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This work presents a comprehensive study on the enhancement of electrochemical performance in
nickel oxide (NiO) nanorods via 5 keV low-energy nitrogen ion (N*) irradiation. The thin films of nickel
oxide nanorods were irradiated at four different ion fluences of 1 x 10, 3 x 106, 5 x 10'® and 7 x
10 ions cm™2. The ion irradiation induces surface modifications, including the formation of defects and
oxygen vacancies, which significantly improve the nanorods’ surface activity and ion transport
properties. Electrochemical analyses such as cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), and electrochemical impedance spectroscopy (EIS) confirm that the irradiated samples demon-
strate superior specific and areal capacitance, enhanced rate capability, and improved cycling stability
compared to pristine NiO. Structural and defect analyses through SRIM, IRADINA and TRI3DYN simula-
tions further support the role of ion-induced modifications in boosting electrochemical behavior. These
results highlight nitrogen ion irradiation as an effective technique for tailoring NiO nanostructures
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1. Introduction

In recent years, supercapacitors have emerged as critical com-
ponents in next-generation energy storage technologies due to
their high power density, fast charge-discharge capability, and
long cycle life."”* Supercapacitor (SC) performance is greatly
influenced by the structural, morphological, and compositional
characteristics of transition metal oxide-based electrodes. For
instance, RuO, is an ideal pseudocapacitive electrode material
due to its high capacitance, conductivity, and stability, but its
high cost limits large-scale applications.? Similarly, MnO, is a
promising, eco-friendly electrode material with high capaci-
tance, but its poor conductivity and slow ion transport limit its
supercapacitor performance.* Furthermore, V,O5 is attractive
for supercapacitors due to its multivalent states, abundance,
and high capacitance, enabling wide voltage windows and
high energy density in both symmetric and asymmetric
configurations.”® Altering the surface of metal oxide electrode
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toward high-performance supercapacitor applications.

materials is a crucial strategy for improving their capacitance.
For instance, S. Zallouz® et al showed that tuning Co0,
nanoparticle morphology via temperature control enhances
conductivity and capacitance, outperforming bulk forms for
supercapacitor electrodes. Similarly, A. Chouchaine’ et al
demonstrated that Fe;O, nanoparticles synthesized using the
SDS surfactant showed enhanced and stable capacitance due to
particle size and shape effects, making them promising for
energy storage applications.

Among the various electrode materials explored, transition
metal oxides, particularly nickel oxide, have attracted consi-
derable interest owing to their high theoretical capacitance,
environmental friendliness, and cost-effectiveness. Nickel oxide
exhibits excellent pseudocapacitive behaviour arising from
surface redox reactions involving Ni**/Ni*" transitions.®’
Nanostructured forms of NiO,'° such as nanoparticles, nanorods,
and nanosheets, offer large surface area and short diffusion paths,
which are favourable for rapid ion transport and improved electro-
chemical performance."* However, the electrochemical activity of
pristine NiO is often limited by poor electrical conductivity and a
relatively small number of accessible active sites."> Defect engi-
neering has proven to be a powerful strategy to overcome these
limitations by enhancing surface reactivity, electrical conductivity,
and ion diffusion kinetics."”> Among the techniques available, ion
beam irradiation stands out as a clean, controllable, and versatile
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tool to modify the surface structure and introduce defects such
as vacancies and interstitials without altering the bulk
composition."*** Controlled ion bombardment induces defect
formation, surface roughening, and morphological restruc-
turing,'® all of which contribute to improved surface area, ion
accessibility, and charge transfer capabilities. These structural
modifications can enhance conductivity and provide more
electrochemically active sites, making ion-irradiated transition
metal oxides highly promising for next-generation energy sto-
rage applications. Thus, combining morphology engineering
with ion beam techniques can yield high-performance SC
electrodes with superior capacitance, energy density, and cycle
life. Low-energy ion irradiation enables surface-level modifica-
tions that are highly relevant for tuning nanostructured elec-
trode behaviour.'” Despite its potential, the application of low-
energy ion irradiation to tailor the properties of NiO nano-
structures for supercapacitor applications remains underex-
plored. Most prior studies have focused on irradiation effects in
optical'® systems, with limited correlation to electrochemical
performance enhancement. The central novelty of this research
is the deliberate creation of junctions between individual NiO
nanorods using a low-energy N ion beam. While ion irradia-
tion is known to create surface defects, this study demonstrates
its unique application in inducing localized, defect-assisted
“welding” at the contact points of adjacent nanorods. This
process leads to the formation of stable Y-shaped connections
and complex network-like structures, a significant morpholo-
gical evolution from the original isolated nanorods. This con-
trolled fusion of nanorods into a cohesive network offers two
key advantages: (1) enhanced surface area - the transformation
into a 3D network creates a more open architecture. This
significantly increases the electrochemically accessible surface
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area compared to the pristine film, where many nanorod
surfaces might be physically blocked or electronically isolated;
(2) increased active sites - the irradiation process not only
forms junctions but also generates a high density of surface
defects and oxygen vacancies, which act as additional electro-
chemically active sites for faradaic reactions.

Ultimately, this junction-induced enhancement of the active
surface area is directly responsible for the observed improve-
ments in supercapacitor performance, leading to higher speci-
fic and areal capacitance, superior rate capability, and
improved charge transfer kinetics in the irradiated samples.

In this work, we report the surface modification of hydro-
thermally synthesized NiO nanorods by 5 keV N jon irradiation
at four different fluences (1 x 10'°, 3 x 10'®, 5 x 10'® and
7 x 10" ions per ecm?). We investigate the structural, morpho-
logical, and defect evolution through XRD, Raman spectro-
scopy, FESEM, and Monte Carlo-based simulations (TRIM,"
IRADINA,*® TRI3DYN?"). The formation of nanorod junctions,
increase in surface defects, and local stoichiometric shifts are
correlated with their potential to enhance electrochemical
activity for supercapacitor applications.

2. Experimental details

2.1. Synthesis

Nickel oxide (NiO) nanorods were synthesized using a hydro-
thermal technique at 200 °C (Fig. 1). In a typical procedure,
0.47 g of NiCl,-6H,0O was dissolved in a mixture of 32 mL of
ethylene glycol and 18 mL of deionized (DI) water. The solution
was stirred magnetically at room temperature to ensure homo-
geneity. Subsequently, 0.12 g of sodium oxalate (Na,C,0,4) was
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Schematic diagram of the synthesis of nickel oxide nanorods using a hydrothermal method.
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added to the solution and stirring was continued for one hour
to achieve uniform distribution of Ni** ions.”>

The resulting precursor solution was transferred to a 100 mL
Teflon-lined stainless-steel autoclave and maintained at 200 °C
for 24 hours. After the reaction, the autoclave was naturally
cooled to room temperature. The resulting precipitate was
separated via centrifugation, washed five times alternately with
ethanol and DI water to remove impurities, and then air-dried
at 50 °C for 24 hours. The obtained light blue-green precursor
material, identified as NiC,0,4-2H,0, was subsequently calcined
at 400 °C for 2 hours in air to obtain polycrystalline NiO
nanorods.

The synthesized NiO nanorod solution was spin-coated onto
pre-cleaned, ultrasonicated silicon substrates using a spin
coater operating at 2000 rpm for uniform thin film formation.

Ton irradiation was performed using 5 keV N' ions at a
fluence of 1 x 10'®, 3 x 10™®, 5 x 10" and 7 x 10'® ions per
cm?® The irradiation experiments were conducted using a
custom-designed ion-matter interaction chamber installed at
IIT Bhubaneswar.

Morphological analysis of pristine and irradiated samples
was carried out using a Zeiss Ultra field emission scanning
electron microscope (FESEM) to observe the structure, dia-
meter, and surface evolution of the nanorods. The crystalline
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structure was investigated using X-ray diffraction (XRD) on
a PANalytical X'Pert Pro diffractometer with Cu Ko radiation
(/. = 1.5406 A), operating in the 20 range of 20°-80°. Raman
spectroscopy was performed using a T64000 micro-Raman
spectrometer (Jobin Yvon) in backscattering geometry to probe
vibrational modes and defect formation in the NiO nanostruc-
tures. The Wuhan Corrtest electrochemical workstation (CS350,
version 5.3) was used to conduct all the electrochemical mea-
surements using a traditional three-electrode system.

3. Results and discussion

Fig. 2(a) presents a plan-view FESEM image of pristine nickel
oxide (NiO) nanorods at low magnification (1 pm), revealing a
uniform distribution of nanorods across the substrate surface.
The NiO nanorods exhibit consistent alighment and coverage.
The average diameter and length of the nanorods were esti-
mated to be 80 + 10 nm and nearly 0.9 + 1 pm. Fig. 2(b) shows
a high-magnification image (100 nm), providing a closer view of
the nanorod morphology and confirming the diameter of
individual nanorods to be approximately 95 nm, with well-
defined one-dimensional geometry and smooth surfaces.
Fig. 2(c-f) display the plan-view FESEM images of nickel oxide

Fig. 2 Plan-view field emission scanning electron microscopy image of the as-deposited nickel oxide nanorods coated on a Si substrate (a) at low
magnification and (b) at high magnification. Joining of nickel oxide nanorods after N* irradiation at 5 keV and a fluence of 1 x 10 ions per cm?
(c) at low magnification, (d) initial joining at low magnification, and junction formation (e) at a fluence of 5 x 10 ions per cm? and (d) at a fluence of

7 x 10% ions per cm?.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(NiO) nanorods irradiated with 5 keV N* ions at a fluence of
1 x 10" ions per cm? 5 x 10'® ions per cm? and 7 x
10"® ions per cm?. Fig. 2(c) and (d) show the images at a fluence
of 1 x 10'® ions per cm?, captured at low and high magnifica-
tions, respectively. The images reveal the initial stages of
nanorod joining.”® Two individual nanorods begin to merge,
forming small aggregates (Fig. 2(d)). The discrete nanorod
geometry is noticeably altered, suggesting partial coalescence
and defect-assisted bonding between neighbouring nanorods
induced by the ion beam. Fig. 2(e) and (f) show the NiO
nanorods irradiated at a higher fluence of 5 x 10'® ions per cm®
and 7 x 10" ions per cm?, respectively. These images clearly
exhibit extensive junction formation.

A significant morphological change is observed post-
irradiation, where Y-connections develop between nanorods.>*
The nanorods appear to be interconnected, forming network-
like structures, which are significantly different from the iso-
lated morphology of the pristine sample.

Fig. 3 shows the FESEM images of irradiated NiO nanorods
captured at high magnification, i.e. 20 nm. The image reveals
that after irradiation at a higher fluence of 5 x 10'® ions per cm*
there is clear joining (shown by yellow dotted lines) between
the nanorods, resulting in a loss of crystallinity, which led to
amorphization of the material.

The observed joining behaviour is attributed to ion-induced
defect generation, where vacancies and interstitials are formed
unevenly across the nanorod surface. This defect distribution
promotes atomic migration and bonding at contact points,
leading to structural fusion and network formation, particularly
at higher fluences.

3.1. Microstructural characterization

The crystal structures of the pristine and nitrogen ion irra-
diated nickel oxide nanorods were investigated using XRD. The
XRD spectrum (Fig. 4) shows the characteristic peaks of the
rhombohedral crystal structure of NiO. The peaks at 37.90°,
44.10°, 64.50°, and 77.70° are attributed to the [111], [020],
[022], and [222] planes (COD: 1010093). Due to irradiation,
a decrease in peak intensity is observed from pristine to

Fig. 3 Joining between two nanorods after N* irradiation at 5 keV at a
fluence of 5 x 10 ions per cm?, showing clear amorphization.
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Fig. 4 X-ray diffractograms of pristine nanorods (black), irradiated nickel
oxide nanorods with fluences and irradiated nickel oxide nanorods at
fluences of 1 x 10% (red), 5 x 10° (blue), and 7 x 10*° (green) ions per cm?.

1 x 10'® ions per cm® due to the loss of crystallinity in the
nanorods. At higher fluences (5 x 10'° and 7 x 10'® ions em™?),
the intensity of peaks diminished, indicating amorphization.
To visualize the effect of ion irradiation on nickel oxide
nanorods, we conducted simulations using SRIM' and
IRADINA,*® where many parameters were estimated by model-
ing the passage of energetic nitrogen ions through the target
material using the Monte-Carlo approach.

Fig. 5 presents a comprehensive analysis of the interaction
between 5 keV nitrogen (N') ions and nickel oxide (NiO)
nanorods using TRIM?*® (Transport of Ions in Matter) simula-
tions, highlighting how low-energy ion irradiation induces
defect formation and energy deposition near the surface of
the nanostructure.

Fig. 5(a) shows a 3D map of the ion trajectories through the
NiO nanorod layer and into the silicon substrate. The N* ions
exhibit a shallow penetration profile, consistent with their low
energy (5 keV), with most trajectories confined within ~8 nm
(~80 A) of the NiO layer. The visualization reflects multiple
scattering events and lateral spread within the upper portion of
the material, emphasizing that the surface region is the pri-
mary site of interaction and modification. The black line marks
the NiO-Si interface. This localized energy transfer leads to
significant atomic displacements (79) and defect formation
near the surface, including approximately 77 vacancies and
2 replacements per ion (Fig. 5(b)). The lateral and projected
straggle distribution (Fig. 5(c)) illustrates that the lateral spread
of ion-induced defects is comparable to the depth range,
promoting inhomogeneous damage and facilitating the for-
mation of network structures through junctions between
nanorods. TRIM simulations predicted that the ions deposit
about 3.49 keV per ion energy at a distance of 8 nm across a
nanorod. The energy deposition profile (Fig. 5(d)) shows that
the majority of the incident ion energy is absorbed by nickel
and oxygen atoms in the NiO layer, with minimal energy
reaching the underlying silicon substrate. These observations

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TRIM simulation: ion distribution (a), energy from the ions (N*) and the amount of energy absorbed by nickel, oxygen and silicon (b), lateral
projected range (c), and the number of total displacements, vacancies and replacements for 5 keV nitrogen ions exposed to nickel oxide nanorods (d).

support the experimental findings of nanorod coalescence,
surface oxygen depletion, and enhanced redox activity, indicating
that controlled ion irradiation can be a powerful tool to engineer
surface defects and improve the electrochemical performance of
NiO nanorods for supercapacitor applications.

IRADINA simulations were employed to model the effects of
nitrogen ion implantation into nickel oxide (NiO) nanorods,
offering a detailed understanding of ion-solid interactions
within nanostructures. The simulation was conducted on a
nanorod with a diameter of 90 nm, irradiated by 5 keV N* ions
at a fluence of 3 x 10'° ions per cm® under normal incidence.
For computational efficiency, only a thin slice of the nanorod

was modelled, with periodic boundary conditions (PBC)
applied along the z-axis to mimic translational symmetry. The
slice was divided into a grid of 90 x 90 cells, each measuring
1 nm x 1 nm, resulting in a total of 8100 cells for analysis. The
simulations revealed a non-uniform implantation profile,
attributed to the lateral confinement of the nanorod, which
increases the probability of ions exiting the side of the struc-
ture. The estimated ion range at this energy (~10 nm) is
significantly smaller than the nanorod’s diameter, highlighting
surface localization effects.

Fig. 6(a) shows a schematic diagram of how ions strike the
nickel oxide nanorod. The direction of the N* ion beam towards

(c)

Implanted

Fig. 6

(a) Schematic diagram of IRADINA simulations, (b) excess interstitials minus excess vacancies (arb. units; teal: excess interstitials, white: excess

vacancies), and (c) number of implanted ions shown in magenta (arb. units).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the x-axis is illustrated, with the nanorod depicted in grey and
the PBC set at 10 nm. The arrow denotes the ion beam
direction. Fig. 6(b and c) show the cross-sectional view of the
rod. Fig. 6(b) presents a map of residual damage calculated as
the difference between excess interstitials and excess vacancies
within each cell. Areas with an excess of interstitials are shown
in teal, while those with an excess of vacancies are shown in
white, indicating a concentration of vacancies in the peripheral
regions of the nanorods. This effect is more pronounced at the
sides compared to the upper surface, with the maximum
vacancy concentration reaching approximately 4 x 10°
Fig. 6(c) visualizes the distribution of implanted ions (sum of
interstitials and replacements) within the nanorods, where
magenta regions correspond to higher ion counts and green
regions to lower counts. The implanted ion count reaches
approximately 1 x 10° in arbitrary units. These excess vacancies
and interstitials contribute to bending moments within the
nanorods, a phenomenon further corroborated by complemen-
tary 3D simulations capturing dynamic structural evolution
under ion irradiation.

The effects of very low energy ion irradiation on nanorods
were investigated using TRI3DYN>' simulations. TRI3DYN
simulations showed the changes in the atomic percentages
and defects of the nanorods before and after ion bombard-
ment. The binary collision approximation (BCA) in the
Monte Carlo method serves as the foundation for TRI3DYN
simulations.

Fig. 7 (top) presents the 3D view of two different nickel oxide
nanorods oriented in a parallel direction. Here the atomic
densities are represented on a scale of 10** cm 3. The volume of
the entire box (Fig. 7a—f) is estimated by 3D voxels having a size of
40 x 80 x 80 nm?® (x x y x z nm?). The as-deposited nickel oxide
nanorods are shown in purple colour with a scale of 0.5.

Fig. 7(a and b) show the results of TRI3DYN simulations
illustrating the atomic fraction changes of oxygen and nickel
in nickel oxide (NiO) nanorods after irradiation with 5 keV N*
ions at a fluence of 8 x 10"* ions per cm?. Fig. 7(a) displays the
oxygen atomic fraction across the nanorod surface. A visible
colour shift from purple (0.5) to red (~ 0.3) near the top surface
indicates a depletion of oxygen atoms after irradiation. This
preferential sputtering of lighter oxygen atoms is consistent
with surface reduction effects induced by ion bombardment.
Fig. 7(b) shows the corresponding nickel atomic fraction, where
the colour changes from purple (~0.5) to blue (~0.7) at the
irradiated surface. This reflects a relative enrichment of nickel
atoms due to the preferential loss of oxygen. These results
suggest that the surface of the NiO nanorods becomes Ni-rich
and oxygen-deficient upon low-energy ion exposure.

Fig. 7(cf) illustrate the atomic fraction changes of oxygen
and nickel in nickel oxide (NiO) nanorods under 5 keV nitrogen
(N") ion irradiation, simulated using TRI3DYN. The simulations
were carried out at two different ion fluences: 1 x 10'° ions per cm*
(Fig. 7(c) and (d)) and 3 x 10'® ions per cm? (Fig. 7(e) and (f)).
Fig. 7(c) and (e) present the oxygen atomic fraction for the two
fluences. The surface colour gradually shifts from purple
(~0.5) to red (~0.3 or lower) with increasing fluence, clearly
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indicating enhanced oxygen loss at higher ion doses. This is
attributed to preferential sputtering of lighter oxygen atoms.
Fig. 7(d) and (f) show the corresponding nickel atomic fraction,
with the colour shifting from purple (~0.5) to blue (~0.7 or
higher). This reflects a relative enrichment of nickel at the
irradiated surface due to oxygen depletion.

Higher fluence (3 x 10" ions per cm?®) causes greater
stoichiometric imbalance, deeper defect penetration, and more
intense atomic restructuring of the nanorods. These structural
modifications contribute to enhanced electrochemical beha-
viour by increasing the number of active sites, surface area, and
defect-driven conductivity, all favourable for supercapacitor
applications.

Fig. 8 shows the cross-sectional view of two as-deposited
(pristine) nickel oxide (NiO) nanorods, highlighting the oxygen
atomic fraction distribution, as simulated using TRI3DYN. The
nanorods exhibit two circular profiles, corresponding to the
realistic nanorod geometry. The colour scale ranges from red
(lower atomic fraction) to blue (higher atomic fraction), with
the pristine nanorods showing a uniform blue coloration
throughout. This indicates a consistent oxygen atomic fraction
of ~0.5 across the entire cross-section, confirming stoichio-
metric uniformity and no surface degradation prior to ion
irradiation. This baseline plot serves as a reference for compar-
ing with irradiated samples, where deviations from uniformity
(e.g., colour changes near the surface) indicate oxygen depletion
or preferential sputtering. Fig. 8 illustrates the oxygen atomic
fraction in the cross-sectional views of two nickel oxide (NiO)
nanorods after irradiation with 5 keV N* jons at two different
fluences: 8 x 10'° ions per cm” (Fig. 8(b)) and 3 x 10'® ions per cm?
(Fig. 8(c)). The simulations were carried out using TRI3DYN, and
the atomic fraction is visualized on a colour scale ranging from
blue (0.5) to red (0.0). At 8 x 10" ions per cm?, a clear depletion
of oxygen is observed at the top surface and junction interface
between nanorods, visible as red and yellow regions, indi-
cating oxygen atomic fractions dropping below 0.3. At 3 X
10'® ions per cm?, the oxygen loss is more pronounced and
extends more deeply into the nanorods, with wider red zones
on both the upper surface and at the nanorod interface. This
suggests enhanced sputtering and recoil of oxygen atoms due
to higher ion impact density. These results support the inter-
pretation that oxygen is preferentially sputtered during irradia-
tion, leading to surface oxygen vacancies, Ni-rich outer layers,
and potential joining at nanorod junctions due to the bonding
induced by high defect density. Such modifications are critical
for enhancing electrochemical activity in supercapacitor appli-
cations, as they increase the density of redox-active sites and
conductive pathways. Increasing fluence results in more severe
oxygen depletion at the top surface and inter-nanorod junction,
visible as red and yellow zones. These changes indicate the
formation of oxygen vacancies and enhanced structural mod-
ification, correlating with the observed network formation and
expected improvements in electrochemical behaviour.

Fig. 9 displays the cross-sectional maps of atomic defects in
two NiO nanorods after 5 keV N ion irradiation, simulated
using TRI3DYN. The images present the spatial distribution of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 3D view showing two pristine nickel oxide nanorods oriented in the parallel direction (top). Atomic fractions of (a) oxygen and (b) nickel after N*

ion irradiation at 5 keV at a fluence of 8 x 10> cm™

2: oxygen atomic fraction and nickel atomic fraction for two different nickel oxide nanorods when

irradiated with 5 keV N* ions at a fluence of 1 x 10 cm™2 (c) and (d) and 3 x 10%® cm™2 (e) and (f), respectively.

recoiled oxygen and nickel atoms as a function of ion fluence.
Fig. 9(a) and (b) show the oxygen atomic defects at 8 x 10> ions
per cm”® and 3 x 10'° ions per cm?, respectively. Fig. 9(c) and (d)
show the nickel atomic defect distributions at the same flu-
ences. At lower fluence, a moderate number of oxygen recoils
are observed near the surface (green-yellow zone), while at
higher fluence, the oxygen vacancy concentration intensifies
(orange-red zone) and penetrates more deeply into the nanorod
structure. Nickel atoms show fewer displacements overall com-
pared to oxygen (as expected due to higher atomic mass).

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

However, at 3 x 10'° ions per cm?, there is a notable increase
in nickel displacement, with the defect region extending from
the surface toward the centre, indicated by the transition from
red to blue across the cross-section. These results confirm that
oxygen atoms are preferentially sputtered, especially in the
surface and junction regions, consistent with earlier atomic
fraction analysis. High fluence irradiation causes significant
atomic disruption, promoting defect clustering, junction
fusion, and network formation—critically influencing surface
chemistry and energy storage performance.
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(a) Cross-sectional view of two as-deposited nickel oxide (NiO) nanorods showing the oxygen atomic fraction distribution, as simulated by

TRI3DYN. The uniform blue color across the nanorods corresponds to an oxygen atomic fraction of 0.5, confirming stoichiometric uniformity in the
pristine (unirradiated) state; TRI3DYN-simulated cross-sectional views showing oxygen atomic fraction distribution in two NiO nanorods irradiated with
5 keV N ions at different fluences: (b) 8 x 10 ions per cm? and (c) 3 x 10% ions per cm?.

Raman spectroscopy serves as a powerful, non-destructive
technique to probe the internal structure, bonding, and vibra-
tional properties of nanomaterials, including nickel oxide (NiO)
nanorods. In this study, Raman measurements were conducted
on both pristine and irradiated NiO samples to elucidate the
effects of ion irradiation-induced defects on their vibrational
characteristics (Fig. 10). The Raman spectra provide distinct
“fingerprints” that provide detailed insights into the crystal-
linity, phase composition, structural disorder, and defect den-
sity of the samples.”® These findings corroborate the defect
formation mechanisms predicted by TRIM, IRADINA, and
TRI3DYN simulations and support the role of controlled ion
irradiation in enhancing the electrochemical performance of

8664 | Mater. Adv, 2025, 6, 8657-8669

NiO nanorods for supercapacitor applications. The spectrum of
the pristine (unirradiated) NiO sample, shown in black, exhi-
bits the characteristic features of crystalline nickel oxide.?”
A strong, well-defined peak is observed at approximately 540-
550 cm ‘. This peak is identified as the one-phonon long-
itudinal optical (1LO)*®* mode, which arises from the primary
Ni-O bond vibrations within the NiO crystal lattice.***' The
spectrum also shows a broad, low-intensity feature rising
towards the higher wavenumber region (~700-900 cm *).*?
This region typically contains weaker, second-order phonon
modes, such as the two-transverse optical (2TO) mode, and
potentially two-magnon (2M) scattering, which is a signature of
the antiferromagnetic ordering in NiO. Overall, the sharp and

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


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00613a

Open Access Article. Published on 03 October 2025. Downloaded on 1/25/2026 10:50:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

O-atomic — defects

View Article Online

Paper

Ni-atomic — defects

(@) o (©)
8x10"5 cm i o 8%10' cm?
o me
(b) . i (d)
3x10'¢ cm% A i 3x10'6 cm2
‘.‘0 —_ ¢ =
v 2 A0 LH w “E 2 @ o
Z-axia (em) Z-axis [em)

Fig. 9 Oxygen atomic defects at (a) 8 x 10*® cm™2 and (b) 3 x 10 cm~2 and nickel atomic defects at (c) 8 x 10> cm™2 and (d) 3 x 10® cm~2.

intense 1LO peak confirms the good crystalline quality of the
pristine NiO sample. The subsequent spectra show a clear and
systematic evolution of the NiO structure as a function of
increasing nitrogen ion fluence. The primary effect observed
is the progressive degradation of the crystalline structure due to
irradiation-induced damage. At a fluence of 1 x 10'® ions per
cm? (red line), the intensity of the 1LO peak is dramatically
reduced. This significant drop in intensity indicates that the
ion bombardment has introduced a substantial number of
lattice defects, disrupting the long-range order of the crystal.
Interestingly, at a fluence of 3 x 10'® ions per ecm” (blue
line), the intensity of the 1LO peak is slightly recovered com-
pared to the 1 x 10'® sample. At the higher fluence (magenta
line), the characteristic 1LO peak has almost completely
vanished, replaced by a very broad, low-intensity hump. This
indicates severe lattice damage and the loss of most of the
crystalline structure. The material is transitioning into a highly
disordered or amorphous-like state. The spectrum for the
highest fluence (green line) is essentially a flat line with no
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Fig. 10 Raman spectra of NiO nanorods irradiated with 5 keV N* ions at
fluences of 1 x 10 ions per cm? (red curve), 3 x 10 ions per cm? (blue
curve), 5 x 10 ions per cm? (magenta curve) and 7 x 10 ions per cm?
(green curve), showing vibrational modes.

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

discernible peaks. This complete suppression of the Raman
signal signifies the amorphization of the NiO surface layer. The
long-range periodic arrangement of atoms has been destroyed
by the extensive ion bombardment, eliminating the conditions
necessary for coherent phonon scattering. A decrease in the
1LO mode intensity is specifically associated with the for-
mation of defects like Ni vacancies induced by the irradiation
process.

3.2. Electrochemical measurements

Given the strong evidence from multiple characterization (XRD
and Raman) and simulation (TRI3DYN and IRADINA) techni-
ques, we concluded that the samples irradiated at 5 x 10 and
7 x 10" ions cm~? were not viable candidates for enhanced
supercapacitor performance. Therefore, we focused our com-
prehensive electrochemical testing on the sample that demon-
strated an optimized level of defect engineering without
sacrificing the essential crystalline structure, corresponding
to a fluence of 3 x 10" ions em > The electrochemical
performance of pristine nickel oxide (NiO) nanorods was sys-
tematically investigated using cyclic voltammetry (CV), galvano-
static charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS). The cyclic voltammetry (CV) curves of pris-
tine and ion-irradiated nickel oxide (NiO) samples were
recorded at a scan rate of 20 mV s~ ' in a potential window of
-0.2 to 0.6 V (Fig. 11(a)). The irradiated sample exhibits a
notably higher current response compared to the pristine
one, indicating enhanced electrochemical activity. The CV
loops for both samples display quasi-rectangular shapes with
distinct redox peaks, confirming pseudocapacitive behaviour
dominated by surface faradaic reactions involving Ni**/Ni**
transitions.*® The broader and more intense CV curve of the
irradiated sample suggests an increase in available active sites,
improved electron transfer kinetics, and greater electrochemi-
cally accessible surface area, likely due to defect engineering
induced by ion irradiation. As the scan rate increases
(Fig. 11(b)), the CV curves broaden and exhibit a progressive
shift in the redox peak positions due to polarization effects
and increasing resistance to ion transport. Notably, the area
enclosed by the CV curves grows with increasing scan rate,
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reflecting an enhancement in current response. However, the
relative peak broadening and decreased sharpness at higher
scan rates suggest diffusion limitations and slower kinetics of
faradaic processes. These observations indicate that the pris-
tine NiO nanorods possess a robust pseudocapacitive beha-
viour with good rate capability but may benefit from surface
modifications, such as ion irradiation, to further enhance their
electrochemical performance. Similarly, the cyclic voltammo-
grams (CVs) of the irradiated NiO nanorods were recorded
at scan rates of 20, 40, 60, 80, 100, and 120 mV s * over the
potential range of -0.2 to 0.6 V (Fig. 11(c)). The CV profiles
maintain the characteristic pseudocapacitive shape with clear
redox peaks corresponding to the Ni**/Ni** redox couple. As the
scan rate increases, the current response becomes broader,
with a slight shift in peak potentials, suggesting good rate
capability. The observed increase in peak current with the scan
rate indicates enhanced kinetics of charge storage and efficient
ion transport, which can be attributed to the defect engineering
induced by nitrogen ion irradiation. The galvanostatic charge-
discharge (GCD) curves of pristine and irradiated NiO nano-
rods, recorded at a constant current density, illustrate the
differences in electrochemical performance between the two
samples (Fig. 11(d—f)). The irradiated sample exhibits a longer
discharge time and a more symmetric triangular profile com-
pared to the pristine sample, indicative of improved charge
storage capacity and enhanced reversibility. The potential drop
at the onset of discharge is reduced for the irradiated sample,
reflecting lower internal resistance and better conductivity,
likely resulting from defect-induced pathways for charge trans-
port. The extended plateau region in the irradiated sample’s
discharge curve suggests a higher specific capacitance and

8666 | Mater Adv, 2025, 6, 8657-8669

improved energy storage capability. The GCD curves for pristine
NiO nanorods at varying current densities of 4, 5, 6, 7, and
8 A g~ (Fig. 11(d)) provide key insights into the material’s rate
capability and charge storage performance. At lower current
densities (e.g,, 4 A g "), the discharge curves display long,
nearly symmetrical triangular profiles with extended plateau
regions, indicative of high specific capacitance and efficient
charge storage. As the current density increases, the discharge
time progressively decreases, and the curves become less linear
and more distorted, reflecting reduced ion diffusion efficiency
and increased internal resistance. The shortening of discharge
times and increased IR drop at higher currents highlight the
kinetic limitations of pristine NiO at high rates. These findings
suggest that while pristine NiO demonstrates good perfor-
mance at low current densities, its rate capability may be
significantly enhanced by introducing structural defects or
surface modifications, such as ion irradiation. The GCD curves
of irradiated NiO nanorods at current densities ranging from
5to 8 A g " (Fig. 11(d)-(f)) reveal substantial improvements in
rate capability and charge storage performance compared to
the pristine sample. At low current densities (e.g., 5 A g '), the
discharge profile is extended and maintains a nearly ideal
triangular shape, indicating excellent capacitance and reversi-
bility. As the current density increases, the discharge time
decreases, as expected, but the curves remain relatively linear
and less distorted than those of the pristine sample, demon-
strating improved ion diffusion kinetics and reduced internal
resistance. The diminished IR drop and prolonged discharge
times at higher current densities highlight the role of nitrogen
ion irradiation in creating surface defects and enhancing
electron transport pathways.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.3. Electrokinetic analysis of charge storage

To gain deeper insight into the charge storage kinetics of the
pristine NiO nanorods, an electrokinetic analysis was per-
formed to quantify the capacitive and diffusion-controlled
contributions. The total current at a fixed potential can be
separated into contributions from surface capacitive effects
(k,v) and diffusion-controlled processes (k,v*'?).

To further elucidate the charge storage mechanism and
compare the kinetics of the pristine and irradiated samples,
the capacitive and diffusion-controlled contributions were
quantified from the CV data at various scan rates. Fig. 12
presents a comparative bar chart of the percentage of charge
stored via capacitive processes for both electrodes.

A clear trend is observed for both samples: the contribution
from capacitive storage systematically increases with the scan
rate. This confirms that at higher charge-discharge rates, the
fast, surface-controlled capacitive processes become the domi-
nant mechanism over the slower, diffusion-limited processes.

More importantly, a direct comparison reveals the positive
effect of nitrogen ion irradiation. The irradiated sample con-
sistently exhibits a higher percentage of capacitive charge
storage over the entire range of scan rates. For instance, at a
high rate of 0.12 V s™', the capacitive contribution increases
from approximately 82% in the pristine sample to over 83.5%
in the irradiated sample. This enhancement, while modest, is
significant. It provides quantitative proof that the ion-induced
surface defects successfully created additional, highly accessi-
ble redox-active sites. These new sites improve the surface
kinetics, allowing for more efficient charge storage, especially
at high rates. This kinetic advantage helps explain the superior
rate capability and higher specific capacitance observed for the
irradiated electrode throughout the electrochemical analysis.

The variation of specific capacitance with applied current
density for pristine and irradiated NiO nanorods is presented in
Fig. 13(a). Both samples exhibit a characteristic decrease in

100
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Fig. 12 Comparative analysis of the charge storage kinetics for pristine
and irradiated NiO nanorods.
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specific capacitance as the current density increases, attributed
to limited ion accessibility and diffusion at higher rates.
However, the irradiated sample consistently demonstrates
higher specific capacitance values across all current densities
compared to the pristine counterpart. At 5 A g~ ', the specific
capacitance of the irradiated sample reaches approximately
70 C g~ ', compared to 66 C g~ for the pristine sample. The
variation of areal capacitance with current density for pristine
and irradiated NiO nanorods is illustrated in Fig. 13(b). The
irradiated sample consistently exhibits higher areal capacitance
values across all current densities, indicating enhanced elec-
trochemical performance. At a current density of 0.5 mA cm ™2,
the irradiated sample shows an areal capacitance of approxi-
mately 6.5 F cm ™2, compared to 2.8 F cm™ > for the pristine
sample. As the current density increases, the areal capacitance
of both samples decreases due to limited ion diffusion and
increased resistive losses. However, the irradiated sample retains
superior capacitance values even at higher current densities,
demonstrating improved rate capability. This enhancement can
be attributed to the formation of surface defects and improved
conductivity resulting from nitrogen ion irradiation, which facil-
itates more efficient charge transfer and ion transport in the
electrode material.

The cycling stability of pristine and irradiated NiO nanorods
was evaluated over 5000 cycles, as illustrated in Fig. 13(c and d).
The specific capacitance and coulombic efficiency were mon-
itored as functions of the cycle number. Both samples exhibit
stable cycling behavior, with the irradiated sample demonstrat-
ing superior specific capacitance and coulombic efficiency
throughout the test period. The irradiated sample maintains
a higher specific capacitance, which indicates enhanced charge
storage capability and structural integrity after prolonged
cycling. Coulombic efficiency, a measure of charge-discharge
reversibility, is consistently higher in the irradiated sample,
confirming improved electrochemical stability and reduced
degradation. All these results emphasize the beneficial role of
nitrogen ion irradiation in enhancing the cycling performance
and durability of NiO nanorods for long-term supercapacitor
applications.

The electrochemical impedance spectroscopy (EIS) data for
pristine and irradiated NiO nanorods, represented by the
Nyquist plots (Fig. 13e) and bar graphs (Fig. 13f), provide key
insights into their charge transport properties. The Nyquist
plots exhibit a typical semicircular shape in the high-frequency
region, followed by a linear segment at low frequencies,
characteristic of charge-transfer and diffusion-controlled pro-
cesses, respectively. The irradiated sample displays a smaller
semicircle compared to the pristine sample, indicating a
reduction in charge-transfer resistance (R.) from 25.8 Q to
9.5 Q, as shown in the bar chart. Additionally, the irradiated
sample exhibits a lower series resistance (R;), decreasing from
11.4 Q to 8.8 Q, reflecting enhanced electrical conductivity and
ion transport pathways introduced by nitrogen ion irradiation.
These improvements in resistance parameters confirm that
ion irradiation effectively reduces charge-transfer barriers
and improves the overall electrochemical performance of NiO
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(b) areal capacitance; (c) and (d) capacitance stability of the electrode eva

and irradiated samples of nickel oxide nanorods: (a) specific capacitance and
luated over 5000 continuous charge—discharge cycles; (e) Nyquist plots of

pristine and irradiated NiO nanorods illustrating complex impedance behavior, with the irradiated sample showing a smaller semicircle corresponding to
lower charge-transfer resistance. (f) Bar chart comparing the series resistance (Rs) and charge-transfer resistance (R.) values for pristine and irradiated
samples, highlighting reductions in both resistances due to nitrogen ion irradiation.

Table 1 Comparison of various NiO nanostructured materials (with
different structures) with the corresponding areal capacitance

Electrode material (morphology Areal capacitance

and composition) (Fem™?) Ref.

Ultrathin NiO nanoflakes on Ni foam 0.87 34

MOF-derived hierarchical-porous 2.08 35

NiO film

NiO nanosheets on Ni foam 1.98 36

N* irradiated NiO nanorods 6.5 Current
work

nanorods, further validating its suitability for high-perfor-
mance supercapacitor applications. To understand the impact
of morphology on electrochemical performance, the areal
capacitance of various NiO nanostructured materials is com-
pared (Table 1).

This work demonstrates a powerful defect engineering strat-
egy using a low-energy ion irradiation technique for the rational

8668 | Mater. Adv, 2025, 6, 8657-8669

design of high-performance electrode materials. The findings
provide a clear pathway for tuning the properties of nanostruc-
tured oxides for energy storage. This versatile approach can
be readily extended to other material systems to develop next-
generation, high-performance electrodes.

4. Conclusions

In conclusion, this study demonstrates the enhancement in
the electrochemical performance of NiO nanorods achieved
through nitrogen ion irradiation. Ion-induced surface modifi-
cations result in increased active sites, improved electrical
conductivity, and enhanced ion transport, as evidenced by
cyclic voltammetry, galvanostatic charge-discharge, and elec-
trochemical impedance spectroscopy analyses. The irradiated
samples exhibit higher specific and areal capacitance, superior
rate capability, and better cycling stability compared to pristine
samples. Structural characterization, supported by SRIM and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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IRADINA simulations, reveals that irradiation-induced defects
and oxygen vacancies play a critical role in modifying the
nanorod surfaces, contributing to enhanced charge storage
performance. These findings establish low-energy ion irradia-
tion as an effective strategy to optimize NiO-based materials for
advanced supercapacitor applications.
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