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stable interfacial transport channels, while its flexible network helps accommodate volume variations and
maintain electrical connectivity during cycling. The resulting ZMO-M/N-rGO nanocomposite exhibits improved
electrochemical kinetics and high-rate capability compared with pristine ZMO-M, delivering a reversible
discharge capacity of 541.09 mA h g™! at a current density of 2 A g~1. Following an initial 10-cycle activation
period, the nanocomposite maintains a stable electrochemical response for 300 cycles at 1 A g~!, retaining a
discharge capacity of 619.10 mA h g~!, whereas pristine ZMO-M exhibits pronounced capacity fluctuations.
Electrochemical impedance analysis further reveals lower interfacial resistance and a more gradual, controlled
evolution of Li* transport behavior in the nanocomposite. These results demonstrate that N-rGO interfacial
wrapping is an effective approach for improving charge-transfer kinetics, maintaining stable transport pathways,
and enhancing the long-term electrochemical stability of ZnMn,O4-based anodes.

1. Introduction

The increasing demand for portable electronic devices, electric ve-
hicles (EVs), and large-scale energy storage systems has intensified
research on advanced electrochemical energy storage technologies.
Among the various energy storage systems currently available, lithium-
ion batteries (LIBs) are still the dominant technology owing to their high
energy density, long cycle life, low self-discharge rate, and mature
manufacturing infrastructure [1,2]. Consequently, LIBs are widely
employed in consumer electronics and are expected to play a crucial role
in future sustainable energy applications [1,2]. The performance of LIBs
strongly depends on the properties of their electrode materials. Graphite
is currently the most commonly used commercial anode material
because of its excellent cycling stability and low operating potential.
However, its relatively low theoretical capacity of 372 mA h g~ limits
the achievable energy density of next-generation LIBs [3-5]. Therefore,
considerable effort has been devoted to developing alternative anode
materials with higher lithium-storage capacities while maintaining good
cycling stability and rate performance [3-5].

Among the various candidates investigated, transition-metal oxides
(TMOs) have attracted significant attention due to their high theoretical
capacities arising from conversion-type lithium storage reactions [6,7].
However, they suffer from poor intrinsic electrical conductivity and
severe volume changes during repeated lithiation and delithiation,
leading to electrode pulverization, unstable solid-electrolyte interphase
(SEI) formation, and rapid capacity fading [6,7]. Among TMOs, mixed
transition-metal oxides (MTMOs) with spinel AB;O4 structure where A
= Zn, Co, Ni, etc., and B=Mn, Fe, Co, etc., have been extensively
explored. The coexistence of two metal cations provides multiple redox
centers and enhanced electronic conductivity compared with single
transition metal oxides [8-10].

Among the reported MTMOs, ZnMny04 has emerged as a promising
anode material because of its high theoretical capacity (~1008 mA h
g’l), low cost, natural abundance, environmental compatibility, and
suitable operating potential [11,12]. Nevertheless, ZnMnyO4 suffers
from poor electrical conductivity and large volume changes during
cycling, leading to structural degradation and gradual capacity loss
[12]. To address the limitations of ZnMnyO4, various structural engi-
neering strategies, including nano and microstructures such as loaf-like
nanorods [13], nanofibers [14], mesoporous nano-peanuts [15],
ball-in-ball microspheres [16], porous microspheres [17-19], hollow
porous panpipes [20] and porous hollow microrods [21], have been
explored. Among these approaches, porous architectures have attracted
considerable interest because their interconnected pore networks pro-
vide enhanced electrolyte accessibility, abundant electrochemically
active sites, and shortened lithium-ion diffusion pathways, thereby
improving electrochemical performance [17]. However, despite these
advantages, the electrochemical performance of pristine porous
ZnMny04 materials remains significantly below their theoretical ca-
pacity, particularly during prolonged cycling and at high current den-
sities [12]. Furthermore, the intrinsically low electronic conductivity of
ZnMn,04 continues to hinder rapid charge transport. To overcome these
limitations, several researchers have employed 3-aminopropyltrime-
thoxysilane (APTMS)-assisted reduced graphene oxide (rGO) wrapping

strategies, in which APTMS serves as a surface functionalization agent
that promotes electrostatic interactions between the prepared ZnMn,04
particles and negatively charged graphene oxide sheets. Using this
approach, Zheng et al. [22], Cai et al. [12], and Zhang et al. [23] re-
ported rGO-wrapped ZnMn,O4 nanorods, nanospheres, and micro-
spheres, respectively. The incorporation of rGO established a conductive
interfacial network that facilitated electron transport and lithium-ion
migration, thereby enhancing electrochemical stability and rate capa-
bility [12,23].

More recently, Chandran et al. [24] demonstrated the feasibility of
incorporating N-rGO into ZnMnyO4 to improve its electrochemical
performance. This further highlights the potential of N-rGO as a
conductive and interfacial component for ZnMnyO4-based anodes.
Although APTMS/APS-assisted graphene wrapping has been demon-
strated as an effective strategy for improving the electrochemical per-
formance of ZnMnyO4, many reported composites employ undoped
reduced graphene oxide (rGO) as the conductive component. Compared
with undoped rGO, nitrogen-doped reduced graphene oxide (N-rGO)
possesses several advantageous characteristics for electrochemical en-
ergy storage. The incorporation of nitrogen atoms into the graphene
lattice can modify its electronic structure, enhance electrical conduc-
tivity, and generate additional electrochemically active defect sites that
facilitate lithium-ion adsorption and charge transfer [25-27]. Further-
more, nitrogen-containing functional groups can strengthen the inter-
facial interaction between graphene and metal oxide nanoparticles
through electronic coupling and charge redistribution effects, thereby
promoting more efficient charge transport across the oxide-carbon
interface [28]. As a consequence of all these, N-rGO has emerged as an
attractive conductive framework for improving the electrochemical
performance of metal-oxide-based anodes [25-27]. In parallel, the
development of rapid and efficient synthesis strategies is equally
important for the practical fabrication of advanced electrode materials.
Compared with conventional hydrothermal approaches,
microwave-assisted hydrothermal processing provides rapid and uni-
form volumetric heating, resulting in shorter reaction times, improved
reaction efficiency, and controlled formation of nanostructured mate-
rials [11]. Therefore, the integration of porous ZnMny04, N-rGO inter-
facial engineering, and microwave-assisted synthesis represents a
promising strategy for achieving enhanced lithium-storage performance
and improved electrochemical stability.

Motivated by these considerations, porous ZnMn,04 was synthesized
via a microwave-assisted hydrothermal route followed by controlled
calcination to obtain a porous framework with enhanced electrolyte
accessibility. Subsequently, APTMS-assisted interfacial assembly and a
second time microwave-assisted hydrothermal treatment in the presence
of graphene oxide and urea were employed to achieve intimate inter-
facial wrapping of nitrogen-doped reduced graphene oxide (N-rGO)
around the porous ZnMn;04 nanoparticles. The synergistic combination
of the porous architecture, conductive N-rGO network, and strong oxi-
de—carbon interfacial contact is expected to facilitate electron transport,
improve lithium-ion diffusion, and enhance structural stability during
repeated lithiation-delithiation processes. The lithium-storage perfor-
mance and electrochemical behavior of the resulting ZnMny04/N-rGO
nanocomposite were systematically evaluated and compared with those
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of pristine porous ZnMnyOy4.
2. Experimental

2.1. Materials

All chemicals used in this study were of analytical grade and used
without further purification. Zinc acetate dihydrate [Zn
(CH3C00),-2H20, > 99%], manganese acetate tetrahydrate [Mn
(CH3CO0)2-4H20, > 99%], ammonium hydrogen carbonate
[NH4HCOg3], ethanol [CoHs0H], 3-aminopropyltrimethoxysilane [HoN
(CH2)3Si(OCH3)], urea [CO(NHy),]. Graphene oxide [GO] used was
prepared by the modified Hummers’ method as described in the sup-
plementary information. Deionized (DI) water was used throughout the
experiments.

2.2. Synthesis of pristine porous ZnMn204 (ZMO-M)

Fig. 1 illustrates the schematic illustration for the synthesis of porous
ZnMny04 (ZMO-M). Initially, 3 mmol of Zn(CH3COO),-2H,0 and 6
mmol of Mn(CH3COO0),-4H>0 were dissolved in 30 mL of deionized (DI)
water. In a separate beaker, 30 mmol of NH4HCO3 was dissolved in 30
mL of DI water. Both solutions were ultrasonicated for 0.5 h, then mixed
and continuously stirred for 1 h. The resulting mixture was transferred
into a 100 mL Teflon-lined autoclave and subjected to microwave-
assisted hydrothermal treatment using a CEM MARS 5 system at
160 °C, with a ramp time of 0.5 h and an output power of 800 W for 15
min. After naturally cooling to room temperature, the precipitate was
collected by centrifugation and washed repeatedly with a 1:1 ratio of
ethanol-DI water mixture until a neutral pH was achieved. The obtained
product was then dried at 60 °C for 12 h and ground into a fine powder.
The obtained white intermediate powder is denoted ZMO-I. Subse-
quently, ZMO-I was calcined at 600 °C for 2 h (heating rate: 2 °C min ")
to obtain a dark-yellow porous ZnMn;04 powder, referred to as ZMO-M,
which was used for further characterization and composite preparation.

2.3. Synthesis of ZnMnz04/N-rGO (ZMO-M/N-rGO) nanocomposite

Initially, 140 mg of ZMO-M powder was dispersed in 100 mL of
ethanol, stirred for 1 h, and ultrasonicated for 1 h to ensure uniform
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dispersion. Subsequently, 1 mL of 3-aminopropyltrimethoxysilane
(APTMS) was added, and the mixture was stirred continuously for 3 h
to achieve surface functionalization, following a method similar to that
reported by Cai et al. [12]. The APTMS-functionalized product was
collected by centrifugation, washed several times with ethanol, and
dried at 60 °C in a hot air oven for 12 h. The dried powder was then
redispersed in 60 mL of DI water, stirred for 1 h, and ultrasonicated for
30 min to obtain a homogeneous dispersion (Solution A). In a separate
beaker, 60 mg of graphene oxide (GO) was dispersed in 60 mL of DI
water and ultrasonicated for 30 min to obtain Solution B. Considering
the initial amounts of ZMO-M (140 mg) and GO (60 mg), the nominal
ZMO-M: GO mass ratio was 70:30 (w/w). Solution B was then added
dropwise to Solution An under continuous stirring, and the mixture was
stirred for an additional 3 h to form a uniform suspension (Solution C).
Subsequently, 1.8 g of urea was added to Solution C, and the mixture
was stirred for 1 h. The resulting mixture was transferred into two 100
mL Teflon-lined autoclaves and subjected to microwave-assisted hy-
drothermal treatment using a CEM MARS 5 system at 160 °C, with a
ramp time of 0.5 h and an output power of 800 W for 30 min. The ob-
tained black precipitate was collected, washed thoroughly, and dried to
yield the ZMO-M/N-rGO nanocomposite, which was used for structural,
morphological, and electrochemical characterizations. The overall syn-
thesis process of the ZMO-M/N-rGO nanocomposite is schematically
illustrated in Fig. 2.

As illustrated in Fig. 2, the electrostatic assembly between ZnMnyO4
(ZMO-M) and graphene oxide is facilitated by surface functionalization
using APTMS, which introduces positively charged amine (-NH,/-NHZ)
groups onto the ZMO surface. This modification enables a strong elec-
trostatic attraction with the negatively charged oxygen-containing
functional groups present on graphene oxide sheets [12,29]. Conse-
quently, GO sheets anchor and wrap around the ZMO-M particles.
During the second time microwave-hydrothermal treatment, urea plays
a dual role by promoting the reduction of GO to N-rGO and simulta-
neously introducing nitrogen functionalities, thereby further enhancing
electronic conductivity and interfacial interactions. This synergistic
electrostatic interaction and in situ nitrogen doping result in the for-
mation of a well-integrated ZMO-M/N-rGO nanocomposite with
improved structural stability and charge transport properties.

| Zn(CH,.COO)z.ZHZOiMn(CH,.COO)zAHzO | | NHHCO,+DI |

Stirred for1 h
—

s P
" ) o 2 o
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Fig. 1. Schematic illustration for the synthesis of porous ZnMn,0,4 (ZMO-M).
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Fig. 2. Schematic illustration of the synthesis of the ZMO-M/N-rGO nanocomposite.

2.4. Material characterization

The phase composition, morphology, microstructure, and surface
chemical properties of pristine porous ZnMnyO4 (ZMO-M) and the
ZnMn304/N-rGO nanocomposite (ZMO-M/N-rGO) were systematically
investigated using a combination of structural, spectroscopic, micro-
scopic, and surface characterization techniques.

Crystallographic phase analysis was performed by X-ray diffraction
(XRD) using a Bruker D8 Advance diffractometer with Cu Ka radiation
(A = 1.5406 A) operating in Bragg-Brentano geometry. Diffraction
patterns of the intermediate precursor (ZMO-I), pristine porous
ZnMny04 (ZMO-M), and the ZnMn,04/N-rGO nanocomposite (ZMO-M/
N-rGO) were recorded over a 20 range of 10-80° using a LynxEye
position-sensitive detector to investigate phase evolution during syn-
thesis and confirm the formation of the target ZnMn,04 phase.

Raman spectroscopy was employed to investigate the structural
characteristics and defect features of N-rGO in the nanocomposite.
Raman spectra were collected using a laser confocal Raman spectrom-
eter equipped with a 514 nm excitation source. Fourier-transform
infrared (FTIR) spectroscopy was used to examine chemical bonding
and surface functional groups, and the spectra were recorded on a
Thermo Nicolet 6700 spectrometer in transmittance mode using KBr
pellets.

The surface morphology and particle distribution were examined
using field-emission scanning electron microscopy (FESEM, JEOL JSM-
6500F) operated at accelerating voltages of 10 and 20 kV, with a
working distance of approximately 10-12 mm, depending on the mea-
surement. Elemental composition and spatial elemental distribution
were analyzed by energy-dispersive X-ray spectroscopy (EDS) attached
to the FESEM system. The microstructure and interfacial characteristics
of the ZMO-M/N-rGO nanocomposite were further investigated by high-
resolution transmission electron microscopy (HRTEM, JEOL JEM-2100)
operated at 200 kV. Selected-area electron diffraction (SAED) patterns
were recorded to assess crystallinity and phase structure. The micro-
scope provides a point resolution of 0.23 nm and a lattice resolution of
0.14 nm.

The surface chemical states and elemental bonding environments
were analyzed by X-ray photoelectron spectroscopy (XPS) using a PHI
5400 ESCA system equipped with a non-monochromatic Al Ko radiation
source (hv = 1486.7 eV). Measurements were performed under ultra-
high vacuum conditions (~107° mbar), with the X-ray source oper-
ated at 200 W and an accelerating voltage of 13.5 kV. Survey spectra

were recorded at a pass energy of 89.45 eV, whereas high-resolution
spectra were acquired at 71.55 eV. The obtained XPS data were pro-
cessed using MultiPak v8.0 software.

2.5. Electrode preparation

Working electrodes were prepared by mixing the active material,
Super P conductive carbon, and polyvinylidene fluoride (PVDF) binder
in a weight ratio of 70:20:10 using N-methyl-2-pyrrolidone (NMP) as the
solvent. The resulting slurry was thoroughly homogenized and coated
onto copper foil using the doctor-blade technique, followed by drying at
80 °C for 12 h to remove residual solvent. Circular electrodes with a
diameter of 8 mm were then punched from the dried coated foil. The
active material loading was approximately 1.25 mg cm 2 for the pristine
porous ZnMnyO4 (ZMO-M) electrode and 0.78 mg em? for the
ZnMny04/N-rGO (ZMO-M/N-rGO) electrode employed in the cycling
performance studies.

2.6. Lithium-ion half-cell fabrication and electrochemical measurements

CR2032-type coin half-cells were assembled in a high-purity argon-
filled glovebox (Vigour SciLab, Oz < 1 ppm, HyO ~ 0.01 ppm), using
lithium metal (10 mm diameter) as both the counter and reference
electrode. The prepared ZMO-M and ZMO-M/N-rGO electrodes served
as the working electrodes. A Whatman glass microfiber filter (16 mm
diameter) was employed as the separator, while 1 M LiPF¢ dissolved in a
1:1 (v/v) mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC) was used as the electrolyte.

Electrochemical measurements, including cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS), were carried out using a Biologic BCS 810 battery
testing system. CV measurements were recorded over a potential win-
dow of 0.01-3.0 V (vs. Li/Li") at a scan rate of 0.1 mV s~ L. GCD tests
were performed within the same voltage range at various current den-
sities to evaluate cycling stability and rate capability. EIS measurements
were conducted over a frequency range of 10 kHz to 1 Hz with an AC
perturbation amplitude of 10 mV before and after cycling. All electro-
chemical measurements were performed at room temperature.
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3. Results and discussions
3.1. Structural and morphological analysis

3.1.1. XRD

Fig. 3 shows the XRD patterns obtained for the intermediate product
ZMO-I, the calcined sample ZMO-M, and the ZMO-M/N-rGO nano-
composite along with the standard diffraction data of ZnMnyO4
(PDF#24-1133) and the intermediate carbonate precursors ZnCOs
(PDF#08-0449) and MnCO3 (PDF#44-1472).

The diffraction pattern of the intermediate sample, ZMO-I, exhibits
peaks that match well with ZnCO3 and MnCOs phases, confirming the
formation of mixed metal carbonates during the microwave-assisted
hydrothermal process [30,31]. The presence of these carbonate phases
indicates that the ammonium hydrogen carbonate acted as a precipi-
tating agent, leading to the co-precipitation of zinc and manganese
carbonate intermediates prior to calcination. After calcination at 600 °C
for 2 h with a heating rate of 2 °C min~!, ZMO-M showed sharp and
well-defined XRD peaks at 20 values of 18.4°, 29.4°, 31.1°, 33.2°, 36.3°,
39.2°, 44.7°, 50.9°, 52.2°, 54.4°, 56.8°, 59.0°, 61.0°, 65.1°, and 75.0°.
These XRD peak positions were compared with the standard diffraction
data of ZnMnyO4, PDF card No. 24-1133 and can be respectively indexed
to the (101), (112), (200), (103), (211), (004), (220), (204), (105),
(312), (303), (321), (224), (400), and (413) crystallographic planes of
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Fig. 3. XRD patterns of the intermediate carbonate precursor ZMO-I
(Zng 33Mng ¢,CO3) obtained after microwave-assisted hydrothermal treatment,
the calcined sample ZMO-M, and the ZMO-M/N-rGO nanocomposite obtained
after wrapping process, along with their corresponding JCPDS (PDF) refer-
ence patterns.
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the tetragonal spinel ZnMn,04 phase with space group I14;/amd [32,33].
The absence of any impurity peaks confirms that the carbonate pre-
cursor is fully converted to phase-pure ZnMnyO4 upon thermal treat-
ment. Importantly, the XRD pattern of the ZMO-M/N-rGO composite
obtained after the wrapping process exhibits diffraction peaks similar to
those of pristine ZMO-V, indicating that the hydrothermal assembly and
nitrogen-doping process did not alter the crystal structure of ZnMnO4.
No distinct diffraction peak corresponding to graphene-based phases is
observed, which can be attributed to their lower content with exfoliated
nature, leading to an amorphous nature compared to the highly crys-
talline oxide framework.

Thus, the XRD results demonstrate that microwave-assisted hydro-
thermal synthesis proceeds via the formation of carbonate intermediate
(ZMO-I), which is a mixture of ZnCO3 and MnCOs phases, followed by
calcination of this intermediate to yield crystalline spinel ZnMn,04 and
subsequent N-rGO incorporation preserves the structural integrity of the
metal oxide. Furthermore, the crystallite sizes of ZMO-M and ZMO-M/N-
rGO were estimated using the Williamson-Hall (W-H) method based on
the XRD peak broadening analysis. The corresponding W-H plots are
provided in the Supplementary Information (Fig. S1). The average
crystallite sizes obtained were approximately 25 nm for ZMO-M and 34
nm for ZMO-M/N-rGO. The increase in crystallite size observed for the
ZMO-M/N-rGO nanocomposite can be attributed to the second-time
hydrothermal treatment, which may have promoted crystallite growth
and improved crystallinity. Nevertheless, the crystallite size remains
within the nanoscale regime, which is beneficial, as smaller domains
facilitate lithium-ion diffusion and enhance electrochemical perfor-
mance when used as an anode material in lithium-ion batteries.

3.1.2. TG-DSC

Thermogravimetric analysis (TGA) coupled with differential scan-
ning calorimetry (DSC) was performed to investigate the thermal
decomposition behavior of the intermediate carbonate precursor (ZMO-
D) under flowing air at a heating rate of 20 °C min~'. Fig. 4 shows the
simultaneous thermogravimetric (TG) and differential scanning calo-
rimetry (DSC) curves recorded for the intermediate carbonate precursor
(ZMO-I).

The TG curve reveals a multistep weight-loss process due to the
removal of adsorbed species and the decomposition of mixed Zn-Mn
carbonates. In the first stage, from 24.53 to 350.47 °C, a gradual
weight loss of approximately 5.84% is observed, attributed to the
desorption of physically adsorbed water and residual volatile species
trapped within the porous precursor. This behavior is consistent with

8
1004  ggumzsssereeeeseneey
-7
350.47 °C o

90 : o - )
3 : : L6 S
= 403.17 °C : 3
= . (=]
3 804 =
2 : [° 8
H = =

70+ :26.25 % Y

60 T 3

0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 4. Thermogravimetric (TG) and differential scanning calorimetry (DSC)
curves of the intermediate carbonate precursor (ZMO-I).
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previous reports on carbonate-based precursors [34].

In the second stage, from 350.47 to 442.73 °C, a major weight loss of
about 26.25% occurs, which corresponds to the thermal decomposition
of ZnCO3 and MnCOj; to spinel ZnMn204, as reported for carbonate-
derived systems [35]. The onset of this rapid decomposition begins
near 359.92 °C, while the DSC curve shows a prominent thermal event
centered at 403.17 °C, indicating the maximum rate of carbonate
decomposition. The decomposition process undergoes its major weight
loss between 350.47 and 442.73 °C, after which the rate of weight loss
decreases substantially. However, the TG curve continues to show a
gradual decrease in mass up to approximately 600 °C, above which it
becomes essentially constant, indicating the attainment of a thermally
stable state. Based on this thermal behavior, a calcination temperature
of 600 °C for 2 h was selected to promote complete thermal conversion
and adequate crystallization of the spinel ZnMnyO4 phase. The forma-
tion of the desired crystalline ZnMnyO4 phase under these conditions
was subsequently confirmed by XRD.

3.1.3. Raman and FTIR

Fig. 5(a) shows the Raman spectra obtained for pristine ZnMnyO4
(ZMO-M) and the ZMO-M/N-rGO nanocomposite prepared through the
second-time microwave-assisted hydrothermal wrapping process.

For the pristine ZMO-M sample, the Raman spectrum exhibits three
characteristic vibrational modes located at approximately 320.91 cm ™!,
380.73 cm ™, and 675.91 cm ™}, which correspond to the typical Raman-
active modes of tetragonal spinel ZnMny0O4. The bands at 320.91 em !
and 380.73 cm ™! can be assigned to the Eg-symmetric bending vibra-
tions and Tag stretching vibrations, respectively associated with Mn—-O
bonds in MnOg octahedral units. The sharp peak at 675.91 cm ™ cor-
responds to the A;g symmetric stretching vibration of oxygen atoms in
7ZnO4 tetrahedra. These Raman features are in good agreement with
previously reported Raman studies on tetragonal ZnMnyO4, confirming
the successful formation of the spinel oxide phase after calcination
[36-39].

After the microwave-assisted hydrothermal wrapping process with
nitrogen-doped reduced graphene oxide, the Raman spectrum of the
ZMO-M/N-rGO composite still exhibits the characteristic ZnMnyO4
vibrational modes at approximately 320.91 em ™, 380.73 ecm ™!, and
665.10 cm™!, indicating that the fundamental crystal structure of
ZnMny04 remains preserved during the composite formation process.
However, the A;; mode becomes more prominent and exhibits a slight
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shift toward lower wavenumbers compared to pristine ZMO-M, which
may be attributed to subtle modifications in the local cation environ-
ment and metal-oxygen bond characteristics within the spinel lattice
induced during the second-time hydrothermal treatment [38]. In addi-
tion to these oxide vibrational modes, the Raman spectrum of the
ZMO-M/N-rGO composite exhibits two distinct graphitic bands located
at1357.28 cm ™! and 1601.18 cm ™!, corresponding to the D and G bands
of graphene-based carbon materials, respectively. The D band arises
from the A;g; breathing mode of disordered sp2 carbon atoms and
structural defects, whereas the G band corresponds to the Eyg in-plane
stretching vibration of sp?-bonded carbon atoms in the graphene lat-
tice [40]. The calculated Ip/Ig ratio for these bands for the
ZMO-M/N-rGO composite is ~1.02, which is higher than that of the
pristine graphene oxide precursor used (0.85) as reported in the previ-
ous chapter, indicating the formation of defect-rich reduced graphene
oxide during the second-time microwave heating [40,41]. These defect
sites can enhance electrical conductivity and facilitate lithium-ion
adsorption and diffusion within the electrode, thereby improving the
electrochemical performance of lithium-ion batteries [42]. Overall, the
Raman spectral analysis confirms that the characteristic vibrational
modes of ZnMny04 are preserved after the nanocomposite formation,
while the appearance of graphitic D and G bands verifies the successful
integration of a conductive reduced graphene oxide (rGO) framework
with the ZnMnyO4 structure.

Fig. 5(b) shows the FTIR spectra of pristine ZMO-M and the ZMO-M/
N-rGO nanocomposite. The broad absorption band centered around
3419.17 cm ™! corresponds to the stretching vibration of surface —OH
groups, which may arise from adsorbed moisture, residual hydroxyl
groups on the metal oxide surface, or from the rGO surface [43]. The two
weak bands observed at 2917.28 cm ! and 2851.23 cm ™! are attributed
to the asymmetric and symmetric C-H stretching vibrations, possibly
originating from residual organic impurities from ethanol used in the
washing process or from partially reduced graphene oxide sheets. The
peak appearing near 1737.31 cm™! can be assigned to C=0 stretching
vibrations from graphene oxide. The weak band observed around
1637.26 cm ™! may arise from C=C vibrations of residual carbonaceous
species or skeletal vibrations of sp>-bonded carbon within oxidized
graphitic domains. In contrast, the peak at 1569.29 em ! corresponds to
the C=C stretching vibration of graphitic domains, indicating the
presence of reduced graphene oxide in the composite [43-45]. The band
appearing at 1406.81 cm ! may be attributed to the symmetric
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Fig. 5. (a) Raman and (b) FTIR spectra of the as-prepared ZMO-M and the nanocomposite, ZMO-M/N-rGO.
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stretching vibration of carboxylate (COO™) groups associated with re-
sidual oxygen-containing functional groups of graphene-based materials
[46]. For ZMO-M/N-rGO, the peak at 1110.79 cm ! is attributed to
O-C-O stretching vibrations from epoxy or alkoxy functional groups
present in GO. In contrast, for ZMO-M, this band is most likely due to
C-O stretching vibrations from residual organic species, such as acetate
or alcohol-derived fragments, or from surface carbonates formed
through the adsorption of atmospheric CO5 [43]. More importantly, the
characteristic bands at 642.17 cm ™! and 548 cm™! correspond to the
Zn-0O and Mn-O lattice vibrations, respectively, confirming the forma-
tion of the spinel ZnMny04 structure in ZMO-M and ZMO-M/N-rGO [11,
47]. The coexistence of these metal-oxygen vibrations together with
graphene-related functional groups indicates the successful integration
of the rGO framework with the ZnMn,O4 structure.

3.1.4. XPS
Fig. 6(a) presents the XPS survey spectra of pristine ZnMny04 (ZMO-
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M) and the ZnMnyO4/N-rGO nanocomposite (ZMO-M/N-rGO). The
survey spectra confirm the presence of Zn, Mn, and O elements in both
samples, verifying the formation of ZnMnyO4. In addition, a distinct C 1s
signal is observed in both samples, while the ZMO-M/N-rGO sample
exhibits an additional N 1s peak, confirming the successful incorpora-
tion of nitrogen-doped reduced graphene oxide (N-rGO). The higher
carbon intensity in the ZMO-M/N-rGO further indicates the presence of
the graphene framework surrounding the ZnMnyO4 particles in the
nanocomposite.

Fig. 6(b) and (f) show the high-resolution Zn 2p spectra of ZMO-M
and ZMO-M/N-rGO, respectively. For the pristine ZMO-M sample, two
characteristic peaks located at 1021.3 eV and 1044.4 eV correspond to
Zn 2ps, and Zn 2p; /3, respectively, with a spin-orbit splitting of 23.1
eV, which is consistent with the typical binding energy values of Zn?" in
spinel ZnMny04. For the ZMO-M/N-rGO, the Zn 2p peaks appear at
1021.8 eV and 1045.0 eV, maintaining a similar spin-orbit separation of
23.2 eV, confirming 7Zn%* oxidation state in the nanocomposite [48,49].
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Fig. 6. XPS spectra of ZMO-M and ZMO-M/N-rGO: (a) Survey spectra, High-resolution Zn 2p, Mn 2p, O 1s, and C 1s spectra of (b-e) ZMO and (f-i) ZMO-M/N-rGO.
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A slight positive shift in the Zn 2p binding energy compared to pristine
ZMO-M suggests a modification in the local electronic environment of
Zn ions due to strong interfacial interaction between ZnMn,0O4 nano-
particles and the conductive N-rGO framework [50]. Similarly, Fig. 6(c)
and (g) show the high-resolution Mn 2p spectra of ZMO-M and
ZMO-M/N-rGO. Due to the complex spectral features associated with
transition metals, particularly Mn 2p, spectra are interpreted based on
characteristic binding energies and spin-orbit splitting, without detailed
peak deconvolution [51]. In the pristine ZMO-M sample, the Mn 2ps3,2
and Mn 2p; » peaks appear at 641.6 eV and 653.3 eV, respectively, with
a spin-orbit separation of 11.7 eV, which is a characteristic of Mn>* in
ZnMny04 [52,53]. In the ZMO-M/N-rGO sample, the Mn 2p peaks shift
slightly toward higher binding energies, appearing at 642.2 eV and
653.9 eV while maintaining the same spin-orbit splitting of 11.7 eV.
Such a slight positive shift suggests a modification in the local electronic
environment of Mn ions. The slight positive shift in the Mn 2p binding
energy may arise from subtle changes in the local ligand field, Mn-O
covalency, or surface coordination environment, as well as interfacial
charge redistribution between the oxide and graphene framework [54,
55]. Furthermore, although the Mn 2p spectra are dominated by features
consistent with Mn>*, the possible presence of minor surface Mn?*
and/or Mn** species cannot be completely excluded. However, reliable
quantitative determination of the relative contributions of different Mn
oxidation states from the Mn 2p spectra requires reference-based
multiplet fitting because the Mn 2p region exhibits complex multiplet
and satellite structures, even for materials containing a single Mn
valence state [56,57]. Moreover, variations in the multiplet-fitting pa-
rameters can introduce significant uncertainty in the calculated Mn
oxidation-state composition [56]. Therefore, the present XPS analysis is
best interpreted as indicating Mn>* as the predominant Mn oxidation
state, without assigning quantitative fractions to possible minor
Mn2*/Mn** surface species.

Fig. 6(d) and (h) present the deconvoluted O 1s spectra of ZMO-M
and ZMO-M/N-rGO, respectively. For the pristine ZMO-M sample, the
O 1s spectrum can be resolved into two main components. The dominant
peak located at 530.1 eV is assigned to lattice oxygen (Zn-O/Mn-O) in
the spinel ZnMnyO4 structure, consistent with previously reported
values [11,58]. The second component, centered at 531.5 eV, corre-
sponds to surface hydroxyl species (M — OH), which are commonly
associated with adsorbed water molecules or hydroxylated surface sites
formed during the hydrothermal synthesis process [11,58]. In contrast,
the ZMO-M/N-rGO nanocomposite exhibits three distinct oxygen com-
ponents. The peak at 530.4 eV is attributed to lattice oxygen
(Zn-0/Mn-0) within the ZnMn,04 framework [58]. The intermediate
peak centered at 531.4 eV is associated with C=0 and COOH functional
groups on the graphene sheets [59]. The relatively higher intensity of
this component in the ZMO-M/N-rGO nanocomposite indicates that
graphene oxide wraps around the ZnMn;0O4 nanoparticles. A third peak
at 533.3 eV is assigned to oxygen-containing functional groups, such as
C-0O-C and C-OH, originating from the N-rGO sheets [59]. The presence
of these additional oxygenated groups confirms the successful incorpo-
ration of the N-rGO framework and suggests strong interfacial interac-
tion between ZnMnyO4 nanoparticles and the graphene sheets.

Fig. 6(e) and (i) show the deconvoluted high-resolution C 1s spectra
of ZMO-M and ZMO-M/N-rGO, respectively. For the pristine ZMO-M
sample, the C 1s spectrum can be resolved into three components
located at 284.8, 286.3, and 288.3 eV, corresponding to C-C/C=C,
C-0/C-0OH, and O-C=O0 species, respectively. These carbon signals
mainly arise from adventitious carbon adsorbed on the surface during
sample handling and exposure to ambient atmosphere air [60]. In
contrast, the ZMO-M/N-rGO nanocomposite exhibits a dominant peak
centered at 284.9 eV, corresponding to the sp>-hybridized graphitic
C-C/C=C bonds of the reduced graphene oxide structure, along with
additional peaks at 286.0, 286.9, and 289.2 eV, which are attributed to
C-N/C-0/C-OH, C=0, and O-C=0 functional groups, respectively
[61,62]. Because the binding energy ranges of C-N and C-O species are
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very close in the C 1s region, distinguishing these two contributions
reliably is challenging [61,62]. Therefore, the presence of nitrogen
within the graphene framework is more convincingly verified through
analysis of the high-resolution N 1s spectrum, which is commonly used
to confirm nitrogen doping in reduced graphene oxide systems [43,
61-63].

Fig. 7(a) shows the deconvoluted high-resolution N 1s XPS spectrum
of the ZMO-M/N-rGO nanocomposite. The spectrum can be resolved
into three characteristic components centered at approximately 398.98
eV, 400.18 eV, and 401.68 eV, which are assigned to pyridinic, pyrrolic,
and graphitic nitrogen, respectively, consistent with previously reported
nitrogen-doped graphene systems [64-68]. The presence of these three
nitrogen configurations confirms the successful incorporation of nitro-
gen atoms within the reduced graphene oxide framework of the nano-
composite. The identified nitrogen bonding configurations from the N 1s
deconvolution are schematically illustrated in Fig. 7(b). Pyridinic ni-
trogen atoms, represented in green, are typically located at the edge or
defect sites of the graphene lattice and are bonded to two sp-hybridized
carbon atoms. These atoms possess a localized lone pair of electrons and
contribute one z-electron to the conjugated & system of graphene. The
presence of pyridinic nitrogen is known to increase defect density and
modify the local electronic structure of the carbon framework [65,69].
Such defect-rich sites enhance surface polarity and improve electrolyte
wettability, thereby facilitating interfacial charge-transfer processes
during electrochemical reactions [65,69]. Meanwhile, the Pyrrolic ni-
trogen atoms, shown in pink, are incorporated within five-membered
ring structures associated with defect regions of the graphene lattice
and contribute two n-electrons to the aromatic & network. The presence
of pyrrolic N increases the chemical reactivity of the carbon framework
and provides additional adsorption sites for lithium ions, thereby pro-
moting surface-controlled and pseudocapacitive lithium storage
behavior [65,69]. In contrast, graphitic nitrogen atoms, shown in red,
result from the substitution of carbon atoms within the basal plane of the
graphene lattice and are bonded to three sp>-hybridized carbon atoms.
This configuration contributes delocalized n-electrons to the graphene
framework and is widely reported to enhance the electronic conduc-
tivity of nitrogen-doped carbon materials [64,65]. To quantify the dis-
tribution of these nitrogen species, the relative contribution of each
component was calculated from the integrated peak area of the fitted N
1s peaks. As shown in Fig. 7(c), pyridinic N is the dominant nitrogen
species (~258.96%), followed by graphitic N (~24.89%) and pyrrolic N
(~15.99%). The predominance of pyridinic nitrogen indicates the
presence of abundant edge and defect sites within the N-rGO structure,
while the presence of graphitic nitrogen suggests nitrogen incorporation
within the graphene basal plane, which can contribute to improved
electronic conductivity of the nanocomposite.

Thus, XPS analysis confirms the presence of Zn, Mn, and O, along
with a small amount of adventitious carbon in the pristine ZMO-M
sample, confirming the formation of ZnMnyO4. In contrast, the ZMO-
M/N-rGO nanocomposite exhibits a strong C signal and a weak N
signal due to the incorporation of the N-doped graphene framework.
Importantly, the deconvolution of the high-resolution N 1s spectrum
further confirms the successful incorporation of nitrogen into the
reduced graphene oxide, indicating the formation of N-rGO within the
nanocomposite.

3.1.5. FESEM and EDX

FESEM was employed to investigate the surface morphology of the
pristine ZMO-M and ZMO-M/N-rGO nanocomposite. Fig. 8(a—c) present
the FESEM images of pristine ZMO-M at different magnifications. The
images reveal that ZMO-M consists of agglomerated nanoparticles
forming a porous architecture. The presence of numerous interparticle
voids and pores is clearly observed, originating from the decomposition
of the carbonate precursor during calcination [12,35]. Such porous
structures are beneficial for lithium-ion diffusion and electrolyte pene-
tration [17,70]. Fig. 8(d-f) show FESEM images of ZMO-M/N-rGO,
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Fig. 8. FESEM images of (a-c) pristine ZMO-M and (d-f) ZMO-M/N-rGO nanocomposite (g) FESEM image of ZMO-M/N-rGO and corresponding elemental mapping
images showing the distribution of Zn, Mn, O, C, and N elements throughout the nanocomposite.

revealing the nanocomposite morphology. Compared with pristine
ZMO-M, N-rGO sheets are observed in close association with and
extending around the ZMO-M nanoparticle aggregates, forming an
interconnected oxide-carbon framework. The graphene sheets appear
around and in close contact with the ZMO-M aggregates, suggesting

partial association and wrapping of the ZMO-M nanoparticle aggregates
by N-rGO sheets during the second microwave-assisted hydrothermal
treatment. This interconnected N-rGO framework is expected to facili-
tate electron transport and may help maintain structural integrity by
accommodating volume variations of ZnMnyO4 during repeated
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lithiation—delithiation.

To further examine the elemental composition and distribution of the
pristine and composite materials, EDX elemental mapping was per-
formed. Fig. S2 shows the FESEM image acquired during the EDX
measurement of pristine ZMO-M together with the corresponding
elemental maps, confirming the distribution of Zn, Mn, O, and C
throughout the material. Fig. 8(g) displays the FESEM image of ZMO-M/
N-rGO and the corresponding elemental mapping images showing the
distribution of Zn, Mn, O, C, and N elements throughout the nano-
composite. The spatial distribution of carbon and nitrogen signals
further supports the incorporation and distribution of the N-containing
carbon framework in the nanocomposite. The N-rGO wrapping together
with the porous ZMO-M architecture may provide efficient electron-
transport pathways, improved electrolyte accessibility, and enhanced
structural stability, thereby contributing to the superior rate capability
and long-term cycling performance of the ZMO-M/N-rGO electrode
[23].

3.1.6. HRTEM and SAED

To further investigate the nanoscale morphology and interfacial
structure of the ZMO-M/N-rGO nanocomposite, transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) were performed.
The FESEM observations indicate the close association of N-rGO sheets
with the ZMO-M nanoparticle aggregates. However, the nanoscale fea-
tures of the ZnMnyO4-N-rGO interface cannot be fully resolved by
FESEM. TEM provides higher spatial resolution, thereby enabling more
direct visualization of the ZMO-M-N-rGO interfacial contact. Prior to
TEM analysis, the ZMO-M/N-rGO sample was ultrasonicated in ethanol
to disperse agglomerated particles and partially exfoliate the N-rGO
sheets, facilitating better observation of the interfacial structure.

Fig. 9(a), (b), and (d) show TEM images of the ultrasonicated ZMO-
M/N-rGO nanocomposite at different magnifications. The low-
magnification TEM image in Fig. 9(a) reveals loosely agglomerated
ZnMny04 nanoparticles dispersed after ultrasonication. Although the
porous architecture observed in the FESEM images is not directly
distinguishable owing to particle dispersion during TEM sample prepa-
ration, the image confirms the nanoparticulate nature of the ZnMnyO4
phase. Fig. 9(b) and (d) present enlarged views of the selected regions
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from Fig. 9(a). At lower magnification, as shown in Fig. 9(b), the gra-
phene layers are not clearly distinguishable; however, higher-
magnification imaging reveals thin N-rGO sheets in intimate contact
with the ZnMny0O4 nanoparticles, as shown in Fig. 9(c) and (d).

As shown in Fig. 9(c), an N-rGO layer with an estimated thickness of
approximately 2.3 nm can be observed adjacent to the ZnMnyO4 parti-
cle, indicating successful coating of the oxide surface. The lattice spacing
was determined from the HRTEM image using FFT and inverse FFT
analysis. A filtered inverse FFT image of the boxed region is shown in the
inset of Fig. 9(c), exhibiting well-defined lattice fringes with an inter-
planar spacing of 0.31 nm, corresponding to the (112) plane of tetrag-
onal ZnMnyOy, confirming the crystalline nature of the nanoparticles
[71]. Further evidence of the wrapping configuration is provided in
Fig. 9(d), where an N-rGO sheet with an estimated thickness of
approximately 3.3 nm is observed partially covering the ZnMn,04 par-
ticle. These observations suggest that the second time
microwave-assisted hydrothermal treatment promotes intimate wrap-
ping of N-rGO sheets around the ZnMny04 nanoparticles, leading to the
formation of a well-integrated oxide-carbon interface.

The HRTEM image shown in Fig. 9(e) further confirms the crystalline
nature of the ZnMnyO4 nanoparticle. The corresponding FFT/inverse
FFT processed inset image exhibits well-defined lattice fringes with an
interplanar spacing of 0.19 nm, which can be indexed to the (123) plane
of tetragonal ZnMnyO4. The observed lattice spacings from the HRTEM
images are in good agreement with the XRD results, further confirming
the formation of crystalline spinel ZnMnyO4. The SAED pattern shown in
Fig. 9(f) consists of a series of concentric diffraction rings, indicating the
polycrystalline nature of the ZnMnyO4 nanoparticles. The measured
ring-radius ratios of 1:1.69:2.51 agree well with the theoretical ratios
corresponding to the (011), (020), and (123) planes of tetragonal
ZnMny04, thereby confirming the formation of the spinel crystal
structure.

Overall, the TEM, HRTEM, and SAED analyses confirm the successful
integration of N-rGO with ZnMn,04 nanoparticles and the formation of
intimate oxide-graphene sheet interfacial contact. This wrapping
structure may enhance electron transport, facilitate Lit diffusion, and
improve the rate capability and cycling stability of the ZMO-M/N-rGO
electrode [12,23,72].

Fig. 9. (a, b, d) TEM images, (c, e) HRTEM images, and (f) SAED pattern of the ZMO-M/N-rGO nanocomposite.
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3.2. Electrochemical performance of pristine ZMO-M and ZMO-M/N-
rGO nanocomposite

The electrochemical performance of ZMO-M and ZMO-M/N-rGO
electrodes is discussed in detail in the following sections.

3.2.1. Cyclic voltammetry

Fig. 10(a) and (c) show the cyclic voltammograms of the pristine
ZMO-M electrode and ZMO-M/N-rGO, respectively, while Fig. 10(b) and
(d) show the corresponding magnified views of the boxed regions.

For the pristine ZMO-M electrode, the first cathodic scan exhibits two
broad reduction peaks at 1.26 V and 0.73 V, along with a sharp, intense
peak at 0.23 V, as shown in Fig. 10(a). The peak at 1.26 V corresponds to
the initial insertion of Li * into the ZnMnOy4 lattice, accompanied by the
reduction of Mn>* to Mn?", leading to the formation of an intermediate
LiZnMn2O4 (intercalation process) phase as represented in Equation (1)
[73] and marking the onset of structural transformation prior to the
subsequent conversion reaction. The smaller broad feature at 0.73 V is
attributed to electrolyte decomposition and the formation of the solid
electrolyte interphase (SEI) layer [11,12,21,73]. The sharp cathodic
peak at 0.23 V is associated with the subsequent conversion reaction of
Zn%" and Mn?" to their metallic states, Zn® and Mn®, accompanied by
the formation of Li;O as represented by Equation (2), followed by
alloying of Zn with Li [11,12,74] as represented by Equation (3). The
complete reduction processes can be represented as follows:

(a)
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ZnMnyO4 + LiT + e~ — LiZnMnyO4 (@)
LiZnMnyO4 + 7LiT + 7e”~ — Zn + 2Mn + 4Li,0 2)
Zn + Lit 4 e~ = LiZn 3

During the first anodic scan, two distinct oxidation peaks are
observed at 1.23 V and 1.56 V, which can be associated with the
oxidation of Mn® and Zn, respectively, together with the dealloying of
ZnLi [21]. These reactions collectively represent the reversible deli-
thiation process, which can be summarized as:

ZnLi 4+ 2Mn + 3Li,O = ZnO + 2MnO + 7Li* +7e~ ¢

In the second cycle, the cathodic peak at 1.26 V disappears, indicating
the irreversible nature of the initial intercalation and structural trans-
formation process, while the SEI-related peak persists with minor shifts.
A single prominent cathodic peak appears at 0.50 V, corresponding to
the reversible conversion reaction of Zn** and Mn*" to their metallic
states [21,73,74]. In the subsequent third, fourth, and fifth cycles,
similar peaks are observed with slight shifts and poor overlap. The
gradual shift of the cathodic peak from 0.50 V to 0.49 V and the
reduction in peak intensity indicate increased polarization and limited
reversibility of the pristine ZMO-M electrode, consistent with previous
reports [11,73,75]. The persistence and growth of the SEl-related
feature further indicate unstable interfacial behavior during the initial
5 cycles.

0.4 ZMO-M | .-~
1.23V g
0.2- o
-0.1
0.0+
< -0.2- T
T T -0.21
=-0.4- N 1%t cycle = R 1’:’cycle
; G 2" cycle
-0.6 4 049V :~.¢;2nd cycle ok y
— 2 cycle =0.31 N cycle
-0.8 - 4" cycre) p— :m cyc:e
0.23V th ~ cycle
-1.04 5" cycle 0.49V
S ————— ~A-0.4 . .
00 05 10 15 20 25 3.0 0.0 0.5 1.0 1.5

Potential (V) vs Li/Li*

(c)

Potential (V) vs Li/Li*

w00
0.24 ZMO-M/N-rGO }.-~
123V I
-0.1
0.0
£ < 02
= -0.2- — 1% Cycle = , — 1% Cycle
—— 2" Cycle 035V 2" Cycle
3" Cycle =0.3+ 0.25V 3" Cycle
-0.4- 4™ Cycle 4™ Cycle
' th
5.Cycle | — 5" Cycle
T T T T T T T ~~~‘_0.4 T T
00 05 10 15 20 25 3.0 0.0 0.5 1.0 1.5

Potential (V) vs Li/Li*

Potential (V) vs Li/Li*

Fig. 10. Cyclic voltammograms of (a,b) ZMO-M and (c,d) ZMO-M/N-rGO electrodes recorded for the first five cycles with their respective magnified views high-

lighting the low-potential cathodic region.
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For the ZMO-M/N-rGO nanocomposite electrode, the first cathodic
scan exhibits two reduction peaks at 1.33 V and 0.70 V, corresponding to
Mn>* reduction and SEI formation, respectively, as shown in Fig. 10(c)
and (d). The positive shift in the Mn3* reduction peak relative to ZMO-M
indicates reduced polarization and improved reaction kinetics, due to
the conductive N-rGO framework [76,77]. Interestingly, at lower po-
tentials, instead of a single sharp peak (0.23 V) observed for pristine
ZMO-M, two distinct cathodic peaks at 0.25 V and 0.09 V are observed.
This clearly indicates that the lithiation process proceeds through a
stepwise mechanism involving conversion followed by alloying, rather
than a single overlapping process. The peak at ~0.25 V may correspond
to the primary conversion reaction [73] described by Equation (2), and
the additional peak at 0.09 V can be attributed to Li-Zn alloy formation,
in agreement with Zn-based alloying behavior [78]. During the first
anodic scan, oxidation peaks at 1.23 V and 1.56 V correspond to the
reversible oxidation of Mn® and Zno, as described by Equation (4). In the
second cycle, during the cathodic scan, the SEI-related peak (0.73 V)
disappears, indicating the formation of a stable SEI layer during the first
cycle when compared to pristine ZMO-M. The single cathodic peak
observed at 0.50 V for pristine ZMO-M evolves into two closely spaced
peaks at 0.48 V and 0.41 V in the ZMO-M/N-rGO electrode, as shown in
Fig. 10(d). This suggests that the reversible conversion reaction of Zn>*
and Mn?* to their metallic states in the second cycle also occurs through
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partially separated electrochemical processes rather than a single
overlapping step. As shown in Fig. 10 (d), in the subsequent third,
fourth, and fifth cycles, the peak splitting became more prominent with
well-resolved peaks at 0.50 V and 0.35 V at the fifth cycle. More
importantly, the SEI-related peak was absent, and the CV curves exhibit
excellent overlap with negligible peak shifts, as shown in Fig. 10(c) and
(d). The absence of persistent SEI-related features indicates improved
interfacial stability, the well-defined peak splitting reflects a fully
established stepwise conversion-alloying mechanism, and the excellent
overlap of CV curves with negligible peak shifts indicates enhanced
reversibility and reduced polarization. The improved electrochemical
performance of the ZMO-M/N-rGO nanocomposite can be attributed to
the synergistic effect of N-rGO wrapping, which enhances electronic
conductivity, facilitates  charge transfer, and  promotes
surface-controlled pseudocapacitive lithium storage, resulting in
improved kinetics and cycling stability compared to the pristine ZMO-M
electrode [25,79-83].

Overall, the ZMO-M/N-rGO electrode demonstrates significantly
improved electrochemical kinetics, reduced polarization, enhanced
reversibility, and stable SEI formation, with the conversion reaction
proceeding through a well-defined stepwise mechanism compared to the
pristine ZMO-M electrode.
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Fig. 11. Schematic illustration of the fabricated Li-ion half-cells with (a) pristine ZMO-M and (b) ZMO-M/N-rGO as the anode materials, along with the corre-
sponding galvanostatic charge-discharge curves of (¢) ZMO-M and (d) ZMO-M/N-rGO recorded for the first five cycles at a current density of 100 mA g~ 1.
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3.2.2. Galvanostatic charge-discharge

Fig. 11(a) and (b) show the schematic illustrations with various
components of the fabricated Li-ion half-cells using pristine ZMO-M and
ZMO-M/N-rGO as the anode materials, respectively. The galvanostatic
charge-discharge (GCD) curves of these cells are presented in Fig. 11(c)
and (d), where Fig. 11(c) corresponds to the pristine ZMO-M electrode
and Fig. 11(d) corresponds to the ZMO-M/N-rGO electrode.

As shown in Fig. 11(c), the pristine ZMO-M electrode exhibits two
distinct discharge plateaus in the voltage range 1.42-0.01 V during the
first lithiation process. The initial plateau from ~1.42 to 0.46 V corre-
sponds to the combined contributions of Mn®* reduction to Mn?* and
SEI formation [11].

The second, long and prominent discharge plateau extending from
~0.46 V toward lower potentials corresponds to the irreversible con-
version reaction of ZnMnyOy4 into metallic Zn and Mn, along with Li;O
and Li-Zn alloy formation as represented in Equations (1) and (2) [73].
Accordingly, the first discharge capacity reaches 1536.96 mA h g,
which is significantly higher than the theoretical capacity (~1008 mA h
g~ 1) due to additional contributions from the reduction of Mn®* to Mn?*
and SEI formation [11] as discussed in the previous chapter. During the
first charging process, a capacity of 976.56 mA h g~! is obtained, indi-
cating substantial irreversible Li" consumption during the first
discharge, resulting in a low initial coulombic efficiency of 63.5% in the
first cycle. In the second cycle, the discharge and charge specific ca-
pacities further decrease to 985.75 mA h g! and 917.55 mA h g,
respectively, resulting in an improved coulombic efficiency of 93.1%.
The excess capacity beyond the theoretical limit (~784 mA h g~) may
be due to synergistic contributions of surface-controlled pseudocapaci-
tive lithium storage and reversible lithium storage in the SEI layer,
rather than solely from SEI formation [73,84]. However, noticeable
voltage hysteresis and poor overlap of charge-discharge curves in sub-
sequent cycles indicate increased polarization, unstable SEI formation,
and structural degradation, possibly due to particle pulverization and
loss of electrical contact, consistent with the CV results [11,73,75]. After
the fifth cycle, the specific discharge and charge capacities further
decrease to 906.29 and 876.16 mA h g™, respectively, corresponding to
a coulombic efficiency of 96.7%, confirming the limited cycling stability
of the ZMO-M electrode during the initial cycles.

In contrast, as shown in Fig. 11(d), the ZMO-M/N-rGO nano-
composite electrode exhibits distinct and improved charge-discharge
characteristics compared to ZMO-M. During the first discharge, two
well-defined discharge plateaus are observed in the voltage range
~1.39-0.01 V. The initial plateau in the ~1.39-0.44 V range corre-
sponds to the reduction of Mn>* to Mn?* along with SEI formation,
consistent with the CV results. The subsequent long plateau extending
from ~0.44 to ~0.25 V is attributed to the primary conversion reaction
of ZnMny04 into metallic Zn and Mn, accompanied by Li»O formation
[73]. In addition, the low-potential region is influenced by subsequent
lithiation processes, as evidenced by the CV peak at 0.09 V, which
corresponds to Li-Zn alloy formation [78]. The first discharge and
charge capacities are significantly enhanced to 1377.86 mA h g~ ! and
896.68 mA h g7}, respectively, resulting in an initial coulombic effi-
ciency of 65.1%, which is slightly higher than that of pristine ZMO-M
(63.5%). The observed marginal improvement indicates the partial
suppression of irreversible Li* consumption and improved interfacial
stability, both enabled by the N-rGO framework. In the second cycle, the
discharge and charge capacities stabilize at 958.55 mA h g~! and
898.11 mA h g™, respectively, corresponding to a coulombic efficiency
of 93.7%, indicating improved reversibility of the electrochemical re-
actions. More importantly, as observed in the CV results, after the sec-
ond cycle, the GCD curves exhibit excellent overlap with minimal
voltage hysteresis, indicating reduced polarization and stable electro-
chemical behavior. After the fifth cycle, the specific discharge and
charge capacities reached 953.79 and 921.03 mA h g™}, respectively,
corresponding to a coulombic efficiency of 96.6%, which is comparable
to that of pristine ZMO-M (96.7%).
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From the comparison of the GCD curves of the pristine ZMO-M and
the ZMO-M/N-rGO nanocomposite, it can be concluded that, despite
similar coulombic efficiency, the nanocomposite delivers slightly higher
capacity and improved capacity retention than the pristine electrode.
This indicates that, although the reversibility of the electrochemical
reactions remains comparable, the nanocomposite enables improved
utilization of active material, enhanced structural stability, and addi-
tional surface-controlled pseudocapacitive lithium storage, as discussed
in the previous chapter [26,27,79]. These enhancements arise from the
synergistic effect of N-rGO wrapping, which provides a conductive
network for efficient electron transport and introduces defect-rich pyr-
idinic and pyrrolic nitrogen species, thereby creating additional active
sites for lithium storage and promoting pseudocapacitive behavior [27,
79,82,85]. Furthermore, microscopic studies confirm the formation of a
porous architecture composed of agglomerated ZnMn,O4 nanoparticles,
while the effective N-rGO wrapping of these agglomerates in the
ZMO-M/N-rGO nanocomposite facilitates electrolyte penetration and
buffers volume changes during repeated lithiation-delithiation pro-
cesses. Thus, the superior electrochemical performance of the
ZMO-M/N-rGO nanocomposite may be attributed to the synergistic ef-
fects of improved electronic conductivity, enhanced structural stability,
and additional pseudocapacitive lithium storage, resulting in higher
capacity, reduced polarization, and improved cycling stability compared
to the pristine ZMO-M electrode.

3.2.3. Rate capability

After the galvanostatic charge-discharge (GCD) analysis, the same
assembled cells were further subjected to rate capability testing by
gradually increasing the applied current density. The rate performance
of the fabricated Li-ion half-cells using pristine ZMO-M and ZMO-M/N-
rGO nanocomposite electrodes was systematically evaluated to examine
the influence of high-rate operation on specific capacity and structural
stability. Both cells were sequentially cycled at current densities of 100,
200,500 mA g, 1 A g™}, and 2 A g~!, with 10 cycles at each current
density, followed by a return to 100 mA g~ to assess the capacity re-
covery after prolonged high-rate cycling. The corresponding rate per-
formance profiles are presented in Fig. 12.

At an initial current density of 100 mA g™, both electrodes exhibit
relatively high specific capacities. The ZMO-M/N-rGO nanocomposite
delivers a higher reversible capacity and better capacity retention than
pristine ZMO-M, indicating improved structural stability and greater
utilization of the active material, as discussed in the GCD analysis. With
increasing current density, a gradual decrease in specific capacity is
observed for both electrodes, which is expected due to kinetic
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Fig. 12. Rate performance comparison of pristine ZMO-M and ZMO-M/N-rGO
nanocomposite electrodes at varying current densities from 100 mA g ' to 2 A
g1, followed by recovery at 100 mA g~ 1.
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limitations in lithium-ion diffusion and charge-transfer processes at
higher rates [11]. However, the capacity decay in the ZMO-M/N-rGO
electrode is less pronounced than that of pristine ZMO-M. When the
current density was gradually increased to 200 mA g~ and 500 mA g%,
the nanocomposite maintained higher capacities, indicating improved
rate tolerance. Also, the coulombic efficiency (CE) started increasing as
the current rate increased. As the current density is further increased to
1Ag 'and 2 A g7, the CE approaches ~100% for both electrodes, and,
more importantly, the capacity difference between the two electrodes
becomes more pronounced, as shown in Fig. 12. The pristine ZMO-M
electrode exhibits a sharp drop in capacity, falling below 400 mA h
g~ b whereas the ZMO-M/N-rGO nanocomposite retains a comparatively
higher capacity of ~541.09 mAh g~ ! at 2 A g™, demonstrating superior
high-rate capability. It is also worth noting that the active-material
loading of the ZMO-M/N-rGO electrode (0.78 mg cm—2) was lower
than that of pristine ZMO-M (1.25 mg cm™2). Since electrode loading
can influence ion-transport distance and electrode resistance, the lower
loading of ZMO-M/N-rGO may have also contributed to its improved
high-rate response [24,86]. After returning to 100 mA g~!, the
ZMO-M/N-rGO nanocomposite recovers a substantial fraction of the
initial capacity, indicating improved structural robustness and revers-
ibility compared to the pristine ZMO-M [12]. This improved rate per-
formance indicates enhanced charge-transfer kinetics and faster
lithium-ion diffusion in the nanocomposite electrode. Although there
was an initial capacity decrease as the current rate was gradually
increased, the ZMO-M/N-rGO nanocomposite exhibits excellent rate
performance. A comparison with previously reported ZnMny04/rGO--
based nanocomposites under high-current-density conditions is pre-
sented in Table 1. The comparison provides a general assessment of the
high-rate electrochemical performance of the present ZMO-M/N-rGO
electrode relative to previously reported rGO-based systems.

It should be noted that the values presented in Table 1 were obtained
under different electrochemical testing protocols and are therefore
intended for contextual comparison rather than direct one-to-one
quantitative comparison. As shown in Table 1, Zheng et al. [22] re-
ported a capacity of ~440 mA h g~! at 2 A g%, while Cai et al. [12]
reported ~560.8 mA h g~ at 1.2 A g~! during the rate-capability test.
Zhang et al. [23] reported ~280 mA h g~* at 2 A g}, whereas Feng et al.
[72] reported ~481 mA h g~ ! at the same current density using a
three-dimensional CNT/rGO conductive network. In comparison, the
present ZMO-M/N-rGO electrode delivered ~541.09 mA h g™! at 2 A

Table 1

Comparison of the electrochemical performance of previously reported
ZnMn,0,4/rGO-based nanocomposites and the present ZMO-M/N-rGO electrode
at high current densities.

Material Architecture Current Capacity Reference
Density (A (mAh g’l)
gh
rGO/ZnMn,04 Graphene- 2.0 ~440 [22]
porous nanorods  wrapped Porous
nanorods
1GO/ZnMn,04 Graphene- 1.2 ~560.8 [12]
porous wrapped Porous
nanospheres nanospheres
1GO/ZnMn,04 Graphene- 2.0 ~280 [23]
hollow porous wrapped Hollow
microspheres microspheres
ZnMn304/rGO/ Graphene- 2.0 ~659 [87]
CNFs wrapped
ZnMn,04/carbon
nanofibers
ZnMn,04/1GO/ CNT/rGO 3D 2.0 ~481 [72]
CNT composite conductive
network
N-rGO/ZnMn,04 N-rGO-wrapped 2.0 541.09 This work
nanocomposite nanoparticle
network
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gL Gao et al. [87] reported ~659 mA h g~ ! at 2 A g~! after prolonged
cycling, representing a long-term cycling result rather than a
rate-capability measurement. Although the capacity reported by Gao
et al. [87] is higher than that of the present electrode, differences in
composite architecture, testing protocol, and cycling history should be
considered when comparing these values.

3.2.4. Cyclic performance

The high-current electrochemical performance of the ZMO-M/N-rGO
nanocomposite suggests its potential for stable long-term cycling.
Therefore, the cyclic stability of the fabricated Li-ion half-cells using
pristine ZMO-M and ZMO-M/N-rGO electrodes was systematically
evaluated under high current conditions. Initially, the fabricated Li-Half
cells were cycled at a lower current density of 100 mA g~* for the first 10
cycles to facilitate proper electrolyte infiltration, electrode wetting, and
stabilization of the electrode-electrolyte interface through the formation
of a stable solid electrolyte interphase (SEI) layer [70]. Subsequently,
the current density was increased to 1 A g~ ! to investigate the long-term
cycling stability under high-current-rate conditions. Fig. 13 shows the
cycling performance and coulombic efficiency of pristine ZMO-M and
ZMO-M/N-rGO nanocomposite electrodes cycled at 1 A g~! following
initial stabilization for the first 10 cycles at 100 mA g~ '. As shown in
Fig. 13, both electrodes exhibit comparable cycling behavior initially,
consistent with the rate performance results. After the transition to 1 A
g1 at approximately the 11th cycle, the ZMO-M and ZMO-M/N-rGO
electrodes deliver initial discharge capacities of ~629.77 and
~612.76 mA h g~*, respectively. Notably, both electrodes exhibit rela-
tively stable cycling behavior up to ~35 «cycles wunder
high-current-density conditions. Beyond this stage, a clear divergence in
long-term cycling behavior becomes evident. The pristine ZMO-M
electrode initially shows a gradual decrease in capacity from ~35 to
~60 cycles, followed by a continuous increase, reaching ~981.34 mA h
g~ ! at approximately the 147th cycle. This increase can be attributed to
progressive electrochemical activation, improved electrolyte penetra-
tion, and the gradual utilization of previously inaccessible active sites
[11]. However, this apparent capacity enhancement is accompanied by
noticeable fluctuations and the absence of a stable capacity plateau
during prolonged cycling, indicating unstable electrochemical behavior
at high current densities.

In contrast, the ZMO-M/N-rGO nanocomposite exhibits a stable and
controlled electrochemical response under high current density condi-
tions. Following the transition from 100 mA g~ to 1 A g7}, the electrode
maintains a nearly constant discharge capacity of ~619.10 mAh g~! up
to the 300th cycle, indicating good electrochemical stability. Beyond
this stage, a gradual capacity decay is observed, with the electrode
retaining a discharge capacity of ~268.14 mA h g~ after 633 cycles.
The extended cycling behavior is presented in Fig. S3 (Supplementary
Information). Despite this decline, the nanocomposite demonstrates
significantly improved capacity stability and retention compared to the
pristine ZMO-M electrode over extended cycling. The coulombic effi-
ciency of both electrodes rapidly approaches ~100% after the initial
cycles and remains stable, indicating highly reversible electrochemical
reactions. Notably, the ZMO-M/N-rGO electrode exhibits more consis-
tent coulombic efficiency behavior, suggesting a more stable electrode-
electrolyte interface [11]. Fig. S4 shows the post-cycling FESEM images
of the ZMO-M and ZMO-M/N-rGO electrodes. Both electrodes exhibit
noticeable morphological changes after prolonged electrochemical
cycling compared with their pristine counterparts. In particular, the
ZMO-M/N-rGO electrode shows a more fragmented surface morphology
after extended cycling, which may be associated with the gradual ca-
pacity decay observed during long-term cycling.

The unstable cyclic stability, accompanied by rapid capacity fluctu-
ations, of the pristine ZMO-M electrode indicates poor structural
robustness during repeated lithiation-delithiation processes. Significant
volume variations during the conversion reaction at high current rates
can induce mechanical stress, leading to particle pulverization and



B. Chandran et al.

Materials Chemistry and Physics 370 (2026) 133161

= 1600 - - [ 100
P - 1000 mA g = - 0
£ 1400 ZMO-M/N-rGO L 22 9

1 —o— Discharge —o— Discharge - o
£ 1200 - —o— Charge —o— Charge [ 70 g
> 1000 1 981.34 - g
E - : L 60 ©
© 1 3 ®
2 800 - - 50 =
3] - [ Q
T T I A —————— e —— - 40 2
% 400 . 0 S
] -1 —_
a | 20 R

200 - ; 10
0 — T T T T T T 0
0 50 100 150 200 250 300

Cycle number

Fig. 13. Cycling performance and coulombic efficiency comparison of pristine ZMO-M and ZMO-M/N-rGO nanocomposite electrodes cycled at 1 A g~* for 300 cycles

after initial stabilization at 100 mA g~! for 10 cycles.

unstable SEI formation. These factors could contribute to fluctuating and
unreliable electrochemical behavior during prolonged cycling [11].
Therefore, although the pristine ZMO-M electrode exhibits a high ca-
pacity at intermediate cycles, capacity stability is more critical for
practical applications. In contrast, the stable electrochemical perfor-
mance of the ZMO-M/N-rGO nanocomposite originates from the
controlled stepwise synthesis strategy. The calcination-assisted forma-
tion of porous ZnMn,O4 ensures high crystallinity and phase purity,
providing a stable structural framework. However, such structural sta-
bility alone is insufficient to withstand the large volume changes and
uncontrolled side reactions associated with repeated
lithiation-delithiation processes. The improved electrochemical stability
of ZMO-M/N-rGO can be attributed to the N-rGO wrapping, which
buffers volume variations and maintains electrical connectivity during
cycling [12]. As discussed in the synthesis mechanism (Fig. 2),
APTMS-assisted functionalization facilitates the integration of graphene
with the oxide aggregates, resulting in a conductive and mechanically
interconnected network.

Furthermore, Table 2 compares the long-term cycling performance
of the present ZMO-M/N-rGO nanocomposite with previously reported
ZnMny04-based composite anodes. Cai et al. [12] reported a capacity of
~587.4 mA h g1 after 120 cycles at 1 A g1, while Zhang et al. [23]

Table 2

Comparison of the cyclic performance of the newly prepared ZMO-M/N-rGO
nanocomposite with previously reported ZnMn,O4-based composites under
high-current-density conditions.

Material Architecture Current Cycle Capacity Reference
Density Number (mAh
(agh gh
ZnMn,04/ rGO-wrapped 2.0 1000 ~659 [87]1
GO/ carbon
CNFs nanofiber
network
ZnMny04/ 3D CNT/rGO 1.0 1000 ~606 [72]
CNT/rGO hybrid
network
ZnMn,04/ Graphene- 1.0 150 ~580 [23]
rGO wrapped
hollow
structure
ZnMn,04/ Graphene- 1 120 587.4 [12]
rGO wrapped
Porous
nanospheres
ZnMn,04/ N-rGO- 1.0 300 ~619.10 This work
N-rGO wrapped
(ZMO-M/ nanoparticle
N-rGO) network
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reported ~580 mA h g~ after 150 cycles at the same current density.
Feng et al. [71] reported ~606 mA h g~* after 1000 cycles at 1 A g~*
using a three-dimensional CNT/rGO hybrid network. In comparison, the
present ZMO-M/N-rGO electrode maintained ~619.10 mA h g™ after
300 cyclesat 1 A g~L. Gao et al. [87] reported ~659 mA h g ! after 1000
cycles at 2 A g~! using a ZnMn,04/rGO/CNF architecture. Although Gao
et al. [87] achieved a higher capacity after a substantially longer cycling
period, their electrode was evaluated at a higher current density, and
employed a more complex carbon architecture. Overall, the present
ZMO-M/N-1GO electrode exhibits competitive long-term cycling per-
formance at 1 A g~!, with a comparatively simple N-rGO/ZnMn,04
architecture.

3.2.5. Electrochemical impedance spectroscopy

To further elucidate the electrochemical kinetics and interfacial
evolution during cycling, electrochemical impedance spectroscopy (EIS)
was performed on pristine ZMO-M and ZMO-M/N-rGO nanocomposite
electrodes at different stages: before cycling, after 5 cycles, after 10
cycles, and after prolonged cycling. The corresponding Nyquist plots are
shown in Fig. 14(a), (c), (e), and (g), while the linear fits of the low-
frequency Warburg region are presented in Fig. 14(b)-(d), (f), and (h).

As observed in Fig. 14(a), (c), (e), and (g), all Nyquist plots exhibit a
depressed semicircle in the high-to-medium frequency region, followed
by a straight inclined line in the low-frequency region.

The obtained impedance spectra were fitted using Biologic EC-Lab
software to analyze the different resistive components within the cell,
and the corresponding equivalent circuit is shown in Fig. 15.

The high-frequency intercept corresponds to the electrolyte resis-
tance (Re]), whereas the semicircle represents the combined interfacial
resistance (Rint), associated with charge-transfer processes and SEI layer
contributions, coupled with a constant phase element reflecting non-
ideal capacitive behavior [12,20,88]. It should be noted that the
impedance spectra after the first cycle do not exhibit well-defined
multiple semicircles, making the reliable separation of charge-transfer
resistance (Rcr) and SEI resistance (Rggp) difficult. Therefore, a com-
bined interfacial resistance (Rj,y) is used for fitting, representing the
overall interfacial impedance contribution. The constant phase element
(Qcpr) accounts for the non-ideal double-layer capacitance arising from
surface roughness and heterogeneity [88]. The low-frequency linear
region corresponds to the Warburg impedance (W), which is associated
with lithium-ion diffusion within the electrode. In addition, a constant
phase element (Qjy) is included in the low-frequency region to account
for pseudocapacitive or bulk interfacial storage contributions arising
from surface-controlled lithium storage processes [89]. The extracted
impedance parameters are summarized in Table 3, which serves as the
basis for the following explanation.
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Fig. 15. Equivalent circuit model used for fitting the EIS spectra of ZMO-M and
ZMO-M/N-rGO electrodes.

Table 3
EIS fitting parameters of ZMO-M and ZMO-M/N-rGO electrodes at different
cycling stages.

Cycle Stage Electrode Re(Q) Rine () 6 (@Qs Y
Before cycling ZMO-M 53.52 + 1 3944 +1 757.18 + 43.74
ZMO-M/N-rGO 106 £1 3804 +1 563.30 + 29.46
After 5 cycles ZMO-M 1595+ 1 81.87 +1 886.36 + 12.52
ZMO-M/N-rGO 10.38 + 1 70.14 £1 191.38 £ 1.22
After 10 cycles ZMO-M 202 +1 44.07 + 1 36.08 + 0.99
ZMO-M/N-rGO 771 £ 1 264 +1 120.85 + 0.75
After cycling ZMO-M 15.24 +1 38.02+1 33.96 + 0.54
ZMO-M/N-rGO 5.60 + 1 2271 +1 85.14 + 0.97

Before electrochemical cycling, the pristine ZMO-M electrode ex-
hibits a relatively high electrolyte resistance of Re = 53.52 £ 1 Q
compared to the ZMO-M/N-rGO nanocomposite (Re = 10.6 + 1 Q),
indicating improved electrical conductivity and better electrode-
electrolyte contact in the presence of the conductive N-rGO frame-
work. The interfacial resistance values for both electrodes are compa-
rable, with 394.4 4+ 1 Q for ZMO-M and 389.4 + 1 for ZMO-M/N-rGO,
suggesting that the intrinsic charge-transfer behavior is primarily gov-
erned by the ZnMny0O4 framework at this stage. However, a clear dif-
ference is observed in the Warburg coefficient (¢), where ZMO-M shows
a higher value (757.18 + 43.74 Q st/ 2) compared to ZMO-M/N-rGO
(563.30 + 29.46 Q s'/?), indicating relatively sluggish lithium-ion
diffusion in the pristine electrode. The lower ¢ value in the nano-
composite reflects enhanced ion transport facilitated by the conductive
N-rGO network and defect-rich graphene structure, which provides
additional diffusion pathways and improved interfacial contact.

Interestingly, after 5 cycles, both electrodes exhibit a significant
reduction in interfacial resistance, with ZMO-M and ZMO-M/N-rGO
showing Rjy; values of 81.87 + 1 Q and 70.14 + 1 Q, respectively.
This reduction indicates electrode activation and improved electrode-
electrolyte interaction after the initial cycle [11]. In contrast, a
distinct difference is observed in lithium-ion diffusion behavior. The
Warburg coefficient of ZMO-M increases significantly to 886.36 +
12.52 Q s'/2, indicating hindered diffusion, likely due to unstable SEI
formation and structural degradation during the initial cycles. On the
other hand, the ZMO-M/N-rGO electrode exhibits a substantially lower ¢
(~191.38 + 1.22 Q s'/?), suggesting enhanced diffusion kinetics and a
more stable interfacial environment [20]. This behavior is consistent
with the cyclic voltammetry results, which show that the ZMO-M/N-rGO
nanocomposite exhibits improved reversibility in the first 5 cycles, with
excellent overlap of successive CV curves and the absence of persistent
SEl-related peaks, indicating stable SEI formation. In contrast, the
pristine ZMO-M electrode shows poor overlap, noticeable polarization,
and persistent SEI-related features during the initial cycles.

After 10 cycles, both electrodes show further reduction in interfacial
resistance, indicating improved charge-transfer kinetics. The ZMO-M
electrode exhibits Rjpy = 44.07 + 1 Q, whereas the ZMO-M/N-rGO
nanocomposite shows a significantly lower value of 26.4 + 1 Q, con-
firming faster interfacial kinetics in the nanocomposite system. The
Warburg coefficient of ZMO-M decreases sharply to ~36.08 & 0.99 Q s'/
2 suggesting electrochemical activation and increased accessibility of
active sites. However, such a drastic reduction may also indicate
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structural rearrangement or degradation, thereby artificially enhancing
ion transport pathways. In contrast, the nanocomposite maintains a
moderate ¢ of ~120.85 + 0.75 Q s'/2, indicating stable and controlled
lithium-ion diffusion.

After prolonged cycling (633 cycles), even though the capacity of the
ZMO-M/N-1GO electrode decreases to 268.14 mA h g~} it continues to
exhibit superior electrochemical characteristics. The electrolyte resis-
tance (Rep) decreases to 5.60 & 1 Q, and the interfacial resistance (22.71
+ 1 Q) remains significantly lower than that of the pristine ZMO-M
electrode (38.02 + 1 Q at the 147th cycle), indicating a stable electro-
de-electrolyte interface.

The Warburg coefficient further highlights the difference in diffusion
behavior. The pristine ZMO-M electrode exhibits a lower 6 (~33.96 +
0.54 Q s'?), which can be attributed to structural degradation,
increased porosity, and the formation of unstable diffusion pathways
rather than true enhancement in lithium-ion transport. In contrast, the
ZMO-M/N-rGO nanocomposite maintains a controlled ¢ (~85.14 +
0.97 Q s'/2), indicating stable lithium-ion diffusion and preserved
structural integrity during prolonged cycling.

The EIS results strongly correlate with the electrochemical perfor-
mance discussed in the previous sections. The unstable evolution of
impedance parameters in the pristine ZMO-M electrode, particularly the
fluctuating Warburg coefficient and relatively higher interfacial resis-
tance, is consistent with its poor cycling stability and capacity fluctua-
tions. These behaviors may arise from structural degradation, unstable
SEI formation, and loss of electrical connectivity during repeated
lithiation-delithiation processes. In comparison, the ZMO-M/N-rGO
nanocomposite exhibits consistently lower resistance values and a
gradual, controlled evolution of the Warburg coefficient throughout
cycling, as shown in Table 3. These stable impedance characteristics
correlate well with the observed superior cycling stability, improved
capacity retention, and enhanced rate capability. The improved elec-
trochemical performance may be attributed to the synergistic effect of
the N-rGO framework, which enhances electronic conductivity, provides
continuous electron transport pathways, facilitates lithium-ion diffu-
sion, and effectively buffers volume changes during cycling [26].

Overall, the EIS analysis clearly demonstrates that the pristine ZMO-
M electrode undergoes unstable impedance evolution, accompanied by
fluctuating charge-transfer resistance and irregular lithium-ion diffusion
behavior, which directly correlates with its unstable cycling stability
and capacity fluctuations. In contrast, the ZMO-M/N-rGO nano-
composite exhibits consistently lower interfacial resistance and a
gradual controlled evolution of the Warburg coefficient, indicating
stable lithium-ion diffusion pathways and improved electrochemical
kinetics. These results confirm that N-rGO wrapping effectively en-
hances interfacial charge-transfer processes, maintains structural
integrity, and ensures stable long-term electrochemical performance.

4. Conclusion

In this work, ZnMnyO4 (ZMO-M) and its N-rGO nanocomposite
(ZMO-M/N-rGO) were successfully synthesized through a microwave-
assisted hydrothermal route followed by controlled calcination and
APTMS-assisted interfacial engineering. Structural and spectroscopic
analyses confirmed the formation of phase-pure tetragonal ZnMnyO4
and the successful incorporation of N-rGO containing pyridinic, pyrrolic,
and graphitic nitrogen species. FESEM and TEM investigations revealed
an intimate oxide-N-rGO interfacial contact, with thin N-rGO sheets
distributed around the ZnMnyO4 nanoparticles, forming a conductive
network that facilitates charge transport and enhances structural
stability.

Electrochemical studies demonstrated that N-rGO incorporation
significantly influences the lithium-storage behavior of ZnMny04. Cyclic
voltammetry revealed improved electrochemical reversibility and
reduced polarization, while galvanostatic charge-discharge measure-
ments confirmed enhanced rate capability for the ZMO-M/N-rGO
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nanocomposite. Although the pristine ZMO-M electrode attained higher
discharge capacities during cycling, it exhibited pronounced capacity
fluctuations and irregular electrochemical behavior. In contrast, the
ZMO-M/N-rGO electrode delivered a more stable electrochemical
response and maintained a discharge capacity of 619.10 mA h g~ after
300 cycles at a current density of 1000 mA g~!. Furthermore, electro-
chemical impedance spectroscopy revealed lower electrolyte and
interfacial resistance for the ZMO-M/N-rGO nanocomposite, together
with a more gradual and controlled evolution of lithium-ion diffusion
behavior compared with pristine ZMO-M. The improved diffusion
characteristics indicate the presence of more stable lithium-ion transport
pathways and a better-maintained electrode-electrolyte interface dur-
ing prolonged cycling. The enhanced electrochemical performance of
the nanocomposite is therefore attributed to the synergistic effects of the
conductive N-rGO framework, improved oxide-carbon interfacial con-
tact, and more stable charge-transfer and diffusion processes. Overall,
the present study demonstrates that N-rGO-based interfacial engineering
is an effective strategy for improving the electrochemical performance
and reaction kinetics of ZnMnyO4 anodes. The results highlight the
importance of rational oxide-carbon interface design for achieving
stable lithium storage behavior and provide useful insights for the
development of high-performance transition-metal-oxide-based anodes
for lithium-ion batteries.
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