
cathodic peaks shift due to polarization effects within the
electrode material.** The suitability of NiCoN as an electrode
material for energy storage applications was further evaluated
using galvanostatic charge-discharge (GCD) measurements.
The GCD tests were performed over a potential range of 0 to
0.4 V (vs. Ag/AgCl) at current densities ranging from 1 to
10 A g%, as shown in Fig. 4b. The resulting potential-time
profiles demonstrate excellent symmetry at all current densi-
ties, indicating highly reversible redox reactions, low polariza-
tion, and high coulombic efficiency. These findings align with
the CV results, suggesting strong pseudocapacitive behaviour.
Fig. 4c presents the specific capacitance values of NiCoN

(b)
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calculated from the GCD curves. The NiCoN electrode exhibited
excellent pseudocapacitive performance, delivering specific
capacities (specific capacitance) of 773 (1955), 584 (1537),
454 (1219), 350 (959), 280 (789), and 220 (629 F g~ ') C g " at
current densities of 1, 2,3, 5,7,and 10 Ag ™, respectively. These
results suggest that high specific capacity is due to the rich
redox reactions occurring during the oxidation and reduction
processes. The rate capability of the NiCoN electrode is 32.2%.

Fig. 4d presents Nyquist plots of the NiCoN electrode before
and after cycling. These plots were obtained by measuring the
electrochemical impedance within a 100 kHz to 0.01 Hz
frequency range. The Nyquist plots display small semicircles at
high frequencies, which indicate charge transfer resistance
(Rct), and slopping lines at lower frequencies, which represent
Warburg impedance, reflecting ion diffusion behavior. The
initial intersection of the Nyquist plot with the real axis at high
frequencies corresponds to the solution resistance (Rs) of the
electrode material. Further, using the equivalent circuit, EIS
data was fitted and correlated with the experimental results.
The calculated Rg (0.7 ©) values remained virtually unchanged
before and after cycling, indicating the better supercapacitive
performance with stable electrochemical stability of the elec-
trode. The R values were determined to be 1.1 Q before cycling
and 2.1 Q after cycling, reflecting a slight increase and
demonstrating good supercapacitive performance. In addition,
the slope of the low-frequency region was approximately 45-75°,
indicating the electrochemical results occur from diffusion and
surface-controlled processes, corroborating with the CV results.
These EIS findings highlight the high conductivity and efficient
electrolyte ion transport of the NiCoN electrode. The long-term

(c)
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Fig. 4

(a) CV curves, (b) GCD plots, and (c) specific capacitance and specific capacity values of the NiCoN electrode. (d) EIS analysis of the NiCoN

electrode before and after cycling. (e) Cycling stability of the NiCoN electrode. (f) A schematic representation of the charge transfer mechanism

between the NiCoN electrode and the electrolyte.
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cycling stability of the NiCoN electrode was assessed through
GCD tests at a current density of 6 A g, as shown in Fig. 4e.
The NiCoN electrode maintained 85% of its initial specific
capacitance after 5000 cycles, demonstrating excellent long-
term durability. The gradual decline in specific capacity can
be attributed to the loss of active sites due to repeated charging
and discharging cycles.** Finally, Fig. 4f illustrates the charge
transfer mechanism between the NiCoN electrode and the
electrolyte. The growth of NiCoN nanoporous flower structures
facilitates the efficient electrolyte ions transport. Additionally,
the hierarchical nanoporous flower structures offer numerous
electroactive sites, contributing to high capacity. Remarkably,
the nanosheet morphology of the NiCoN nanoflowers effectively
shortens the diffusion pathways for electrolyte ions, facilitating
faster ion transport. This structural feature enhances the overall
energy storage performance by improving the material's ion

View Article Online
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accessibility and charge/discharge kinetics, leading to higher
efficiency and capacity in supercapacitor applications.

Further, asymmetric supercapacitor (ASC) devices are
designed to examine the advantages of the specific electrode
material properties to enhance energy and power densities with
wider operating voltage window.**** To demonstrate the prac-
tical electrochemical capabilities of the NiCoN electrode mate-
rial, we constructed an ASC device. The device employed NiCoN
as the positive electrode, activated carbon as the negative elec-
trode, a cellulose paper separator, and a KOH aqueous elec-
trolyte (Fig. 5a). The electrochemical performance data of the
activated carbon is provided in the ESIT and the negative elec-
trode exhibits the specific capacitance of 229 Fg ' at 1 A g™*
current density. To optimize energy density and ensure charge
balance, the mass ratio of the positive electrode (NiCoN) to the

negative electrode (activated carbon) was adjusted to
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(a) Schematic representation of the NiCoN//AC ASC device. (b) CV curves of the ASC device at different scan rates. (c) CV curves of the

ASC device at various potential windows. (d) GCD curves of the ASC device at different current densities. (e) GCD curves of the ASC device at
various potential ranges. (f) Nyquist plot of the ASC device before and after cycling. (g) Specific capacitance values and (h) Ragone plot of the
assembled ASC device. (i) The cycling performance of the ASC device is over 5000 cycles, with an inset showing the GCD curves of the first and

last cycles for comparison.
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approximately 3.5. Fig. 5b presents the CVs of the NiCoN//AC
ASC device, recorded at various scan rates ranging from 10 to
30 mV s~ . The CV curves exhibit a pseudo-rectangular shape,
reflecting contributions from both electrochemical (faradaic)
and electrostatic reaction processes to the overall charge
storage.”” The increasing area under the CV curves at higher
scan rates signifies efficient ion diffusion and enhanced
electrochemical/electrostatic reactions.*® Importantly, the CV
profiles maintained their shape as scan rates increased, indi-
cating minimal resistance to electron transfer, essential for
high-performance charge storage.*” To explore the ASC device's
operational voltage window, CV measurements were performed
at various potential windows at a constant scan rate (Fig. 5c),
revealing stable electrochemical performance within a 0 to
1.55 V voltage range.

Fig. 5d illustrates the GCD plots of the NiCoN//AC ASC
device, measured at current densities ranging from 1 to
10 A g~'. The absence of voltage plateaus during discharge
indicates that the device operates through supercapacitive or
pseudocapacitive mechanisms.*® Additionally, the minimal iR
drop observed at the beginning of the discharge process at all
current densities indicates low internal resistance and efficient
electron transfer within the device.”® Fig. 5e shows the GCD
plots of the ASC device at different operating voltages and
a constant current density of 3 A g~ ', where the device achieved
the longest charge-discharge times at 1.55 V. The non-ideal,
sloping discharge profiles reflect the pseudocapacitive nature
of the electrode material. The EIS analysis of the ASC device was
conducted before and after cycling measurements, as illus-
trated in Fig. 5f. The EIS spectra of the device exhibited minor
variations before and after the cycling test, confirming its
desired stability. The ASC exhibited exceptional rate capability,
with a specific capacitance of 108 Fg 'at 1Ag 'and 59 Fg !
even at 10 A g ', maintaining 55% of its capacitance rate
capacitance at higher current densities, as evidenced by the
GCD results shown in Fig. 5g. A Ragone plot (Fig. 5h),
summarizes the energy and power densities of the ASC device.
The device achieved a energy density of 36 W h kg™" at a power
density of 775 W kg™ '. Even at a higher power density of 7250 W
kg~ ', the ASC maintained an energy density of 17.1 W h kg™".
These results are compared with the previous literature on
energy and power densities and the tabulated values are stated
in Table S1.f The practical viability of the ASC device demon-
strated by its ability to power a commercially available green
LED bulb, as shown in the inset of Fig. 5h, which remained
illuminated for an extended period. The cycling stability of the
device is essential for practical applications. Fig. 5i shows the
long-term cycling performance at a current density of 4 A g .
Remarkably, the ASC device retained 85% of its initial capaci-
tance after 5000 cycles, indicating exceptional cycling stability
and high reversibility. The inset of Fig. 5i compares the GCD
curves from the 1°° and 5000™ cycles, further supporting its
long-term durability.

In summary, NiCoN has proven to be an outstanding anode
material for supercapacitors, offering exceptional potential for
enhancing energy storage capabilities. This
approach introduces a promising direction for the development

innovative
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of advanced ASCs, which could substantially improve energy
density and extended storage duration, advancing super-
capacitor technology to meet real-world energy storage
demands.

4. Conclusions

This study successfully presents the development of a novel
NiCoN electrode material for ASCs, showcasing its promising
potential for energy storage applications. The NiCoN electrode,
featuring a unique nanoporous flower-like structure, demon-
strated superior electrochemical performance. This enhance-
ment is primarily attributed to the synergistic effects of the
binary nickel cobalt nitride composition and the porous nano-
sheet morphology. These factors significantly improved charge
transfer kinetics, enhanced ion diffusion, and provided a large
electroactive surface area. Comprehensive structural and
chemical, including XRD, XPS, EDS, and FTIR analyses,
confirmed the successful synthesis of NiCoN with the desired
elemental composition and chemical states. The hierarchical
architecture of the NiCoN electrode material facilitated efficient
electron and ion transport, contributing to its excellent elec-
trochemical characteristics, such as high specific capacitance,
robust rate capability, and long-term cycling stability. In the
practical application of the NiCoN//AC ASC device, it delivered
an impressive energy density of 36 W h kg™ " at a power density
of 775 W kg™, while maintaining 85% of its initial capacitance
after 5000 charge-discharge cycles, highlighting its outstanding
cycling stability and durability. Overall, this research offers
valuable insights into the design and optimization of binary
metal nitride-based electrodes, contributing significantly to the
advancement of energy storage technologies. The findings pave
the way for future exploration and innovation in high-
performance ASCs and other energy storage devices.
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