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ARTICLE INFO ABSTRACT

Keywords: The surging demand for high-energy density lithium-ion batteries (LIBs) necessitates the exploration of anode

N1C°20_4 materials with higher storage capacity. Nickel-cobalt (Ni—Co) based transition metal oxides (TMOs) are strong

1(\:/[11 doping contenders due to their high theoretical capacity based on conversion reactions. The copper (Cu) doping strategy
icrowave

is adopted to improve the electrochemical performance through addressing the drawbacks of NiCo204, such as
lower conductivity and volume expansion. In this work, Cu-doped NiCo204 nanomaterials are synthesized via a
rapid, efficient, and scalable microwave-assisted synthesis route. When evaluated as an anode material for LIBs,
the Cu-doped NiCo,04 electrode delivers a high reversible specific capacity of 662 mAh g~* at a current density
of 100 mAg L. The enhanced performance is attributed to the unique porous nanorod-like structure with a high
surface area of 59.4 m?/g, which provides short lithium-ion diffusion pathways. Significantly, the copper acts as
an inactive material that accommodates volume changes effectively during cycling when compared to pure
NiCo204. Furthermore, the electrode exhibits an excellent rate capability and remarkable cycling stability. These
findings indicate that copper doping is found to be an efficient approach for enhancing the cyclic performance of
TMO-based anodes for next-generation LIBs.

Hydrothermal synthesis
Li-ion batteries

1. Introduction

The development of alternative energy sources is critical to meet the
urgent demands of our contemporary civilization and reduce our reli-
ance on fossil fuels. LIBs unrivalled combination of high energy and
power density makes them an ideal contender for portable electronics:
cell phones, laptops, computers, etc., as well as for large-sized devices:
electric vehicles (EV) and plug-in hybrid electric cars (PHEV) [1].
Intrinsically, LIBs have fundamental advantages over other battery
chemistries [2]. Lithium has the lowest reduction potential (—3.04 V vs
Standard Hydrogen Electrode (SHE)), giving LIBs the highest possible
cell potential. Additionally, lithium is the third lightest element and has
one of the smallest ionic radii among single-charged ions, resulting in
high gravimetric, volumetric capacity, and power density for Lithium
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(Li)-based batteries. On the other hand, LIBs are currently relatively
expensive for high-energy applications such as transportation and grid
storage. Concurrently, the potential shortages of lithium and some
transition metals could pose issues in the future.

Extensive research on the components and their component chem-
istries is performed widely for the betterment of the LIBs for high-energy
storage applications. The studies on the cathode part have been ongoing
for decades, and various high-performing cathode materials like LiCoOo,
LiFePOy4, LiMn204, LiINiMnCoO», etc., have been successfully employed
in the market [3]. Since 1991, the first commercial LIBs have employed
graphite as the anode material. Like for the cathode, anode materials
with superior properties such as high specific capacity, long cycle life,
smaller volume changes, low cost, and abundance are vital in LIBs, as it
directly impacts the battery's electrochemical performance [4]. To
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achieve the high energy density required for the current modern devices,
anode materials should have a high lithium storage capacity, a low
standard redox potential, and excellent electron and lithium-ion con-
ductivity [5]. In anodes, lithium is stored through various mechanisms,
including (i) intercalation/deintercalation, (ii) alloying/de-alloying,
and (iii) conversion processes [4,6].

Among the three reaction mechanisms for lithium storage, the Li
intercalation-deintercalation process displayed by materials such as
graphite (372 mAh g’l) and LigTisO15 (175 mAh g’l) shows a limited
capacity and raises concerns for battery safety operation, due to lithium
dendrite formation [7,8]. Silicon anodes exhibiting a Li alloying-
dealloying mechanism are exceptionally promising, with a specific ca-
pacity of 4200 mAh g~'. However, large volume variation during
continuous cycling limits the Si anode implementation for commercial
use [9]. Conversion reaction materials, such as TMOs, have attracted
much interest due to their multiple valences, high theoretical capacity,
high power density, high corrosion resistance, low cost, and abundance.
These materials have low lithium intercalation potential when
compared to graphite anodes, which enhances the safety features, like
thermal runaway, internal short circuit of the cell, etc., by inhibiting
lithium dendrite formation [10].

TMOs displaying lithium storage through conversion reactions
exhibit higher specific capacity than graphite [700-1050 mAh g~!]
[11,12]. Among mono transition metal oxides, Co304 shows a relatively
high theoretical specific capacity of 890 mAh g~! [13]. However, these
mono-metal oxide materials face practical challenges, such as lower
conductivity and significant volume fluctuations during cycling, causing
a rapid decline in capacity during battery lifetime [14]. As a result, the
study of binary transition metal oxides, isostructural to Co304, has
become a promising anode material for LIBs. They effectively address
the drawbacks of simple mono-oxides by combining two types of func-
tional materials, creating a synergistic effect that enhances the intrinsic
properties by facilitating rich redox chemistries and higher mechanical
stability. Among them, the cobaltates such as ZnCoy04 [15,16],
MnCo504 [17,18], CuCo204 [19,20], NiCo204 [21,22], etc., are found to
be potential candidates as anode material for lithium storage.

The inverse spinel NiCoy04 shows a theoretical capacity of 890 mAh
g~ !, has been demonstrated to have low diffusion resistance, higher
structural stability, and easy electrolyte penetration [23]. It also exhibits
high conductivity due to the presence of mixed valences [Ni%*/Ni3*,
Co%"/Co%*] of the same cation [24]. The literature shows that the
addition of Ni to the Co spinel structure (NixCo(3.x)O4) shows an elec-
trical conductivity of 0.1-0.3 S em ™!, which is higher than Co304, which
has an electrical conductivity of 3.1 x 1075 S em™! [25]. Also, it can
induce vacancies, providing active sites for the redox process, which can
enhance lithium storage activities. However, NiCoy04 exhibits inferior
cyclability and irreversible capacity fading due to significant volume
expansion and innate semiconductive nature [26]. The addition of im-
purity atoms in the sites of NiCo204 is considered to be an effective
method to overcome these challenges [27,28]. Doping of cationic atoms,
such as Mn, Zn, Al, Cu, etc., may provide numerous active sites and can
tune the charge state and band gap of TMOs to enhance the conductivity
and, thus, improve the electrochemical performances [29,30]. From the
literature, it was found that copper doping induces a higher (energy
level) electron state near the Fermi level of NiCoy04 [31]. From our
previous study, we observed that the addition of Cu to NiCo204 sites
results in a decrease in bandgap, exhibiting an enhanced conductivity of
NiCo,04 and thereby improving the electrochemical performance as an
electrocatalyst for Hydrogen Evolution Reaction (HER) [32].

In this context, this work focuses on improving the conductivity of
NiCo,04 electrodes for battery applications with copper dopants. Cu-
doped NiCoy04 materials were synthesized using a simple and cost-
effective microwave-assisted hydrothermal method. From our previous
studies on electrocatalysis, the optimized Cu doping concentration of
10% was chosen as it offers the most favorable physicochemical char-
acteristics [32]. Here, we are utilizing the Cu doped NiCo204 as an
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anode material for lithium-ion batteries by fabricating a CR-2032-type
half-cell, and we have successfully studied the effect of Cu doping on
the cyclic performance of NiCoy04.

2. Materials and methods
2.1. Synthesis of cu doped NiCo204 nanostructures

Cobalt chloride hexahydrate (CoCly-6H20, 98%) was purchased from
Sigma Aldrich. Nickel chloride hexahydrate (NiCly-6H20, 99%), copper
acetate monohydrate (Cu(CH3)COO,.H50), and Urea (99%) were pur-
chased from SRL chemicals. All chemicals were used as received,
without any further treatment. Double-distilled water was used for all
synthesis steps in this study. Ternary Cu-doped NiCo,04 inverse spinel
oxide was synthesized using a microwave-assisted hydrothermal
method. 0.0025 M of Cu(CH3)C0O02.H50, 0.045 M of NiCly-6H20, 0.1 M
of CoCly-6H50, and 0.3 M of urea (CO(NH5)5) were added to 50 mL of
double-distilled water. The obtained solution was moved to a Teflon-
lined autoclave, sealed and subjected to microwave treatment at a
temperature of 120 °C for 30 min. The autoclave was cooled down
naturally to room temperature, and the precipitates were gathered and
repeatedly centrifuged using ethanol and double-distilled water. Pure
NiCo,04 inverse spinel oxide is synthesized using a similar method as
aforementioned, employing 0.05 M NiCl,-6H20, 0.1 M CoCl,-6H20, and
0.3 M urea (CO(NHy)5) for comparison. All the samples were dried in an
oven at 60 °C for 24 h, followed by calcination for 2 h at 350 °C in a
muffle furnace. Fig. S1 shows the schematic representation of the
preparation of the CNCO10 sample. The obtained samples were labelled
as NCO and CNCO10 for pure and 10% Cu-doped samples, respectively.

2.2. Material characterization

The Cu-doped NiCoy04 samples were characterized using various
techniques. The XRD patterns of the samples were recorded using a
Bruker D8 Advance diffractometer with Cu K, radiation (voltage: 45 kV,
current: 30 mA) in a 26 range of 10°-80° with a step size of 0.040°.
Inductively Coupled Plasma (ICP) mass spectroscopy (Analytik Jena
model Plasma Quant MS) was used to record the spectrum to quantify
each element present in the samples. Nitrogen adsorption—desorption
isotherms were recorded using the BET [Quantachrome®ASiQwin™]
with a degassing temperature of 250 °C for 10 h to determine the surface
area and porosity of the samples. The morphology of the prepared
samples was obtained by micrograph analysis using a Scanning Electron
Microscope (Carl Zeiss EVO 18 Research), operating at an accelerating
voltage of 15 kV and working distance of 10.6 mm. Energy-dispersive X-
ray spectroscopy (EDX) was performed using a Thermo Scientific™
Helios™ UXe DualBeam G4 system equipped with an EDX detector and
focused ion beam (FIB), operated at 15 kV and a working distance of 4.0
mm. Here, FIB played a paramount role in facilely performing the cross-
sectional imaging of the aggregated nanoparticles, as performed in our
previous works [33]. PHI 5400 ESCA system (Supplied by Physical
Electronics, Inc.) was used for XPS analysis, with a pass energy of 89.45
eV during the measurement of full survey scans and 71.55 eV for
measuring the high-resolution, to study the different valence states of
each element present on the surface of the pure and Cu-doped NiCo,04
samples. All the XPS spectra were recorded using a non-
monochromatized Aluminium (Al) K, X-ray (hv =1486.7 eV) source
operated at 200 W power with 13.5 kV accelerating voltage under the
pressure of 10~° mbar. All the XPS spectra were analysed using MultiPak
v. 8.0 software, provided by Physical Electronics Inc.

2.3. Fabrication of lithium-ion cells and their electrochemical
characterization

CR-2032-type coin cells were fabricated inside an argon-filled glo-
vebox. The working electrode was prepared as follows: The as-
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synthesized NCO or CNCO10 nanomaterials, Polyvinylidene fluoride
(PVDF) as binder and Super-C carbon as a conductive material (weight
ratio of 8:1:1), were mixed in a N-methyl-2-pyrrolidene (NMP) solution
to form a slurry, which was pasted on a copper foil and dried in an oven
at 80 °C for 12 h and cut it into a circular disc of 8 mm. The counter
electrode was made of pure lithium foil. The electrolyte solution was 1 M
LiPF¢ in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1 by
volume), and the separator was glass microfiber filter paper (Whatman).
Electrochemical studies were carried out on the fabricated CR 2032 cells
using a Biologic BCS-810 battery cycler. Cyclic voltammograms were
recorded at a scan rate of 0.1 mV s~ ! in the potential range of 0.0-3.0 V.
Galvanostatic charge-discharge curves were recorded at different cur-
rent densities within a voltage range of 0.0-3.0 V. Electrochemical
Impedance Spectra were recorded in the range of 10 kHz to 1 Hz, both
before and after 100 cycles.

3. Results and discussion
3.1. Structural and morphological characterization of Cu doped NiCo204

The XRD patterns of NCO and CNCO10 samples, along with ICDD
data [ICDD data no. 98-000-8294], are given in Fig. 1(i). The dif-
fractograms of NCO and CNC10 samples were compared with ICDD data
and the observed diffraction peaks at 18.9°, 31.2°, 36.7°, 38.4°, 44.8°,
48.9°, 55.4°, 59.1° and 65° were respectively assigned to (111), (220),
(311), (222), (400), (422), (511), (440) and (533) planes [34]. The
observed XRD pattern confirms the formation of phase-pure face-
centered inverse spinel NiCo204 structure with a space group of Fd-3 m
[32]. From Fig. 1(i), only a negligible shift was observed after Cu
incorporation. An average crystallite size [D] and lattice parameter (a)
of the prepared samples is calculated using Williamson-Hall (W-H) and
Nelson -Riley plots, and the values are tabulated in Table S1 [35].

From Table S1, the calculated average crystallite size of both NCO
and CNCO10 samples is in the nanometer range, which confirms the
formation of nanosized structures. The observed increase in the crys-
tallite size of CNCO10 with Cu doping concentration can be due to the
expansion in the lattice created by the introduction of the higher ionic
radius Cu ions in the Ni sites of NiCo204 [36]. Also, the obtained lattice
parameter remains nearly unchanged, suggesting that Cu ions are
incorporated into the spinel lattice without causing significant structural
distortion due to comparable ionic radii of Cu?* (0.73 A) and Ni%* (0.69
A) [37].

Fig. 1(ii) shows nitrogen adsorption-desorption isotherms of NCO
and CNCO10 samples. From Fig. 1(ii), the observed shape of the hys-
teresis patterns is similar for both samples, which are compared with
IUPAC classifications of physisorption isotherms and identified as type
IV, H3 type hysteresis with open-wedge pores [38]. Fig. S2 (a) and (b)
shows the pore distribution curves of the NCO and CNCO10 samples
calculated using the Barrett-Joyner-Halenda [BJH] method. From the
pore size distribution curves, the effective pore width is distributed in
the range of 2 to 50 nm with a sharp peak at 2.5 and 7.8 nm for NCO and
2.5, 4.3, and 8.2 nm for CNCO10, confirming the mesoporous nature of
both samples. Table 1 shows the surface area and pore volume of NCO
and CNCO10 samples. From Table 1, the CNCO10 sample exhibits a
higher surface area and pore volume compared to NCO, due to the
unique nano-cube-like structure agglomerated to form porous nanorod-
like morphology, which can provide additional active sites for lithium-
ion storage and thereby enhance its electrochemical performance.

Fig. S3 shows the XPS survey spectrum of NCO and CNCO10 sam-
ples. From Fig. S3, the XPS survey spectrum of the NCO sample displays
the characteristic peaks of Ni, Co, O and C elements, confirming their
presence in the surface of the sample. In the case of CNCO10, along with
the above elements, the photoelectron peaks of copper in the binding
energy region of 932 eV become highly apparent. The Fig. 1(iii) (a—d)
displays high-resolution XPS spectra of elements observed in CNCO10.
Prior to high-resolution data analysis in this work, charge correction was
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achieved by referencing the main adventitious hydrocarbon (C—C) peak
to 284.8 eV (Fig. S4).

The chemistry fitting technique of XPS analysis, where a single peak
is indexed to a single oxidation state, does not represent the actual
oxidation states in transition metals. “In a recent study, Hughes et al.
highlighted the invalidity of employing a chemistry fitting approach
(fitting each peak to a distinctive oxidation state) for transition metals
and rare earth elements. Based on their recommendations, we presented
the experimental data as obtained and did not deconvolute them to
determine the multiple oxidation states” [39]. This explains the reason
why we did not fit the high-resolution Ni 2p, Co 2p, and Cu 2p spectra in
this study. However, based on the overall shape of the spectra (Co 2p in
Fig. 1(iii) b), coupled with relatively low intensity for the satellite peaks

and A = 15.1 eV (A = E(Zpg/z) — E(2p1/2>) confirms that the mixed

valence states of Co?* and Co>" are present in our sample [40]. Like-
wise, for the Ni 2p spectrum, the characteristic peak positions of Ni 2p3 2
and Ni 2p;/, at 854.9 and 872.9 eV, respectively, indicate the presence
of the Ni** oxidation state, which is especially occupied at octahedral
sites of the material according to the crystal structure [40]. By com-
parison to the literature, the broad peaks of the Cu 2ps/; and Cu 2p;,2
spin orbits with the characteristic presence of satellite peaks indicate
that mixed valence states Cu?>* and Cu* are present in the CNCO 10
sample [41].

In the case of the O 1 s spectrum of the CNCO10 sample, the chem-
istry fitting becomes valid; thus, the high intensity deconvoluted fitted
peak at the binding energy of 529.16 eV is attributed to the lattice ox-
ygen, indicating the oxygen is bonded to metal atoms. The second broad
fitted peak at 531 eV could be assigned to the hydroxyl group attached to
metal atoms. Finally, the small peak at 532.8 eV corresponds to chem-
ically and/or physically bonded water molecules on the surface of the
sample [42-44].

Table 2 shows the ICP-MS data of the NCO and CNCO10 samples. A
small deviation from the expected stoichiometric ratio is observed in the
evaluated stoichiometric ratio from ICP data. The observed small devi-
ation in the stochiometric ratio can be due to experimental or evaluation
error during sample measurement or the synthesis procedure. From
Table 2, the presence of Cu in the NiCoy04 matrix for the CNCO10
sample is confirmed.

Fig. 2 shows the SEM images of pure and Cu doped NiCo204 samples.
From Fig. 2 (a), the morphology of the NCO is observed to be a
nanoflake-like structure. After copper doping, the CNCO10 samples
show a nano-cube-like structure agglomerated to form porous nanorods
[Fig. 2 (b)]. This structural change from nanoflakes to nano-cubes can
be due to the influence of Cu doping in the host matrix of NiCo04 [45].
In the case of NCO, the individual NCO particles are nucleated and
grown as irregular crystals, and all these particles are aggregated to form
a flake-like structure. The presence of Cu ions in the reaction mixture
influences the nucleation growth rate of NiCo,04 nanoparticles. As a
result, it forms well-defined nano-cubes. The adsorption of Cu ions on
NiCo,04 nanoparticles influences the Van der Waals forces and elec-
trostatic interactions, leading to self-aggregation of nano-cubes to form
nanorod-like structures, in contrast to nanoflake-like structures
[37,46]. A cross-sectional SEM micrograph and elemental mapping of
the CNCO10 sample are presented in Fig. 2(c) and (d), respectively,
which confirms the presence of Cu inside the nanostructure.

3.2. Electrochemical characterization of Cu doped NiCo204

Fig. 3(1) (a) and (b) show the cyclic voltammograms (CV) of NCO
and CNCO10 samples. From Fig. 3(i) (a) and (b), in the first cycle, the
observed irreversible reduction peak at 0.80 V corresponds to the
reduction of NiCo,04 to metallic cobalt and nickel, and the formation of
amorphous Li2O and the generation of a solid-electrolyte interface (SEI)
layer [47]. The observed two oxidation peaks at 1.4 V and 2.1 V are
attributed to the oxidation reaction of Ni’ and Co° to form Ni** and
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Table 1
Surface area and pore volume of Cu doped NiC0,04.

Sample Specific surface area (m?/g) Pore volume (cc/g)
NCO 38.8 0.08
CNCO10 59.4 0.10

Table 2

ICP data of the prepared NCO and CNCO10 sample.

Sample Ni Co Cu Theoretical ratio Experimental ratio
M) M) M) (Cu:Ni:Co) (Cu:Ni:Co)

NCO 4.23 9.37 - 0:1:2 0:1:2.2

CNCO10  3.86 9.25 0.34 0.1:0.9:2 0.07:0.90:2.15

Co3+, respectively [48]. There is no shift in oxidation peaks in the sec-
ond cycle, while the reduction peak is shifted to a higher potential (1.12
V), corresponding to two reversible reactions (Egs. 2 & 3), implying that
the reduction reaction happens facilely in the following cycles. It is
evident from the CV curves that copper doping has a major impact on the
current value. The CNCO10 electrode shows a higher current value (1.2
mA) when compared to NCO (0.9 mA) for the initial cycle, which can be

Results in Chemistry 29 (2026) 103752

due to improved conductivity after Cu doping, and the CV curves tend to
overlap with cycles when compared to NCO electrodes. These sharp and
overlapped curves indicate the enhanced electron transfer and higher
reversible capacity of the CNCO10 electrode material.

The above electrochemical reaction process of NCO can be described
by the following equations [49].

NiCo,0, + 8Li* +8e” —Ni + 2Co + 4Li, O (€))
Ni + Li0 < NiO + 2Li" +2e~ 2
Co +Li0 < CoO +2Li + +2e~ 3
CoO +1/3Li,0 < 1/3C030, +2/3Li* +2/3e~ @)

Fig. 3(ii) (a) and (b) represent the charge-discharge profiles of
selected cycles for NCO and CNCO10, respectively. The plateau region of
the first discharge curve is lower than that for other cycles in the
discharge curves of both NCO and CNCO10, which corresponds to the
irreversible reaction of NCO as in Eq. (1), which is in accordance with
the previously discussed CV results. The observed initial discharge ca-
pacity of NCO and CNCO10 is found to be 1432 mAh g~ and 1572 mAh
g1, respectively, and is found to be higher than the theoretically

Fig. 2. SEM images of (a) NCO, (b) CNCOL10, (c) cross-sectional SEM image of CNCO10, and (d) cross-sectional elemental mapping of the CNCO10 sample.
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Fig. 3. (i) Cyclic Voltammogram of (a) NCO and (b) CNCO10, (ii) Charge-discharge cycles of (a) NCO and (b) CNCO10 for the first 20 cycles, (iii) Discharge capacity
and coulombic efficiency of NCO and CNCO10 at a current density of 100 mA g~ up to 100 cycles and (iv) Rate performance of the CNCO10 electrode.

calculated specific capacity value of NiCoyO4 of 890 mAh g~!. This
irreversible residual capacity, when compared to the theoretical ca-
pacity, indicates the formation of a Solid Electrolyte Interface (SEI) by
electrolyte degradation [50]. The first initial specific charge capacity
NCO and CNCO10 is found to be 1039 mAh g~! and 1163 mAh g~ L.
Thus, the increased specific capacity of CNCO10 over NCO can be due to
improved electronic conductivity after introducing copper atoms to the
NiCo204 matrix.

Fig. 3(iii) shows the discharge capacity and coulombic efficiency for
100 cycles of NCO and CNCO10 samples, respectively. From Fig. 3(iii),
it is observed that the NCO electrodes' specific capacity is decreasing
with cycling and reached a value of 127 mAh g~! with a coulombic
efficiency of 97% after 100 cycles. For CNCO10 electrodes, the specific
discharge capacity of 1286 mAh g~! is maintained up to 30 cycles and
then stabilizes at 662 mAh g~* with a coulombic efficiency of 98% after
100 cycles.

Fig. S5 shows the charge-discharge cycles of CNCO5 and CNCO20
[5% and 20% Cu doping in NiCo204]. From Fig. S7, both 5% and 20% of

Cu doping show an initial discharge capacity of 1268.3 and 1533.4 mAh
g~L. But after 20 cycles, CNCO5 shows a fast capacity fading similar to
NCO electrodes. On the other hand, CNC020 electrodes show a better
cyclic performance than NCO and CNCO5; their performance is still
inferior to that achieved with the CNCO10 electrode. This inferior per-
formance of the CNCO20 electrode likely arises from Cu ion agglomer-
ation in the NCO host matrix due to its large concentration, which
suggests that a 10% Cu doping is the optimally tuned concentration.

The abnormal decline in the cyclic performance and coulombic ef-
ficiency of NCO and CNCO10 after 30 cycles may be due to multiple
factors including structural changes during continuous charge-discharge
cycles, irreversible Li ' trapping and formation of unstable Solid Elec-
trolyte Interphase (SEI) layer that forms on the NiCoz:04 electrode,
leading to discharge capacity fading during cycling. Once the SEI layer
stabilizes and its growth slows, the coulombic efficiency typically in-
creases and reaches a steady value [51].

The major reasons for the capacity drop in the NCO electrode when
compared to CNCO10 are the poor conductivity of NCO and volume
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expansion that leads to its pulverization during cycling. The addition of
Cu improves the conductivity of NiCoy04; also, the Cu acts as an inactive
material, which reduces the volume expansion, resulting in improved
electrochemical performance of 10% Cu doped NiCo204 as an anode
material for lithium-ion batteries.

Fig. 3(iv) shows the rate performance for the CNCO10 electrode at
various current densities from 100 to 1200 mAg~'. The discharge ca-
pacity decreases from 1161 mAh g~ ! to 1068 mAh g~ ! after 11 cycles at
a current density of 100 mAg L. The discharge capacities of the CNCO10
electrode at the current density of 100, 200, 400, 800, and 1200 mAg’1
are found to be 1068, 948, 742, 443, and 253 mAh g’l, respectively, in
the 11th, 21st, 32nd, 43rd’ and 54th cycles. A good rate performance of
896 mAh g~! is recovered after the current density is returned to 100
mAg 1. This reversible capacity retention and relatively high specific
capacity with good rate performance of CNCO10 can be due to the
introduction of copper to the NiCo204 host matrix, where copper may
act as an inactive material and help in reducing the volume expansion
occurring during the charge-discharge process.

Fig. 4(a) and (b) display the Nyquist plots of the NCO and CNCO10
electrodes before cycling and after 100 cycles, over a frequency range of
10 kHz to 1 Hz. The obtained curves are fitted with a suitable electrical
equivalent circuit, as given in the Figure inset. Table 3 shows impedance
parameters of the developed NCO and CNCO10 electrodes. The fitting of
the Randles circuit for the EIS data gave a very low y? value (in the range
of 1073). From Table 3, the charge-transfer resistance (R) refers to the
resistance at the electrode-electrolyte interface, which is the semicircle

Results in Chemistry 29 (2026) 103752

Table 3
Comparison of EIS parameters of the developed anodes of NCO and CNCO10
before cycling.

Electrode R Ret CPEq Rsgr Warburg X
material (9] Q) (HF ) factor (Qs'/?)
cm™?)

Before cycling

NCO 6.9 144.9 47.4 - 139.8 9.64 x
1073

CNCO10 3.2 62 82.7 - 137.2 7.64 x
1073

After cycling

NCO 40.7 62.6 44.4 23.5 1171.1 6.13 x
1073

CNCO10 7.2 106.6 147.6 3.9 699.1 2.83 x
1073

in the middle frequency range of the Nyquist plot. Warburg impedance
(W) shows the diffusional behaviour of Li* ions in the electrode, which is
the inclined line in the low frequency region. Rg represents the ohmic
resistance of the electrolyte, the intrinsic resistance of the active mate-
rial, and contact resistance at the electrode/current collector interface.
The constant phase element (CPEq)) indicates double-layer capacitance
at the electrode/electrolyte boundary, indicating a deviation from ideal
capacitive behaviour, attributed to the material's porous structure and

Fig. 4. EIS spectra of (a) before and (b) after cycling and fitted with a suitable equivalent circuit in the inset, and (c) Real parts of the complex impedance Re(Z) vs.

03-1/2.
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surface roughness. Rgpj is the resistance due to the SEI layer formation
[12].

From Table 3, it was observed that ohmic resistance (Rs) increased
after 100 cycles due to electrolyte degradation. CNCO10 shows the
lowest charge-transfer resistance of 62 Q when compared to NCO, which
has a charge-transfer resistance of 144.9 Q. After 100 cycles, the R¢t
value increases for both NCO (626.6 Q) and CNCO 10 (106.6 Q) elec-
trodes. The Cu doping decreases the charge-transfer resistance of
NiCo,04 electrode, facilitating faster interfacial charge-transfer kinetics
during the lithiation/delithiation process resulting in enhanced elec-
trochemical performance. Post-cycling analysis reveals that after 100
cycles, CNCO10 develops an SEI layer with lower resistance than for the
NCO electrode.

The diffusion coefficients (Dy;) for Li-ion kinetics of the cells can also
be determined based on the EIS profiles in the low-frequency region
[52].

RT 1
6=—-—+|—7 %)
n*FPAV2 <CLiDLi%)

where R, universal gas constant

F, Faraday constant

T, absolute temperature

A, electrode surface area

n, number of electrons transferred per molecule

C1i , molar concentration of active material

6, Warburg factor.

The Warburg factor is calculated by determining the slope obtained
from the linear fitting of Z. to o2 plots [53,54]. Fig. 4(c) shows the
obtained slope of NCO and CNCO10 materials. From Eq. 5, the Warburg
factor (0) has an inverse relation with the diffusion coefficient D;. From
Table 3, the CNCO10 electrode has a lower Warburg factor of 699.1 Qs
172 than NCO (137.2 Q@s71/2) after 100 cycles, suggesting a rapid diffusion
of lithium-ions into the CNCO10 electrode.

The above results show that the introduction of copper to the
NiCo204 host matrix has a significant effect on electrochemical prop-
erties. The introduction of copper to the NiCo204 lattice increases the
electronic conductivity and surface area of NiCoy04 which provides
more active sites for redox reactions to happen [32]. Also, the Cu acts as
an inactive material, which restrains the volume expansion during the
reaction, resulting in enhanced cyclic performance of CNCO10 over the
NCO electrode. Fig. 5 shows the schematic diagram of the mechanism of
Cu doping on NiCo,04. Therefore, the synergetic effect of Cu®*, Ni®*/
Ni*, and Co?*/Co%" in CNCO10 results in improved electrochemical
performance as an anodic material for lithium-ion batteries.

Agglomerated
nanoflakes

O ®CoDNiCo ® Cu

Results in Chemistry 29 (2026) 103752

4. Conclusions

Development of porous nanorod-like Cu-doped NiCo2,04 (CNCO10)
ternary metal oxide was successfully carried out using a microwave-
assisted hydrothermal method. The doping was performed such that
the resultant compound maintained a crystalline structure with partial
substitution of Cu™/Cu?" ions in the NiCo,04 matrix, with no impurity
phases as confirmed by XRD analysis. The morphological studies
confirm that Cu doping increases the surface area of NiCoy04 by 34.7%
when compared to pure NiCoy04. The Cu doping increases the con-
ductivity of the host matrix, thus improving electrochemical perfor-
mance, which is validated by a relatively high initial specific capacity of
1572 mAh g~ for 10% Cu doped NiCo,04, while the NiCo204 electrode
has an initial discharge specific capacity of 1432 mAh g~*. Introduction
of Cu in NiCoy04 also controls the volume expansion during the
continuous charge-discharge process, resulting in a better cyclic stability
when compared to pure NiCo204. The improved electrochemical per-
formance was also validated through EIS measurements, which indi-
cated a lower transfer resistance upon Cu doping compared to that for
pure NiCo204. From this study, the Cu doped NiCo204 outperformed
pure NiCo204 material, which makes Cu doping strategy a promising
method for the development of a potential anode material with high
cycle stability for lithium storage and for other battery applications like
Zn, Na, etc. Table 4 shows the comparison of different literature studies
on the electrochemical performance of cationic doping on the metal
oxides in different battery chemistries with our present work.
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Table 4
Comparison table showing the electrochemical performance of cationic doping
on metal oxides in different battery chemistries with the present work.

Anode material Battery Specific No. of Reference
chemistry capacity cycles
(mAhg™1)
Mn-doped NiCo204 Lithium-ion 945 500 [30]
Batteries @2Ag!
NiCo-NiCo204@C Lithium-ion 616.2 1000 [54]
nanotubes Batteries @ 0.1 Ag 1
Cu doped §-MnO, Aqueous Zn- 296.8 @100 120 [55]
ion batteries mAg~!
Cu-doped Co304 Lithium -ion 1293 300 [56]
Batteries @100 mAg !
Cu-doped Co304 Sodium -ion 522 300 [56]
Batteries @100 mAg !
Cu-doped Co304 Potassium ion 331 300 [56]
Batteries @100 mAg ™!
Cu-Fe;03 Lithium -ion 239.4 @100 200 [57]
Batteries mAg !
Cu-Fe,03 Sodium ion 49 200 [57]
Batteries @100 mAg !
Mo-doped NiCo,04 Lithium-ion 485 270 [58]
Batteries @0.3Ag !
P-doped NiCo,04 Lithium-ion 470 100 [59]
microspheres Batteries @0.5 A g’1
Mo-doped NiCo,04 Lithium-ion 1360 100 [60]
Batteries @03Ag!
F-FeyMn;_3MoO4/ Lithium-ion 780 100 [61]
graphene Batteries @0.1C
Cu doped NiCo,04 Lithium-ion 662 100 Present
Batteries @ 100 mAg ! work
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