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A B S T R A C T

In recent years, spinel-structured transition-metal oxide ZnMn2O4 has attracted attention as a low-cost anode 
material with high lithium-ion storage capacity. However, its practical application is limited by poor intrinsic 
electrical conductivity, sluggish reaction kinetics, and large volume changes during repeated lithiation and 
delithiation, leading to unstable cycling behavior. Although several strategies have been explored to improve 
cyclic stability, many reported systems still suffer from limited rate performance, multistep synthesis routes, and 
an incomplete understanding of nitrogen-doped graphene oxide (N-rGO)-induced interfacial effects. In this work, 
hybrid ZnMn2O4/N-rGO nanocomposites with controlled graphene oxide additions of 20 and 30 wt% were 
synthesized via a simple one-pot hydrothermal route, enabling intimate oxide–N-rGO interfacial contact. 
Structural, microscopic, and X-ray photoelectron spectroscopy analyses confirmed the formation of phase-pure 
tetragonal ZnMn2O4 nanoparticles uniformly distributed on the N-rGO framework. XPS revealed a redistribu
tion of nitrogen bonding configurations at higher GO loading, with increased graphitic nitrogen contribution that 
may enhance electronic conductivity, while pyridinic and pyrrolic nitrogen species provide interfacial active 
sites. Brunauer-Emmett-Teller analysis showed that increasing GO content enhanced the specific surface area and 
pore volume while preserving mesoporous architecture. The ZnMn2O4/N-rGO nanocomposite containing 30 wt% 
graphene oxide (ZMO-30) delivered a reversible discharge capacity of 859.02 mAh g-1 after 100 cycles at 100 
mA g-1 with superior rate performance and reduced charge-transfer resistance, demonstrating the beneficial role 
of oxide–N-rGO interfacial engineering in improving the kinetics and durability of ZnMn2O4 anodes.

1. Introduction

Over the past few decades, sustainable energy solutions have driven 
significant research into the development of reliable and efficient energy 
storage systems. Among the energy-storing technologies explored so far, 
rechargeable lithium-ion batteries (LIBs) continue to dominate both 
academic research and commercial applications due to their high energy 
density, long cycle life, and well-established production infrastructure 
[1–4]. Consequently, LIBs remain the primary power source for most 
portable electronic devices and are closely linked to the continued 
growth of electric vehicles (EVs) and large-scale energy storage tech
nologies [1,2]. However, the overall performance of LIBs is increasingly 

constrained by the limitations of currently available anode materials. 
Graphite remains the most widely used commercial anode material 
because of its excellent cycling stability and long service life. Never
theless, its low theoretical capacity of 372 mAh g-1 has become a major 
obstacle to achieving high-energy-density lithium-ion batteries. Conse
quently, considerable research efforts have been devoted to developing 
alternative anode materials that can simultaneously deliver higher ca
pacity, improved rate capability, and long-term cycling stability [5–7].

Among the various alternative anode materials investigated, transi
tion metal oxides (TMOs) have received significant attention as potential 
anode materials because of their very high theoretical capacities asso
ciated with conversion-type lithium storage reactions. However, the 
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practical use of these TMOs has serious drawbacks, including poor 
intrinsic electrical conductivity and large volume changes during 
repeated lithiation and delithiation processes [8,9]. Over continuous 
cycling, these effects lead to electrode pulverization due to unstable 
electrode-electrolyte interfaces and rapid capacity fading. Among 
TMOs, mixed transition-metal oxides (MTMOs) with spinel structured- 
AB2O4 type, where A = Zn, Co, Ni, etc., and B = Mn, Fe, Co, etc., have 
been proposed as more viable alternatives. The presence of two different 
A and B metal cations introduces synergistic redox behavior and facili
tates electron transport between multiple valence states. As a result, the 
conductivity can be improved compared to that of single-metal oxides 
[10–12]. Among the reported MTMOs, ZnMn2O4 has gained notable 
attention as an anode for LIBs due to its high theoretical capacity 
(~1008 mAh g-1), low cost, abundance of Zn and Mn, environmentally 
benign nature, and low Li-ion extraction potential (1.3–1.5 V), 
compared to cobalt-based oxide [13,14]. However, despite these ad
vantages, ZnMn2O4 also exhibits poor electrical conductivity and vol
ume expansion during lithium insertion and extraction, which cause 
electrode pulverization and cracking along with the formation of an 
unstable solid-electrolyte interphase, leading to gradual capacity 
degradation [14].

To address the aforementioned issues, many approaches have 
focused on modifying the nano- and micro-scale morphologies of 
ZnMn2O4, which include loaf-like nanorods [15], ball-in-ball hollow 
microspheres [16], nanofibers [17], hollow microrods [18], etc. Such 
designs can shorten lithium-ion diffusion paths and provide additional 
space to accommodate volume changes during cycling. However, 
despite these structural improvements, the electrochemical performance 
of most pristine ZnMn2O4 architectures remained below the theoretical 
capacity, particularly during prolonged cycling and high-rate operation. 
To overcome this, Cai. et al [14], demonstrated the synthesis of 
graphene-wrapped porous ZnMn2O4 nanospheres, in which ZnMn2O4 
was first prepared via hydrothermal treatment followed by calcination, 
and subsequently wrapped with reduced graphene oxide (rGO) using 3- 
aminopropyltrimethoxysilane (APTMS). Similarly, Zhang et al [19] re
ported the preparation of graphene-wrapped ZnMn2O4 hollow micro
spheres by a hydrothermal method, followed by APS-assisted graphene 
wrapping and calcination. These graphene-wrapped ZnMn2O4 nano
composites demonstrated strong interfacial contact, resulting in effec
tive charge transfer, improved lithium-ion diffusion paths, cycling 
stability, and rate performance [20]. In addition to graphene-wrapping 
techniques, three-dimensional hybrid carbon frameworks incorporating 
both reduced graphene oxide and carbon nanotubes have also been 
explored to enhance conductivity and structural robustness. For 
instance, the ZnMn2O4/CNT/rGO network architectures reported by 
Tang et al [21] showed improved cycling stability by physically inter
connecting conductive pathways around the active particles. In all these 
reports, rGO serves as a conductive and flexible support matrix due to its 
high electrical conductivity, large surface area, mechanical strength, 
and chemical stability.

Although the previous approaches effectively improved the con
ductivity and structural stability of ZnMn2O4, they generally rely on 
multistep synthetic procedures involving separate oxide synthesis, sur
face functionalization, and subsequent graphene wrapping or assembly. 
Such processing increases fabrication complexity and may limit the 
scalability of composite production. Recently, one-pot synthesis strate
gies have also been explored to simplify the fabrication of ZnMn2O4- 
based composite anodes while simultaneously improving their electro
chemical performance through rational structural design. For instance, 
Chandran et al. [13] reported a one-pot microwave-assisted ZnMn2O4/ 
α-MnO2 nanocomposite with improved electrochemical performance. 
However, the composite did not incorporate a conductive carbon 
framework to enhance electrical conductivity and oxide–carbon inter
facial charge-transfer characteristics. Nevertheless, the improvement in 
rate performance achieved using undoped rGO remains limited, as 
recent in situ electrochemical Raman studies have clearly demonstrated 

that Li+ storage in rGO is largely due to non-specific lattice defects and 
electrostatic charge accumulation, resulting in weakly localized 
Li+–carbon interactions and restricted interfacial charge-transfer effi
ciency [22]. In contrast, nitrogen-doped reduced graphene oxide (N- 
rGO) can introduce chemically active nitrogen-induced defect sites that 
act as preferential Li+ anchoring centers within the carbon framework 
[22–24]. These nitrogen functionalities, particularly pyridinic-N, can 
strengthen Li+–surface interactions and improve charge-transfer 
behavior, thereby reducing kinetic polarization during cycling 
[22,23]. Moreover, nitrogen incorporation modifies the electronic 
structure of graphene. The graphitic nitrogen enhances the intrinsic 
electrical conductivity of the carbon network, while pyridinic nitrogen 
has been reported to promote strong metal–nitrogen (N) interfacial 
electronic coupling through orbital hybridization and charge redistri
bution in transition-metal/nitrogen-doped carbon systems [25,26]. 
Consequently, nitrogen doping in rGO improves Li-ion storage kinetics 
and high-rate electrochemical performance compared to undoped rGO, 
resulting in superior rate capability and cycling stability under high 
current densities [24]. Based on these considerations, integrating N-rGO 
with ZnMn2O4 through a one-pot in situ hydrothermal synthesis offers 
an effective strategy for simultaneously constructing a conductive gra
phene network and promoting the direct nucleation and growth of 
ZnMn2O4 nanoparticles on the N-rGO sheets, thereby establishing an 
intimate ZnMn2O4–N-rGO interface. In the present work, the term 
“interfacial engineering” refers to the deliberate formation of this inti
mate ZnMn2O4–N-rGO interface through one-pot in situ synthesis rather 
than by post-synthetic physical mixing or wrapping. Such an in situ 
interfacial architecture is expected to facilitate electron transport, 
reduce interfacial charge-transfer resistance, promote Li-ion transport, 
and improve the structural stability of the electrode during repeated 
lithiation/delithiation, thereby enhancing the capacity, rate capability, 
and cycling performance of ZnMn2O4-based lithium-ion battery anodes.

Motivated by these considerations, a scalable one-pot synthesis 
strategy was employed to develop ZnMn2O4/N-rGO nanocomposites, 
aiming to promote intimate interfacial contact between ZnMn2O4 and N- 
rGO while overcoming the limitations of previously reported multistep 
composite fabrication routes. The influence of N-rGO-induced interfa
cial effects on the electrochemical behavior of the composites was sys
tematically investigated at different graphene oxide loadings (20 and 30 
wt%) using complementary structural, morphological, surface, and 
electrochemical characterization techniques. XRD, Raman, FTIR, and 
XPS analyses were employed to confirm phase formation, graphene 
oxide reduction, nitrogen incorporation, and oxide–graphene interfacial 
interactions, whereas FESEM, TEM, and BET analyses were used to 
evaluate the morphology and textural characteristics of the composites. 
Furthermore, cyclic voltammetry (CV), galvanostatic charge–discharge 
(GCD), cycling stability, rate capability, and electrochemical impedance 
spectroscopy (EIS) were performed to elucidate the influence of 
conductive network density and oxide–N-rGO interfacial interactions on 
charge-transfer kinetics and lithium-ion storage performance, particu
larly under high-rate operating conditions.

2. Experimental

2.1. Materials

Zinc acetate dihydrate [Zn(CH3COO)2⋅2H2O, ≥ 99%], manganese 
acetate tetrahydrate [Mn(CH3COO)2⋅4H2O, ≥ 99%], ethanol [C2H5OH], 
and ammonia solution [NH3(aq), 25%] were used as received without 
further purification. Deionized (DI) water [H2O] was used throughout 
the experiments. Graphene oxide [GO] used was prepared by the 
modified Hummers' method as described in the supplementary 
information.

B. Chandran et al.                                                                                                                                                                                                                              Journal of Electroanalytical Chemistry 1018 (2026) 120415 

2 



2.2. Synthesis of ZnMn2O4 (ZMO) nanoparticles

Pure ZnMn2O4 (ZMO) nanoparticles were synthesized by dissolving 
2.5 mmol Zn(CH3COO)2⋅2H2O and 5 mmol Mn(CH3COO)2⋅4H2O in 100 
mL of a mixed solvent mixture comprising 10 mL ethanol and 90 mL DI 
water under magnetic stirring for 1 h at room temperature. The resultant 
solution was ultrasonicated for 30 min, followed by dropwise addition of 
20 mL NH3 solution to bring the total volume to 120 mL under contin
uous stirring for an additional 1 h. The mixture was transferred to a 200 
mL Teflon-lined stainless-steel autoclave and heated at 160 ◦C for 12 h in 
a hydrothermal reactor. After natural cooling, the precipitate was 
collected by centrifugation, washed several times with DI water and 
ethanol, and dried to obtain pristine ZMO material.

2.3. Synthesis of ZnMn2O4/N-rGO nanocomposites

Fig. 1 shows the schematic illustration of the synthesis process for the 
ZnMn2O4/N-rGO nanocomposite via a one-pot hydrothermal method. 
First, 2.5 mmol Zn(CH3COO)2⋅2H2O and 5 mmol Mn(CH3COO)2⋅4H2O 
were dissolved in 100 mL of a mixed solvent mixture comprising 10 mL 
of ethanol and 90 mL of DI water, under magnetic stirring for 1 h at room 
temperature. Then, the required amount of GO, specifically 120 mg and 
180 mg for different mass loadings of 20% and 30%, respectively, was 
added to the aforementioned Zn2+/Mn2+ precursor solution under 
continuous stirring and ultrasonication for 1 h at room temperature. 
This was followed by the dropwise addition of 20 mL aqueous ammonia 
[NH3(aq)] under continuous stirring for an additional hour at room 
temperature. The resultant mixture was then transferred to a 200 mL 
Teflon-lined stainless-steel autoclave and heated at 160 ◦C for 12 h. 
During the hydrothermal treatment, aqueous ammonia served both as 
the precipitating agent for ZnMn2O4 formation and as the nitrogen 
source for the in situ nitrogen functionalization of graphene oxide. 
Under these conditions, ammonia can react with the oxygen-containing 
functional groups and defect sites of graphene oxide, promoting its 
simultaneous reduction and the incorporation of nitrogen-containing 
functionalities into the graphene framework [27]. After hydrothermal 
treatment, the autoclave was naturally cooled to room temperature. The 
resulting precipitate was collected by centrifugation, washed several 
times with a deionized water–ethanol mixture, and dried to obtain 
ZnMn2O4/N-rGO nanocomposites with graphene oxide loadings of 20 
and 30 wt%, designated as ZMO-20 and ZMO-30, respectively. The 
obtained nanocomposites were subsequently characterized using 
various structural, morphological, surface, and electrochemical 
techniques.

2.4. Material characterization

The as-prepared pristine ZnMn2O4 (ZMO) nanoparticles and the two 

different ZnMn2O4/N-rGO nanocomposites, denoted as ZMO-20 and 
ZMO-30 samples, were analyzed through different characterization 
techniques in order to confirm the phase formation, examine the pres
ence of graphene-metal oxide components, and evaluate the morpho
logical and surface chemical features of both pure and nanocomposite 
samples. A set of complementary characterization techniques was 
employed, including diffraction and spectroscopic methods for phase 
and bonding analysis, and microscopic techniques for morphology and 
microstructure investigation.

Crystallographic phase analysis was performed by X-ray diffraction. 
The diffraction patterns of the samples were recorded on a Bruker D8 
Advance diffractometer employing Cu Kα radiation (λ = 1.5406 Å) 
operated in Bragg-Brentano geometry. The diffracted patterns were 
collected over a 2θ range of 5◦-80◦ using a Lynxeye position-sensitive 
detector. Raman spectroscopy was used to probe the structural fea
tures and disorder of reduced graphene oxide (rGO) in the composites. 
Raman spectra were acquired using a laser confocal Raman spectrom
eter equipped with a 514 nm excitation laser. Fourier-transform infrared 
spectroscopy was further employed to examine chemical bonding and 
surface functional groups. FTIR spectra were recorded in a Thermo 
Nicolet 6700 spectrometer in transmittance mode using KBr pellets. The 
surface morphology and particle distribution in the samples were 
examined by field-emission scanning electron microscopy (FESEM) 
using a JEOL JSM-6500F instrument.

operating at 20 kV with a working distance of approximately 10 mm. 
Elemental composition and its spatial distribution were analyzed by 
energy-dispersive X-ray spectroscopy using a JEOL JSM-IT800 FESEM 
system. Microstructural features of ZMO30 were investigated in greater 
detail by high-resolution transmission electron microscopy (HRTEM). 
The HRTEM images and selected area electron diffraction patterns were 
obtained using a JEOL JEM-2100 microscope operated at 200 kV to 
assess lattice features and crystallinity. The HRTEM instrument 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 Kα radiation 
source (hν = 1486.7 eV). Measurements were carried out under ultra- 
high vacuum conditions of 10-9 mbar, with the X-ray source operated 
at 200 W power and an accelerating voltage of 13.5 kV. The survey 
spectra were recorded at a pass energy of 89.45 eV, while high- 
resolution spectra were acquired at 71.55 eV. All the obtained XPS 
data were processed using MultiPak v8.0 software. Textural properties 
of the samples were evaluated by nitrogen adsorption-desorption mea
surements performed on a Micromeritics Tristar II 3020 analyzer. The 
specific surface area was calculated using the Brunauer-Emmett-Teller 
(BET) method, while the pore size distribution and total pore volume 
were determined from the adsorption branch using the Barrett-Joyner- 
Halenda (BJH) method.

Fig. 1. Schematic illustration for the preparation of ZnMn2O4/N-rGO nanocomposites by a simple one-pot hydrothermal route, involving GO dispersion in the Zn2+/ 
Mn2+ precursor solution, followed by aqueous ammonia addition.
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2.5. Electrode preparation

The working electrode slurry was prepared by mixing the active 
material, Super P conductive carbon, and polyvinylidene fluoride 
(PVDF) binder in the weight ratio of 70:20:10 in N-methyl-2-pyrroli
done (NMP). The prepared homogeneous slurry was coated over the 
copper foil using the doctor blade technique and dried in a hot-air oven 
at 80 ◦C for 12 h. The dried working electrodes were cut into circular 
disks with a diameter of 8 mm. The active material loading was 1.25 mg 
cm-2 for ZMO, 0.48 mg cm-2 for ZMO-20, and 0.46 mg cm-2 for ZMO-30.

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, O2 < 1 ppm, H2O ~ 0.01 ppm), using 
lithium metal (10 mm diameter) as the counter/reference electrode and 
newly prepared pure ZMO, ZMO-20, and ZMO-30 nanocomposites 
coated copper discs as the working electrode. A Whatman glass micro
fiber filter (16 mm diameter) was used as a separator, and 1 M LiPF6 
dissolved in a 1:1 (v/v) mixture of ethylene carbonate (EC) and ethyl 
methyl carbonate (EMC) served as the electrolyte. Electrochemical 
measurements, including cyclic voltammetry (CV), galvanostatic char
ge–discharge (GCD), and electrochemical impedance spectroscopy 
(EIS), were performed using a Biologic BCS 810 workstation. CV curves 
were recorded between 0.01 and 3.0 V (vs. Li/Li+) at a scan rate of 0.1 
mV s-1. GCD measurements were carried out within the same potential 
window to evaluate cycling stability and rate capability at different 
current densities. EIS spectra were recorded in the frequency range of 
10 kHz to 1 Hz using a sinusoidal AC perturbation amplitude of 10 mV 
before and after cycling. All electrochemical measurements were per
formed at room temperature.

3. Results and discussions

3.1. Structural, morphological, and textural analysis

3.1.1. XRD
Fig. 2 shows the XRD patterns of as-prepared graphene oxide (GO), 

pristine ZnMn2O4 (ZMO), and its nanocomposites prepared by the 
addition of 20 wt% and 30 wt% of graphene oxide, denoted as ZMO-20 
and ZMO-30, respectively, along with the standard JCPDS (Card No. 24- 
1133; a = b = 5.722 Å, c = 9.236 Å) data for ZnMn2O4.

The pure ZMO sample and nanocomposites ZMO-20 and ZMO-30 
showed sharp, well-defined diffraction peaks at 18.4◦, 29.4◦, 31.13◦, 
33.18◦, 36.31◦, 39.17◦, 44.69◦, 50.92◦, 52.20◦, 54.39◦, 56.78◦, 58.98◦, 
61.03◦, 65.09◦, and 75.05◦, which are compared with standard JCPDS 

data for the ZnMn2O4 phase and are assigned to the crystallographic 
planes (101), (112), (200), (103), (211), (004), (220), (204), (105), 
(312), (303), (321), (224), (440), and (413), respectively, of the 
tetragonal spinel ZnMn2O4 phase with space group I41/amd [28,29]. 
The excellent agreement between the observed diffraction patterns and 
the standard JCPDS data confirms the formation of the pure ZnMn2O4 
phase in ZMO, ZMO-20, and ZMO-30. Further, no additional peaks 
corresponding to crystalline impurities were detected. Moreover, no 
distinct diffraction peaks of rGO were observed, which may be attrib
uted to its amorphous nature and relatively low content of rGO in the 
nanocomposites.

Furthermore, the crystallite sizes were estimated using the 
Williamson-Hall (W–H) method from the obtained XRD data. The ob
tained W–H plots are shown in Fig. S1. The average crystallite sizes 
were found to be 21 nm for ZMO, 19 nm for ZMO-20, and 21 nm for 
ZMO-30. These results indicate that the different mass loadings of 20 & 
30 wt% GO have a negligible effect on the crystallite size of the 
ZnMn2O4 phase. The estimated lower average crystallite size is highly 
relevant, as nanoscale crystalline domains facilitate lithium-ion diffu
sion and thereby significantly influence the electrochemical perfor
mance of lithium-half cells when they are used as anode materials.

3.1.2. Raman and FTIR
Fig. 3(a) shows the Raman spectra obtained for pristine ZMO, 

nanocomposites ZMO-20 and ZMO-30, and GO. For pristine ZMO, the 
peaks observed at 325.1 cm-1, 383.5 cm-1, and 671.8 cm-1 correspond to 
Mn–O bending vibration with Eg symmetry, Mn–O stretching vibration 
in octahedral units with T2g symmetry, and the A1g symmetric stretching 
vibration of oxygen in Zn–O4 tetrahedra, respectively, consistent with 
the previously reported Raman-active modes of tetragonal spinel 
ZnMn2O4 [30–33]. Similar peaks were also observed in the newly pre
pared nanocomposites, as shown in Fig. 3(a). In the case of the ZMO-20 
sample, the characteristic ZnMn2O4 modes appear at 325.2 cm-1, 380.7 
cm-1, and 669.0 cm-1, while for the ZMO-30 sample, they occur at 326.6 
cm-1, 383.5 cm-1, and 669.0 cm-1. In addition, the Raman spectra of 
ZMO-20, ZMO-30, and GO showed graphitic D and G bands. The D band 
depicted at approximately 1358.56 cm-1 corresponds to the A1g 
breathing mode of disordered sp2 carbon, and the G band at around 
1604.83 cm-1 corresponds to the E2g stretching vibration of the sp2 

carbon network [34]. From the estimated ID/IG ratios, values are found 
to be from 0.85 for GO to 1.05 and 1.02 for ZMO-20 and ZMO-30, 
respectively, indicating an increase in the degree of disorder and de
fects in the graphene network. This may be due to the successful 
reduction of GO, as well as the strong interfacial interactions between 
ZMO and GO in the nanocomposites, which is consistent with previous 
reports [34,35]. Furthermore, it is also worth noting that ZMO-20 and 
ZMO-30, and GO exhibited higher-order modes, such as the 2D band 
(2700 cm-1), the D + G band (2950 cm-1), and the 2G overtone (3200 cm- 

1), as described in a previous report [36]. The presence of a broad 2D 
band confirms multilayer stacking of graphene sheets, and its position is 
known to be sensitive to stacking order and the presence of oxygen- 
containing functional groups. These observations are consistent with 
the expected behavior of GO and rGO-like materials embedded within 
the composite [32,35,36]. Overall, the Raman analysis reveals that the 
fundamental vibrational modes of the ZnMn2O4 phase are preserved in 
all samples, while the presence of graphitic features in the composites 
indicates the effective integration of ZnMn2O4-rGO in the nano
composite structure.

Fig. 3(b) presents the FTIR spectra of the as-prepared ZMO and 
nanocomposites ZMO-20 and ZMO-30, along with pristine GO. The 
broad band centered at approximately 3436.20 cm-1 is attributed to the 
stretching vibrations of hydroxyl (–OH) functional groups on partially 
reduced GO, as well as physically adsorbed moisture present on the 
surface of the metal oxide [37]. For pristine ZnMn2O4 (ZMO), this 
observed vibrational band is relatively intense due to the adsorption of 
atmospheric moisture and surface hydroxyl groups (–OH) [37,38]. In 

Fig. 2. XRD patterns of the as-prepared pure ZMO, nanocomposites ZMO-20 
and ZMO-30, and GO, along with the standard JCPDS data for the 
ZnMn2O4 phase.
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the case of nanocomposite ZMO-20 and ZMO-30 samples, the observed 
O–H band intensity was gradually decreasing with an increase in GO 
content, which attributes the partial reduction of GO under hydrother
mal conditions, due to the consumption of surface hydroxyl groups 
during oxide–graphene interfacial coupling and the reduced adsorption 
of moisture on the composite surface [37,38]. The observed weak bands 
at 2919.14 cm-1 and 2851.31 cm-1 correspond to the asymmetric and 
symmetric C–H stretching vibrations, respectively. These bands are 
commonly associated with residual organic species, which may origi
nate from adsorbed ethanol used during washing processes or from 
remaining aliphatic carbon moieties present in partially reduced GO 
[13,37,38]. The peak appearing at 1737.31 cm-1 can be assigned to C––O 
stretching vibrations from graphene oxide. The band observed at 
1630.26 cm-1 is attributed to the skeletal vibration of sp2-bonded carbon 
(C=C) within oxidized graphitic domains of graphene oxide, and due to 
carbon impurity, whereas the peak at 1577.09 cm-1 corresponds to the 
C––C stretching vibration of partially restored graphitic domains, indi
cating the structural evolution of graphene sheets during reduction 
[37,39,40]. The peak appearing at 1116.97 cm-1 is attributed to O–C–O 
stretching vibrations, characteristic of epoxy or alkoxy functional groups 
present in GO [37]. For pure ZMO, this band is most plausibly attributed 
to C–O stretching vibrations arising from residual organic species 
originating from precursor salts such as acetate or alcohol-derived 
fragments, or from surface carbonates formed via adsorption of atmo
spheric CO2 [37]. Importantly, the pure ZMO and nanocomposites ZMO- 
20 and ZMO-30 samples showed two prominent low-wavenumber ab
sorption bands at 629.31 cm-1 and 523.03 cm-1, which can be assigned to 
Mn–O stretching and Zn–O vibrations, respectively, within the spinel 
ZnMn2O4 crystal structure, as reported in the literature [13,38]. The 
presence and consistency of these vibrational bands, along with the 
observed XRD patterns of the ZMO, ZMO-20, and ZMO-30 samples, 
confirm the successful formation of the ZnMn2O4 crystal structure and 
indicate the incorporation of a graphene-metal‑oxygen framework.

Thus, the Raman and FTIR results, together with the XRD patterns, 
confirm the presence of partially reduced GO with residual oxygen- 
containing functional groups and a preserved metal-oxide framework, 
indicating the successful coexistence and integration of the ZnMn2O4 
phase and rGO in the nanocomposites.

3.1.3. XPS
Fig. 4(a) shows the XPS survey spectra of ZMO, ZMO-20, and ZMO- 

30, confirming the presence of Zn, Mn, O, and C in all samples, thus 
indicating the formation of ZnMn2O4. However, N 1 s peaks were not 
prominently visible in the survey spectra of ZMO-20 and ZMO-30, as 
shown in Fig. 4(a). Figs. 4(b), (f), and (j) show the high-resolution Zn 2p 
spectra of ZMO, ZMO-20, and ZMO-30, respectively.

For ZMO, the Zn 2p peaks, Zn 2p1/2 and Zn 2p3/2 as shown in Figs. 4

(b), (f) and (j), appeared at 1044.53 eV and 1021.49 eV, respectively, 
with a spin orbital splitting of 23.04 eV, and are in excellent agreement 
with literature values for Zn2+ in the ZnMn2O4 sample (Δ ≈ 23 eV), 
confirming the existence of +2-oxidation state of Zn in the spinel lattice 
[13,41–43]. Due to the complex spectral features associated with tran
sition metals, particularly Mn 2p, spectra are interpreted based on 
characteristic binding energies and spin-orbit splitting, without detailed 
peak deconvolution [44]. From Fig. 4(c), the high-resolution Mn 2p of 
pristine ZnMn2O4 (ZMO) showed Mn 2p3/2 and Mn 2p1/2 peaks at 
641.95 and 653.75 eV with an energy difference of Δ = 11.80 eV, 
consistent with the Mn3+ state as expected for ZnMn2O4 [45,46]. In the 
ZMO-20 and ZMO-30 nanocomposites, the Mn 2p peaks exhibit a slight 
shift toward higher binding energies at 642.29 eV and 653.89 eV, 
respectively, along with a marginal decrease in spin-orbit splitting to 
11.60 eV compared to 11.80 eV for pristine ZMO. According to Biesinger 
et al [47], such small variations in binding energy and spin-orbit sepa
ration can arise from subtle changes in the local Mn–O coordination 
environment, including variations in ligand field and surface electronic 
structure, without any change in oxidation state. In this context, the 
observed shift and reduced splitting in the nanocomposites can be 
attributed to slight modifications in the surface Mn–O environment. 
Similar Mn 2p binding-energy shifts have also been reported for 
graphene-integrated metal oxide systems, where they were associated 
with changes in the local bonding environment at the oxide–carbon 
interface [48]. Therefore, the present results indicate a mild surface- 
level perturbation of Mn coordination rather than any change in 
oxidation state, which remains Mn3+ in the ZnMn2O4 lattice. These 
observations are consistent with subtle modifications in the local elec
tronic environment at the ZnMn2O4/N-rGO interface. However, more 
direct interface-sensitive characterization techniques would be required 
to conclusively establish the nature of the interfacial electronic 
interaction.

Figs. 4(d), (h), and (l) show the deconvoluted high-resolution O 1 s 
spectra of ZMO, ZMO-20, and ZMO-30, respectively. As shown in Fig. 4
(d), the O 1 s spectrum of pristine ZMO consists of a dominant peak at 
530.04 eV, assigned to lattice oxygen (Zn–O/Mn–O) [42], and a weaker 
component at 531.80 eV attributed to surface hydroxyl groups (M–OH) 
[13]. Fig. 4(h), the O 1 s spectrum of ZMO-20 exhibits peaks at 531.39 
eV and 533.59 eV, corresponding to carbonyl/carboxyl (C=O/COOH) 
and C–O functional groups (epoxy/hydroxyl), respectively [49,50]. The 
contribution from surface hydroxyl groups is expected to overlap within 
the ~531 eV region. As shown in Fig. 4(l), the relative contribution of 
the C=O/COOH component increases, while the lattice oxygen contri
bution slightly decreases in ZMO-30 compared to ZMO-20, indicating a 
higher presence of oxygenated carbon species on the surface with 
increasing GO content. The persistence of the epoxy/hydroxyl compo
nent confirms the presence of residual oxygen functionalities in the 

Fig. 3. (a) Raman and (b) FTIR spectra of the as-prepared pure ZMO, nanocomposites ZMO-20 and ZMO-30, and GO.

B. Chandran et al.                                                                                                                                                                                                                              Journal of Electroanalytical Chemistry 1018 (2026) 120415 

5 



graphene framework. Overall, the O 1 s analysis confirms an increasing 
contribution of carbon-related oxygen species with higher GO content, 
suggesting modification of the surface oxygen environment associated 
with metal oxide-N-rGO interaction.

Figs. 4(e), (i), and (m) show the deconvoluted high-resolution C 1 s 
spectra of ZMO, ZMO-20, and ZMO-30, respectively. As shown in Fig. 4
(e), the C 1 s spectrum of pristine ZMO exhibits a single dominant peak 
at 284.8 eV, attributed to adventitious carbon (C–C/C=C) originating 
from surface contamination during sample handling and exposure to air 
[51]. Upon incorporation of graphene oxide, the C 1 s spectrum of ZMO- 
20 shows an intense peak at 284.8 eV corresponding to sp2-hybridized 
C–C/C=C, along with additional components at 286.27 eV (C–O/ 
C–OH), 287.02 eV (C=O), and 288.52 eV (O–C=O), as shown in Fig. 4(i) 
[52,53]. A similar distribution of components is observed for ZMO-30 
(Fig. 4(m)), with an overall increase in C 1 s intensity due to higher 
graphene content. However, the relative contributions of individual 

components remain largely unchanged compared to ZMO-20, indicating 
that increasing GO content primarily increases surface carbon concen
tration without introducing new chemical states of carbon. Due to the 
overlap between C–N and C–O contributions in the C 1 s region 
[52,53], reliable identification of C–N bonding is difficult. Therefore, 
nitrogen incorporation into the graphene framework is more conclu
sively confirmed from the analysis of high-resolution N 1 s spectra 
[37,52–54].

Fig. 5(a) shows the deconvoluted N 1 s spectrum of the ZMO-20 
sample, which exhibits three characteristic components located at 
approximately 398.5, 399.9, and 401.06 eV. The binding energy posi
tions obtained for ZMO-20 were used as a reference for the deconvolu
tion of ZMO-30, enabling a consistent comparison of nitrogen bonding 
configurations. Fig. 5(b) shows the corresponding N 1 s spectrum of 
ZMO-30, with peaks at similar positions assigned to pyridinic, pyrrolic, 
and graphitic nitrogen, respectively, in agreement with previous reports 

Fig. 4. XPS spectra of ZMO, ZMO-20, and ZMO-30: (a) Survey spectra, High-resolution Zn 2p, Mn 2p, O 1 s, and C 1 s spectra of (b-e) ZMO, (f-i) ZMO-20, and (j-m) 
ZMO-30.
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[55–57]. The simultaneous presence of these nitrogen configurations is a 
common feature of nitrogen-doped graphene and carbon materials, and 
has been shown to exert a synergistic influence on electrochemical en
ergy storage behavior [56,58]. Fig. 5(c) schematically illustrates the 
three identified nitrogen atoms and their doping environments within 
the graphene lattice. Pyridinic N, shown in green, is located at edge or 
defect sites and enhances surface polarity and interfacial charge-transfer 
kinetics, whereas Pyrrolic N, shown in pink, is incorporated into five- 
membered ring structures and contributes to defect formation and sur
face activity, thereby promoting lithium-ion adsorption and pseudoca
pacitive storage behavior [56]. Graphitic N, shown in red, results from 
substitution within the graphene basal plane and enhances the intrinsic 
electrical conductivity of the carbon framework [55,56].

The relative contributions of these nitrogen species were quantified 
from the integrated peak areas as shown in Fig. 5(d). For ZMO-20, 
pyridinic N is dominant (53%), followed by pyrrolic (27%) and 
graphitic N (19%). In contrast, ZMO-30 exhibits a more balanced dis
tribution, with pyridinic N decreasing to 39%, pyrrolic N remaining 
comparable (25%), and graphitic N increasing significantly to 36%. This 
redistribution indicates that increasing GO content promotes nitrogen 
incorporation not only at defect sites but also within the graphene basal 
plane, resulting in a more uniform nitrogen coordination environment in 
ZMO-30. Thus, XPS analysis confirms the presence of Zn, Mn, and O in 
pristine ZMO, while the nanocomposites additionally exhibit carbon 
along with detectable nitrogen species. More importantly, the high- 
resolution N 1 s spectra confirm successful incorporation of nitrogen 
into the graphene framework, leading to the formation of N-rGO in the 
nanocomposites.

3.1.4. FESEM and EDX
Fig. 6(a–c) shows FESEM images of pure ZMO, confirming the for

mation of irregularly shaped nanosized polyhedral particles due to 
instantaneous precipitation induced by the NH3 solution on the pre
cursor salt solution. Fig. 6(d–f) presents the FESEM images of the ZMO- 
20 nanocomposite sample. As shown in Fig. 6(d), the addition of 20 wt% 
GO to the precursor solution resulted in ZnMn2O4 nanoparticles that are 
locally wrapped or covered by sheet-like N-rGO, likely formed during 
the one-pot hydrothermal synthesis route. However, in other regions, as 
shown in Figs. 6(e) and (f), only partial anchoring was observed rather 
than complete wrapping. Further, Figs. 6(e) and (f) revealed that, while 
certain regions exhibit intimate contact between ZnMn2O4 nano
particles and N-rGO sheets, other areas display numerous exposed 
ZnMn2O4 nanoparticles and isolated graphene nanosheets, resulting in 
ineffective nanoparticle anchoring. This observation indicates non- 
uniform utilization of graphene in ZMO-20, with interfacial contact 
forming only at certain locations within the nanocomposite.

Figs. 6(g-i) display FESEM images of the ZMO-30 nanocomposite. 
The ZnMn2O4 nanoparticles in ZMO-30 appear partially agglomerated 
and interconnected, as observed in Figs. 6(g) and (h). In these regions, 
the sheet-like features of N-rGO become less distinguishable, suggesting 
a more intimate and uniform integration of ZnMn2O4 nanoparticles 
within the N-rGO matrix during the one-pot synthesis. Nevertheless, in 
certain regions, the transparent and wrinkled morphology associated 
with N-rGO sheets remains visible, as highlighted in Fig. 6(g) and the 
magnified image shown in Fig. 6(i). The FESEM image of ZMO-30 
nanocomposite, along with corresponding EDX elemental mappings, is 
shown in Fig. 6(j). The EDX image of ZMO-30 shows the spatial distri
bution of Zn, Mn, O, C, and N in the nanocomposite. The element 
mappings confirm a uniform distribution of Zn, Mn, and O, indicating 

Fig. 5. Deconvoluted N 1 s spectra of (a) ZMO-20 and (b) ZMO-30, (c) schematic illustration of the three identified nitrogen configurations within the graphene 
lattice, and (d) relative percentage contributions of pyridinic N, pyrrolic N, and graphitic N obtained from XPS analysis of ZMO-20 and ZMO-30 nanocomposites.
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the formation of ZnMn2O4 phase, while the carbon contrast was more in 
some selective areas. Additionally, a relatively weak nitrogen signal was 
also detected, consistent with slightly higher contrast in carbon-rich 
regions.

Due to the agglomeration of nanoparticles and the presence of a 
dominant carbon contrast in certain regions, FESEM image and EDX 
mappings of ZMO-30 alone do not provide sufficient resolution to 
clearly observe the nanoscale metal oxide–N-rGO interfacial structure. 
Therefore, HRTEM images of the ultrasonicated ZMO-30 nanocomposite 
were obtained for a more detailed understanding of the structural 
arrangement and interfacial interactions between ZnMn2O4 nano
particles and N-rGO sheets.

3.1.5. HRTEM and SAED
Figs. 7(a-d) show the TEM images of ultrasonicated ZMO-30 nano

composite at different magnifications, in which Figs. 7(b) and (d) are 
magnified TEM images of (a) and (c), respectively.

The TEM micrographs clearly revealed that all irregular-shaped 
nanoparticles are well distributed and tightly anchored to the N-rGO 
sheet matrix, confirming the formation of a more uniform ZnMn2O4/N- 
rGO hybrid structure in ZMO-30 compared to ZMO-20. The HRTEM 
image shown in Fig. 7(e) demonstrates the multiple intimate interfacial 
contacts between the nanosized ZnMn2O4 particles and N-rGO sheet 
with slit-shaped voids, and this strong interfacial contact is considered 
favorable for enhanced Li-ion diffusion during electrochemical 

performance [14,20]. Figs. 7(f) and (g) show the corresponding 
magnified lattice fringes observed in the ZMO-30 nanocomposite, which 
clearly display well-resolved lattice fringes with interplanar spacings of 
0.304 nm and 0.484 nm corresponding to the (112) and (101) lattice 
planes of ZnMn2O4, respectively, as calculated from XRD data, and are in 
good agreement with previously reported values [59]. Furthermore, the 
SAED patterns, as shown in Fig. 7(h), clearly exhibit three distinct 
diffraction rings that can be indexed to the (220), (004), and (112) 
planes of the tetragonal ZnMn2O4 phase, consistent with previously 
reported literature [59].

Overall, the TEM and HRTEM images, together with the SAED pat
terns, confirm the formation of irregularly shaped nanosized ZnMn2O4 
particles homogeneously anchored on N-rGO sheets, resulting in a 
higher degree of intimate ZnMn2O4/N-rGO interfacial contact achieved 
through the one-pot hydrothermal synthesis strategy. These observa
tions are in good agreement with XRD results, Raman spectra, FESEM, 
and EDAX elemental mappings of Zn, Mn, O, C, and N, further verifying 
the successful synthesis of the crystalline ZnMn2O4/N-rGO nano
composite ZMO-30.

3.1.6. BET and BJH
The N2 adsorption-desorption isotherms of pure ZMO, and nano

composites ZMO-20, and ZMO-30 are shown in Figs. 8(a-c). All the 
samples exhibit type-IV isotherms with a distinct H3 hysteresis loop over 
the relative pressure (P/P0) range of 0-1, and no clear adsorption 

Fig. 6. FESEM images of (a-c) pure ZMO, and two nanocomposites (d–f) ZMO-20, (g–i) ZMO-30 with different mass loadings of GO recorded at various magnifi
cations, and (j) Higher-magnification image of ZMO-30 along with the corresponding EDX elemental mappings of Zn, Mn, O, C, and N.
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saturation was observed at high P/P0 values, which is characteristic of 
H3-type hysteresis rather than H1 or H2 types. The presence of such H3 
hysteresis loops indicates a mesoporous structure with slit-shaped pores, 
typically formed by the aggregation of nanoparticles or by stacked 
layered materials, which form plate-like edges [60–63].

For pristine ZMO, the observed H3-type hysteresis, as shown in Fig. 8
(a), originates from slit-shaped mesopores formed between aggregated 
ZnMn2O4 nanoparticles, where irregular particle packing and face-to- 
face contacts generate plate-like edges and interparticle voids [60], as 
observed in the FESEM images. For the ZMO-20 and ZMO-30 nano
composites, the slit-shaped pores may arise not only from interparticle 
spaces between ZnMn2O4 nanoparticles but also from the interfacial 
gaps between ZnMn2O4 nanoparticles and stacked N-rGO sheets 
[64,65], as well as between adjacent N-rGO layers. Further, as shown in 
Figs. 8(a-c), a notable increase in nitrogen uptake was observed over the 
entire relative pressure range for the ZMO-20 and ZMO-30 composites, 
particularly at high P/P0 values approaching unity, indicating their 
enhanced textural properties when compared to ZMO [64–66].

Fig. 8(d) shows pore-size distribution curves calculated from the 
desorption branch of ZMO, ZMO-20, and ZMO-30, obtained using the 
Barrett-Joyner-Halenda (BJH) method. As shown in Fig. 8(d), all sam
ples exhibit predominantly mesoporous characteristics, with most 
probable pore sizes in the range of ~40–53 nm. However, the presence 
of larger pores extending up to ~100–130 nm indicates a combined 
mesoporous–macroporous structure.

Table 1 summarizes the quantitative textural parameters extracted 
from the BET and BJH analyses of the obtained nitrogen adsorption- 
desorption isotherms. The specific surface area, external surface area, 
and total pore volume were derived from the nitrogen adsorption 

isotherms, shown in Figs. 8(a-c), whereas the most probable pore width 
was obtained from pore-size distribution curves shown in Fig. 8(d).

As summarized in Table 1, the specific surface area of ZMO, ZMO-20, 
and ZMO-30 increases from 9.53 m2 g-1 for ZMO to 13.08 m2 g-1 for 
ZMO-20 and further to 15.32 m2 g-1 for ZMO-30. A similar increasing 
trend is observed for the external specific surface area, which rises from 
9.72 m2 g-1 to 14.57 m2 g-1 and then to 16.27 m2 g-1 with increasing N- 
rGO content.

Based on these observations, it is clear that the increase in Specific 
surface area, as well as external specific surface area, with increasing N- 
rGO content is attributed to the structural role of N-rGO within the 
composite architecture. The two-dimensional nature of N-rGO sheets 
enables them to act as an effective dispersing matrix, effectively sup
pressing the agglomeration [64,65,67] of ZnMn2O4 nanoparticles and 
thereby exposing a larger fraction of their surface, as observed in TEM 
and HRTEM images, which leads to higher nitrogen adsorption. In 
addition, the total pore volume increases gradually from 0.0439 cm3 g-1 

for ZMO to 0.0813 cm3 g-1 for ZMO-20 and 0.0888 cm3 g-1 for ZMO-30, 
confirming the formation of a more open and accessible pore network 
upon increased N-rGO incorporation. The BJH pore size distribution 
curves shown in Fig. 8(d) reveal a gradual shift of the dominant peak 
toward smaller pore widths, with the most probable pore size decreasing 
from 52.63 nm for ZMO to 41.78 nm for ZMO-20 and 40.22 nm for ZMO- 
30, indicating a refinement of the mesoporous structure. In conclusion, 
the BET and BJH analyses revealed that N-rGO incorporation into 
nanosized ZnMn2O4, achieved through the one-pot synthesis, effectively 
mitigated agglomeration and promoted interconnected slit-shaped 
mesopores, leading to simultaneous increases in surface area and pore 
volume, accompanied by a slight decrease in the dominant pore width. 

Fig. 7. (a-d) TEM, (e-g) HRTEM images at different magnifications, and (h) SAED pattern of ZMO-30 nanocomposite.
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The as-prepared nanocomposites are expected to facilitate electrolyte 
penetration, enhance ionic transport, and accommodate volume 
changes during cycling, thereby improving electrochemical 
performance.

3.2. Electrochemical performance of pristine ZMO, ZMO-20, and ZMO- 
30 nanocomposites

3.2.1. Cyclic voltammetry
Figs. 9(a), (c), and (e) show the cyclic voltammograms obtained for 

the newly fabricated cells using the as-prepared ZMO, ZMO-20, and 
ZMO-30 as the anode materials, respectively. The magnified views of the 
boxed potential window regions for each CV curve are displayed on the 
right in Figs. 9(b), (d), and (f).

Fig. 9(a) shows the CV curves obtained for the first three cycles for 

pristine ZMO. During the first cathodic scan, the CV curve exhibited two 
broad reduction peaks at 1.23 V and 0.70 V, followed by a sharp, intense 
peak at 0.17 V. The broad peaks at 1.23 V and 0.70 V correspond to the 
reduction of Mn3+ to Mn2+ in ZnMn2O4, followed by electrolyte 
decomposition that leads to the formation of the Solid Electrolyte 
Interface (SEI) layer [13,14,18,68]. The sharp cathodic peak at 0.17 V 
attributes the conversion reaction of Zn2+ and Mn2+ to their metallic Zn0 

and Mn0, accompanied by the formation of a Li2O matrix and Li–Zn 
alloy, as described by Eq. (1) [13,14]. Furthermore, during the first 
anodic scan, two oxidation peaks were observed at 1.24 V and 1.62 V, 
corresponding to the oxidation of Mn0 to Mn2+ and Zn0 to Zn2+, 
respectively. In the second cycle, the reduction peak at 1.23 V vanishes, 
but the SEI peak at 0.70 V persists in the subsequent cycles with a minor 
shift, indicating continued SEI evolution in the second and third cycles, 
as clearly shown in Fig. 9(b). The cathodic scan for the second cycle thus 
exhibits only a single reduction peak at 0.47 V, which is associated with 
the reversible reduction of Zn2+ and Mn2+ to metallic Zn0 and Mn0 as 
represented in Eq. (2) [13,14,18,68]. During the second anodic scan, the 
two oxidation peaks were observed at the same potential as in the pre
vious cycle. In the third cycle, similar peaks were observed with slight 
variation in peak positions. The cathodic peak shifted to 0.46 V, 
accompanied by a slight decrease in peak current, as shown in Fig. 9(b), 
suggesting a gradual increase in electrochemical polarization 
[13,68,69].

The complete reaction mechanisms can be described as follows 
[14,18]. 

Fig. 8. Nitrogen adsorption–desorption isotherms of (a) pristine ZMO, and nanocomposites (b) ZMO-20, (c) ZMO-30, (d) pore-size distribution curves of ZMO, ZMO- 
20, and ZMO-30, (e) Schematic representation of slit-shaped pores of nanocomposites.

Table 1 
Quantitative textural parameters obtained from BET and BJH analyses of the 
obtained nitrogen adsorption-desorption isotherms of ZMO, ZMO-20, and ZMO- 
30.

Parameter ZMO ZMO-20 ZMO-30

Specific Surface Area (m2 g-1) 9.53 13.08 15.32
External Specific Surface Area (m2 g-1) 9.72 14.57 16.27
Total Specific Pore Volume (cm3 g-1) 0.0439 0.0813 0.0888
Most Probable Pore Width (nm) 52.63 41.78 40.22
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ZnMn2O4 +9Li+ +9e− →ZnLi+2Mn+4Li2O (1) 

ZnLi+2Mn+3Li2O⇌ZnO+ 2MnO+ 7Li+ +7e− (2) 

Similar redox features were also observed for the fabricated Li-ion 
half-cell using nanocomposite ZMO-20, as shown in Fig. 9(c), with 
slight shifts in peak positions. During the first cathodic scan, the three 
peaks appear at 1.26 V, 0.80 V, and 0.005 V. The peak at 1.26 V cor
responds to the Mn3+ to Mn2+ reduction, while the broad feature 
starting at 0.80 V is attributed to SEI formation. The low-potential peak 
near 0.005 V is associated with Zn2+/Mn2+ to metallic Zn0/Mn0, 
accompanied by the formation of a Li2O matrix and Li–Zn alloy [14]. 

Likewise, the anodic scan peaks observed at 1.27 V and 1.65 V are 
assigned to oxidation of Mn0 to Mn2+ and Zn0 to Zn2+, respectively [14]. 
In the second cycle, the cathodic peak at 1.26 V vanishes, and the SEI 
peak at 0.80 V is less prominent, indicating a more stabilized SEI layer in 
the first cycle compared to pure ZMO, as clearly shown in Fig. 9(d). The 
observed intense cathodic peak at 0.43 V in the second cycle corre
sponds to the reduction of Zn2+ and Mn2+ to their metallic states, rep
resented by Eq. (2) [14]. In the consecutive cycles, the SEI peaks were 
not observed, and the cathodic peak current increased from the second 
to the third cycle, followed by a marginal decrease up to the fifth cycle, 
as shown in Fig. 9(d). The cathodic and anodic peaks corresponding to 
the third, fourth, and fifth cycles exhibit good overlap with only minor 

Fig. 9. Cyclic voltammograms of all the newly fabricated Li half cells recorded in the potential window of 0.01-3.0 V (vs. Li/Li+) at a scan rate of 0.1 mV s-1 using as- 
prepared; (a) ZMO, (c) ZMO-20, (e) ZMO-30, and the corresponding magnified views of the boxed region in the respective CV curves.
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shifts, indicating good reversibility of the electrochemical reaction 
represented by Eq. (2), as shown in Fig. 9(c) and (d).

For the fabricated Li-ion half-cell using ZMO-30 nanocomposite as 
the anode material, the CV curves exhibit a broad peak at 1.30 V during 
the first cathodic scan, which corresponds to the reduction of Mn3+ to 
Mn2+ in ZnMn2O4, while the broad feature at 0.85 V is associated with 
SEI formation. The low-potential peak near 0.11 V can be assigned to the 
reduction of Zn2+/Mn2+ to metallic states, accompanied by the forma
tion of a Li2O matrix and Li–Zn alloy, as also observed for pure ZMO 
and nanocomposite ZMO-20 [14]. During the anodic scan, the oxidation 
peaks at 1.26 V and 1.64 V correspond to oxidation of Mn0 to Mn2+ and 
Zn0 to Zn2+, respectively [14]. In the second cycle, the cathodic peak 
observed at 1.30 V completely disappears, as shown in Fig. 9(e), indi
cating the completion of the irreversible reduction of Mn3+ to Mn2+ and 
the SEI peak observed at 0.85 V is completely suppressed, indicating an 

enhanced SEI stabilization achieved in the first cycle, compared to both 
ZMO and ZMO-20, as clearly shown in Fig. 9(f). The prominent cathodic 
peak observed at 0.44 V in the second cycle corresponds to the reduction 
of Zn2+ and Mn2+ to their metallic states, as shown in Eq. (2). As shown 
in Figs. 9(d) and (f), the reversible cathodic peaks exhibited higher peak 
currents for ZMO-30 than for ZMO-20. This observation clearly indicates 
that increasing the GO content enabled a larger fraction of ZnMn2O4 
nanoparticles to participate effectively in the reversible conversion re
action, described in Eq. (1). In subsequent cycles, the peak current in
creases marginally up to the third cycle and then slightly decreases, 
similar to the behavior observed for ZMO-20. Furthermore, the CV 
curves of ZMO-30 exhibit much better overlap of the cathodic and 
anodic peaks, as shown in Figs. 9(e) and (f), indicating superior 
reversibility of the conversion reactions and a more stable current 
response.

Fig. 10. Schematic illustration of the various parts of the fabricated Li-ion half-cell using (a) pristine ZMO, (c) ZMO-20, and (e) ZMO-30 as the anode materials, along 
with their respective galvanostatic charge–discharge profiles for the first five cycles and the 100th cycle, shown in (b) pristine ZMO, (d) ZMO-20, and (f) ZMO-30 at a 
current density of 100 mA g-1.
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With increasing GO content, the Mn3+ to Mn2+ cathodic reduction 
peak observed in the first cycles depicts a slight positive shift toward 
higher potentials, as shown in Figs. 9(a), (c), and (e). Additionally, the 
cathodic SEI peak appearing at 0.70 V in the first cycle for pure ZMO also 
exhibits a slight positive shift and displays a much broader dual peak 
behavior as GO content is increased from 20% to 30%, as illustrated in 
Figs. 9(b), (d), and (f). The positive shift of these cathodic features re
flects a change in the dominant electrode surface, which governs the 
electrolyte reduction. The SEI formation could be preferentially occur
ring on the graphene surface at higher potentials, rather than directly on 
the ZnMn2O4 surface [70]. For the nanocomposites ZMO-20 and ZMO- 
30, the reversible cathodic reduction peak exhibits a slight negative 
shift, as shown in Figs. 9(b), (d), and (f). This negative shift of the 
cathodic peak may be attributed to the reduced polarization and 
improved charge-transfer kinetics induced by the conductive N-rGO 
framework, consistent with the enhanced conversion reaction kinetics 
reported for graphene-modified metal oxide anodes [71,72].

Hence, the newly fabricated half-cells using the nanocomposite an
odes of ZMO-20 and ZMO-30 exhibited better redox behavior by pro
moting graphene-dominated interfacial reactions, enabling earlier SEI 
formation, reduced polarization, enhanced conversion kinetics, and 
improved electrochemical reversibility compared with the pure ZMO 
sample.

3.2.2. Galvanostatic charge–discharge
Figs. 10(a), (c), and (e) show the schematic illustration of the 

fabricated Li-half cell with as-prepared pure ZMO, ZMO-20, and ZMO-30 
as the anode materials, respectively. Figs. 10(b), (d), and (f) show the 
corresponding galvanostatic charge-discharge (GCD) curves for the first 
five cycles and the 100th cycle, allowing a direct comparison of elec
trochemical behavior under identical testing conditions.

As shown in Fig. 10(b), the two prominent discharge plateaus were 
observed in the voltage range 1.36 V–0.01 V during the first discharge 
for pure ZMO, and the overall specific discharge capacity delivered was 
1411.94 mAh g-1. The first discharge plateau, starting at ~1.36 V, is 
attributed to the reduction of Mn3+ to Mn2+. Subsequently, a broad 
cathodic feature was observed at 0.70 V, corresponding to the formation 
of the solid electrolyte interphase (SEI) layer [13]. The second, longer, 
and broader discharge plateau, starting at ~0.44 V, corresponds to a 
complete, irreversible chemical reaction of ZnMn2O4, as represented by 
Eq. (1), supported by the CV peak that begins at 0.44 V in the first 
cathodic scan. Based on this irreversible reaction, the theoretical ca
pacity of pristine ZnMn2O4 for the initial lithiation in the first discharge 
is ~1008 mAh g-1 [68]. The extra-specific discharge capacity observed 
beyond this theoretical capacity is primarily associated with the 
reduction of Mn3+ to Mn2+ and the subsequent formation of the SEI 
[13,18]. The first charging of the fabricated cell with pure ZMO is based 
on the reversible chemical reaction as shown in Eq. (2). Based on this 
reaction, the theoretical specific charge capacity of pristine ZnMn2O4 is 
~784 mAh g-1. In the first charge cycle, the specific charge capacity 
decreased to 833.63 mAh g-1, shown in Fig. 10(b), and it is still higher 
than the theoretical capacity (~784 mAh g-1). This excess capacity 
observed may be due to additional lithium storage arising from inter
facial or pseudocapacitive effects, and it is in good agreement with the 
surface/space-charge storage mechanism reported for transition-metal- 
oxide as anodes [68,73]. More importantly, the first specific charge 
capacity is significantly lower than the corresponding first specific 
discharge capacity, indicating irreversible Li+ consumption during the 
initial lithiation process. The relatively low initial Coulombic efficiency 
is primarily attributed to electrolyte decomposition and solid electrolyte 
interphase (SEI) formation, together with the limited reversibility of 
Li2O generated during the conversion reaction, irreversible lithium 
trapping, and other irreversible side reactions commonly observed in 
conversion-type transition-metal oxide anodes [74]. Consequently, the 
initial Coulombic efficiency of the ZMO electrode is 59.06%.

During the second discharge cycle, the specific capacity was 836.26 

mAh g-1, and the observed slight increase in capacity may be due to the 
continuous evolution of SEI, as confirmed by the CV results, which 
showed that the SEI peak persisted across consecutive cycles, and with 
surface-controlled pseudocapacitive Li+ ion storage on the nano
structured electrode [68,73]. During the second charge cycle, the spe
cific capacity further decreased to 756.94 mAh g-1. This decline may be 
attributed to irreversible lithium consumption during SEI layer forma
tion, consistent with the CV results. In addition, structural changes may 
occur, leading to partial loss of electrical contact between particles, 
which likely originates during the preceding discharge process 
[13,68,75]. The coulombic efficiency increased to 91.02% during the 
second cycle, indicating that Li insertion and extraction became much 
more reversible after the irreversible conversion reaction. In subsequent 
cycles, the specific charge and discharge curves showed less overlap, and 
the capacity gradually decreased, indicating the same irreversible pro
cess. At the 100th cycle, the specific discharge capacity was found to be 
166.15 mAh g-1, and the specific charge capacity was about 164.56 mAh 
g-1, as shown in Fig. 10(b).

As shown in Fig. 10(d), the fabricated Li-ion half-cell with ZMO-20 
nanocomposite electrode also exhibits two characteristic discharge 
plateaus within a slightly higher potential window of 1.44–0.01 V, 
which are consistent with the conversion mechanism as described for 
the pure ZMO electrode. Compared with the pure ZMO electrode, the 
high-voltage plateau is shifted to a slightly higher potential, indicating 
improved interfacial effects arising from N-rGO. The lithium storage 
behavior of graphene-based nanocomposites involves multiple surface 
and defect-driven processes. As a result, it remains challenging to pre
cisely and comprehensively illustrate their lithium storage mechanisms 
[76]. Therefore, the theoretical capacity of ZnMn2O4/N-rGO nano
composites cannot be accurately determined or commented on. The first 
specific discharge capacity of ZMO-20 was found to be 1553.73 mAh g-1, 
which is higher than that of the pure ZMO electrode, indicating 
increased charge storage ability with the addition of 20% GO-driven N- 
rGO. During charging, the specific charge capacity obtained was found 
to be 975.85 mAh g-1, which is also higher than that of pure ZMO, as 
shown in Fig. 10(d). Accordingly, the coulombic efficiency of the first 
cycle for ZMO-20 nanocomposite was found to be 62.8%, which is 
slightly higher than that of pristine ZMO (59.06%), suggesting partial 
suppression of irreversible Li+ consumption due to improved interfacial 
stability provided by the N-rGO framework.

In the second cycle, the discharge and charge capacity of ZMO-20 
were observed as 1016.34 mAh g-1 and 954.10 mAh g-1, respectively, 
which is much higher than that of the theoretical capacity of pristine 
ZnMn2O4. During the subsequent third, fourth, and fifth cycles, the cell 
with the ZMO-20 electrode showed higher capacity and greater capacity 
retention than pure ZMO, as shown in Fig. 10 (d). The enhanced capacity 
in each cycle relative to pristine ZMO correlates well with the nano
composite's improved textural properties, as discussed in the BET 
analysis section. Further, XPS analysis confirms the presence of abun
dant pyridinic and pyrrolic nitrogen species, which can introduce defect- 
rich active sites and promote interfacial and surface-controlled lithium 
storage, as discussed in the XPS analysis section. In conclusion, the 
synergistic effect of increased surface accessibility and nitrogen-induced 
interfacial activity may have contributed to the additional capacity 
beyond the theoretical limit of ZnMn2O4. Also, the better capacity 
retention compared to pure ZMO can be attributed to the graphene 
sheets' effective mitigation of volume expansion [14]. However, at the 
100th cycle, the specific capacity reduced to 528.24 mAh g-1, and the 
charge capacity was found to be 519.47 mAh g-1, which is much higher 
than that of pure ZMO. Hence, the cell with the nanocomposite ZMO-20 
electrode exhibits improved electrochemical performance compared to 
the pure ZMO electrode.

The fabricated Li-ion half-cell with the ZMO-30 electrode also ex
hibits two well-defined discharge plateaus observed in the first 
discharge within the potential window of 1.48-0.01 V, similar to those of 
pure ZMO and ZMO-20, as shown in Fig. 10(f). The further positive shift 
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of the high-voltage plateau to 1.48 V indicates a stronger influence of 
graphene-dominated interfacial reactions and preferential SEI formation 
on the N-rGO surface, as discussed in the CV analysis. The first specific 
discharge and charge capacities of the nanocomposite ZMO-30 electrode 
reached 1560.67 mAh g-1 and 1058.41 mAh g-1, respectively. Hence, 
both specific discharge and charge capacities were increased with 
increasing GO content. The coulombic efficiency also further increased 
to 67.82%, which is higher than that of pure ZMO and the ZMO-20 
nanocomposite. The progressive increase in the coulombic efficiency 
with increasing N-rGO content may be attributed to the beneficial role of 
the conductive N-rGO framework, which enhances electrical conduc
tivity, accommodates the volume changes associated with lithiation/ 
delithiation, and mitigates electrode pulverization while promoting 
rapid SEI stabilization and suppressing parasitic reactions during 
cycling, consistent with previous reports on graphene-based anodes 
[55,77]. The initial coulombic efficiencies obtained in the present study 
(59.06% for ZMO, 62.8% for ZMO-20, and 67.82% for ZMO-30) are 
comparable with those reported for representative ZnMn2O4/graphene- 
based composite anodes, including graphene-wrapped porous ZnMn2O4 
(69.6%) [14], graphene-wrapped ZnMn2O4 hollow microspheres 
(71.1%) [19], and ZnMn2O4/rGO‑carbon nanofibres (60.6%) [21]. 
Furthermore, the improved capacity can be correlated with the opti
mized structural and interfacial characteristics of the nanocomposite, as 
evidenced by BET and XPS analyses, which collectively contribute to 
enhanced charge-transfer kinetics and lithium storage behavior.

In the second cycle, discharge and charge capacities were estimated 
at 1085.66 mAh g-1 and 1049.51 mAh g-1, respectively, yielding a CE 
efficiency of 96.67%. During the subsequent third, fourth, and fifth cy
cles, the charge/discharge curves are well overlapped, indicating 
excellent capacity retention, as shown in Fig. 10(f). After the 100th 
cycle, the observed specific discharge and charge capacities were 859.02 
and 840.70 mAh g-1, respectively, indicating enhanced capacity reten
tion for the ZMO-30 nanocomposite electrode. All the galvanostatic 
charge-discharge results for pure and nanocomposite electrodes are 
consistent with the CV results.

3.2.3. Cycling performance and rate capability
Fig. 11 shows the cyclic performance, including the evolution of 

specific discharge capacity and coulombic efficiency for pure ZMO and 
the nanocomposites ZMO-20 and ZMO-30 over the first 100 cycles at a 
current density of 100 mA g-1, with specific discharge capacities ob
tained at the 2nd, 50th, and 100th cycles. Among newly prepared 
electrodes, ZMO-30 showed superior stability in discharge capacity for 
~60 cycles, indicating a significantly improved electrochemical dura
bility. After the 100th cycle, the discharge capacities of the newly 
fabricated cells with ZMO, ZMO-20, and ZMO-30 are 166.15 mAh g-1, 

528.78 mAh g-1, and 859.02 mAh g-1, respectively, showing improved 
cyclic stability and an excellent capacity boost with increasing GO 
content. Following cycling performance analysis, SEM images of the 
cycled electrodes after 100 charge–discharge cycles (Fig. S2) revealed 
that the ZMO-30 electrode retained a comparatively smoother and more 
compact surface morphology than ZMO-20, indicating improved struc
tural integrity during prolonged cycling. Furthermore, the cyclic per
formance of the newly developed ZMO-30 nanocomposite, synthesized 
via a one-pot hydrothermal route, was compared with that of previously 
reported pristine ZnMn2O4 nanostructures, as shown in Table 2.

As shown in Table 2, the ZMO-30 nanocomposite demonstrates su
perior electrochemical performance compared to most previously re
ported pristine ZnMn2O4 nanostructures under similar current-rate 
conditions. This improvement highlights the effectiveness of N-rGO 
incorporation and the one-pot hydrothermal synthesis strategy in 
enhancing conductivity, structural stability, and overall lithium storage 
behavior.

After evaluating the cyclic performance, the rate capability of the 
fabricated Li-ion half-cells with ZMO, ZMO-20, and ZMO-30 electrodes 
was systematically investigated at varying current densities. Fig. 12
shows the rate performance of Li-ion half-cells fabricated using ZMO, 
ZMO-20, and ZMO-30 electrodes at varying current densities. The cells 
were sequentially cycled at 100, 200, 500 mA g-1, 1 A g-1, and 2 A g-1, 
followed by a return to 100 mA g-1 to assess capacity recovery. The 
ZMO-30 nanocomposite exhibits superior rate performance and 
improved capacity retention with increasing current density compared 
to ZMO-20 and pure ZMO. Even at 2 A g-1, ZMO-30 delivers a high 
reversible capacity of 610.41 mAh g-1 at the 42nd cycle. Upon returning 
to 100 mA g-1, the ZMO-30 nanocomposite electrode recovers a sub
stantial fraction of the initial capacity, indicating excellent structural 
robustness and reversibility.

A comparison with previously reported ZnMn2O4/rGO-based nano
composites under similar high current densities is presented in Table 3, 
which suggests improved high-rate capability for the present ZnMn2O4/ 
N-rGO (ZMO-30) nanocomposite. The enhanced rate performance 
compared to previously reported rGO-based composites may be attrib
uted to the combined effects of improved electronic conductivity and 
modified metal oxide-N-rGO interfacial interaction associated with ni
trogen incorporation. While rGO provides continuous conductive path
ways, nitrogen incorporation can alter the electronic structure of the 
carbon framework and introduce chemically active sites. In particular, 
graphitic-N is known to enhance electrical conductivity, whereas 
pyridinic-N has been reported to promote stronger metal‑carbon inter
facial interactions in transition-metal/N-doped carbon systems [25]. 
These factors may have contributed to improved electron transport and 
charge-transfer kinetics under high current densities [24]. 

Fig. 11. Cyclic performance and coulombic efficiency comparison of all the fabricated Li half cells with pure ZMO, and nanocomposites ZMO-20 and ZMO-30 as 
anode materials at a current density of 100 mA g-1.
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Consequently, the ZnMn2O4/N-rGO (ZMO-30) nanocomposite exhibits 
enhanced rate performance compared to rGO-based counterparts.

In addition to the intrinsic material characteristics discussed, elec
trode loading is also an important factor influencing electrode archi
tecture, electrolyte accessibility, transport characteristics, and 

consequently the measured electrochemical performance [88]. There
fore, the slight difference in active material loading between the ZMO- 
20 (0.48 mg cm-2) and ZMO-30 (0.46 mg cm-2) electrodes should also 
be considered when interpreting the electrochemical results. Neverthe
less, based on the combined BET, XPS, FESEM, HRTEM, and electro
chemical analyses, the improved electrochemical performance of the 
ZMO-30 nanocomposite is associated with synergistic effects arising 
from optimized textural properties, a modified nitrogen bonding 
configuration, and an improved metal oxide–N-rGO interfacial archi
tecture enabled by the higher GO-derived N-rGO framework. The 
increased surface area and pore structure facilitate greater electrolyte 
accessibility and Li+ transport, while XPS analysis reveals a more 
balanced distribution of pyridinic and pyrrolic nitrogen species, with a 
higher contribution of graphitic nitrogen compared to ZMO-20. Such a 
nitrogen configuration is known to promote faster interfacial reaction 
kinetics and improved electrochemical stability [89], while the 
increased graphitic-N content enhances the electrical conductivity of the 
carbon framework, enabling efficient charge transport during cycling 
[23]. As a consequence, a larger fraction of ZnMn2O4 participates in the 
reversible conversion reaction, Zn2+/Mn2+ ↔ Zn0/Mn0, as evidenced by 
the higher cathodic peak current in CV and the improved reversible 
capacity of ZMO-30. In addition, defect-rich pyridinic and pyrrolic ni
trogen sites contribute to surface-controlled lithium storage, while the 
flexible N-rGO support network accommodates volume changes during 
cycling, thereby enhancing structural stability [23]. Overall, the 
improved electrochemical performance of the ZMO-30 electrode arises 
from the combined effects of enhanced charge transport, increased 
active sites, and improved structural integrity.

3.2.4. Electrochemical impedance spectroscopy
To further substantiate the enhanced electrochemical performance 

and to elucidate the role of N-rGO in governing electrochemical kinetics, 
electrochemical impedance spectroscopy (EIS) measurements were 
carried out on ZMO-20 and ZMO-30 electrodes. The spectra were 
recorded prior to cycling to analyze the intrinsic charge-transfer 
behavior of the electrodes.

Fig. 13(a) shows the electrochemical impedance spectra of the 
fabricated Li-ion half-cells using ZMO-20 and ZMO-30 nanocomposites 
as anode materials before cycling at room temperature. As observed, the 
Nyquist plots of the nanocomposite electrodes display a depressed 
semicircle in the high- to mid-frequency region, followed by an inclined 
line in the low-frequency region. The as-obtained electrochemical 
impedance spectra were fitted using Biologic EC-Lab software, and the 
electrical behavior of the electrochemical cell was evaluated using an 
equivalent circuit model [90] as illustrated in the inset of Fig. 13(a). The 
corresponding electrical and diffusion parameters were extracted from 
the fitting. The χ2 value of the fitting was in the range of 10-2, indicating 
a good fit. The high-frequency intercept on the real axis corresponds to 
the ohmic resistance of the cell, which is mainly associated with the 
electrolyte resistance represented as Rₑₗ, while the semicircle is 

Table 2 
A comparison of the electrochemical cyclic performance of the newly developed nanocomposite ZMO-30 electrode with previously reported pristine ZnMn2O4 nano 
and microstructures cycled at 100 mA g-1 current rate.

Material Synthesis method Current density (mA g-1) Cycle number Final capacity (mAh g-1) Ref.

ZnMn2O4 nanocrystals Polymer pyrolysis 100 50 569 [78]
ZnMn2O4 nanowires Solid-state reaction 100 40 650 [79]
ZnMn2O4 nanoparticles One-pot Hydrothermal 100 90 716 [80]
ZnMn2O4 mesoscale tubular arrays Reactive template + calcination 100 100 784.3 [81]
ZnMn2O4 flowerlike microspheres Solvothermal + calcination 100 120 662 [82]
ZnMn2O4 porous nanospheres Microemulsion 100 120 810 [28]
ZnMn2O4 crumbled nanosheets Electrospinning 100 500 461 [83]
ZnMn2O4 porous rugby balls Hydrothermal + calcination 100 100 614 [84]
ZnMn2O4 nano-peanuts Solvothermal + calcination 100 200 812 [85]
ZnMn2O4/N-rGO 

(ZMO-30)
One-pot hydrothermal 100 100 859.02 Present work

Fig. 12. Rate performance comparison of the fabricated Li half cells with pure 
ZMO and nanocomposites ZMO-20 and ZMO-30 as anode materials at different 
current densities.

Table 3 
Comparative summary of electrochemical performance at high current densities 
of previously reported ZnMn2O4/graphene-based nanocomposites and the pre
sent work.

Material Architecture Current 
density (A 
g-1)

Capacity 
(mAh g-1)

Reference

rGO/ZnMn2O4 

porous 
nanorods

Graphene-wrapped 
Porous nanorods

2.0 ~440 [86]

rGO/ZnMn2O4 

porous 
nanospheres

Graphene-wrapped 
Porous nanospheres

1.2 560.8 [14]

rGO/ZnMn2O4 

hollow porous 
microspheres

Graphene-wrapped 
Hollow 
microspheres

2.0 ~280 [19]

ZnMn2O4/rGO/ 
CNFs

Graphene-wrapped 
ZnMn2O4/carbon 
nanofibers

2.0 ~659 [87]

ZnMn2O4/rGO/ 
CNT composite

CNT/rGO 3D 
conductive network

2.0 ~481 [21]

ZnMn2O4/N-rGO 
(ZMO-30)

N-rGO coupled 
ZnMn2O4 

nanocomposite

2.0 610.41 This work
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associated with the charge-transfer process occurring at the electrode- 
electrolyte interface, represented by the charge-transfer resistance, 
RCT, in parallel with a constant phase element represented as QCPE 
[14,90,91]. The constant phase element (QCPE) introduced is used to 
describe the non-ideal capacitive behavior of the double layer, which 
originates from surface roughness and heterogeneity [91]. The small 
inclined line observed in the low-frequency region is associated with the 
Warburg diffusion element (W), indicating diffusion-controlled lithium- 
ion transport within the electrode [91]. The extracted Rₑₗ, RCT, and χ2 

values obtained from the fitting are summarized in Table 4 and form the 
basis of the following discussion.

The ZMO-20 electrode exhibits an electrolyte resistance (Rel) of 6.2 
± 0.6 Ω and a charge-transfer resistance (RCT) of 696.5 ± 1.0 Ω. In 
comparison, the ZMO-30 electrode shows a higher electrolyte resistance 
(Rel) value of 14.6 ± 0.6 Ω. The slight increase in Rel may be associated 
with differences in initial electrolyte wetting or early-stage interphase 
formation, as these processes are known to strongly influence initial 
impedance characteristics in lithium-ion cells [92]. More importantly, 
the ZMO-30 electrode exhibited a much lower charge-transfer resistance 
(RCT) of 553.9 ± 3.0 Ω, suggesting comparatively improved interfacial 
charge-transfer kinetics. The improved kinetics can be attributed to 
increased interfacial interactions between ZnMn2O4 and the conductive 
N-rGO framework, which facilitates efficient electron transport and 
electrochemical utilization of the active material. The combined BET, 
XPS, and electrochemical analyses consistently indicate that increasing 
GO content enhances interfacial charge-transfer kinetics and electro
chemical utilization. Similarly, Fig. 13(b) shows the electrochemical 
impedance spectra obtained for the ZMO-20 and ZMO-30 electrodes 
after 100 cycles at room temperature. As observed in Fig. 13(b), the 
impedance spectra do not exhibit well-defined multiple semicircles, 
making the reliable determination of the charge-transfer resistance and 
the SEI-layer resistance via equivalent-circuit fitting challenging.

To further evaluate the Li-ion diffusion behavior of the two elec
trodes, the low-frequency region of the electrochemical impedance 
spectra of the ZMO-20 and ZMO-30 electrodes was analyzed before 
cycling, and after 100 cycles, using the semi-infinite diffusion model. 

According to this model, the real part of impedance, Re(Z), in the 
diffusion-controlled regime follows the relation [93], 

Re(Z) = Rel +RCT + σω− 1/2 (3) 

This relation implies that the slope of the linear fit of Re(Z) versus 
ω-1/2 plots is the Warburg coefficient (σ) [90].

Fig. 14(a) and (b) show the Re(Z) versus ω-1/2 plots of ZMO-20 and 
ZMO-30 electrodes and their corresponding linear fits obtained before 
cycling and after 100 cycles, respectively. As shown in Fig. 14, all Re(Z) 
versus ω-1/2 plots were highly linear, with adjusted R2 values exceeding 
0.99, confirming the validity of the diffusion-controlled regime. The 
Warburg coefficients (σ) obtained from slopes of the linear fit for ZMO- 
20 and ZMO-30 electrodes before cycling and after 100 charge-discharge 
cycles are listed in Table 5.

As shown in Table 5, the Warburg coefficient (σ) of ZMO-20 and 
ZMO-30 obtained before cycling was 993 ± 32 and 867 ± 50 Ω s1/2, 
respectively. The lower Warburg coefficient observed for ZMO-30 in
dicates a reduced Li-ion diffusion resistance with increased GO content. 
Overall, the reduced charge-transfer resistance (RCT) and lower Warburg 
coefficient (σ) values observed for the ZMO-30 electrode indicate 
improved charge transport and Li+ diffusion behavior. This enhance
ment can be correlated with the improved structural and interfacial 
characteristics arising from the higher GO content. The stronger inter
facial interaction between ZnMn2O4 and N-rGO in ZMO-30 facilitates 
efficient electron transport and ion diffusion around the ZnMn2O4 
nanoparticles, thereby reducing charge-transfer resistance. In addition, 
the Warburg coefficient (σ) values of ZMO-20 and ZMO-30 after 100 
cycles are 3529 ± 25 and 2895 ± 51 Ω s1/2, respectively. The increase in 
σ after cycling indicates enhanced diffusion resistance due to repeated 
lithiation and delithiation [90]. However, the comparatively lower σ 
value for ZMO-30 suggests better preservation of lithium-ion diffusion 
pathways. This improved diffusion stability can be attributed to the N- 
rGO framework, which helps maintain continuous electron and ion 
transport networks and mitigates transport degradation during pro
longed cycling.

Figs. 15(a) and (b) show schematic illustrations of the lithium- 
storage mechanism and interfacial charge-transfer behavior in the 
ZMO-30 nanocomposite electrode during electrochemical cycling.

As illustrated in Fig. 15(a), ZnMn2O4 nanoparticles are uniformly 
anchored onto the conductive N-rGO framework, forming an inter
connected metal oxide–N-rGO architecture with intimate interfacial 
contact, consistent with the HRTEM observations. During discharge 
(lithiation), Li+ ions migrate from the lithium electrode through the 
electrolyte toward the ZMO-30 active material, where the 

Fig. 13. Electrochemical impedance spectra (Nyquist plots) of ZMO-20 and ZMO-30 nanocomposite cells measured at room temperature (a) before cycling, with an 
inset showing the equivalent circuit used for fitting, and (b) after 100 cycles, with an inset displaying a magnified view of the high-frequency region highlighted by 
the red box. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4 
Electrolyte resistance (Rₑₗ), charge-transfer resistance (RCT), and χ2 values ob
tained from EIS fitting of ZMO-20 and ZMO-30 electrodes before cycling.

Composite Electrolyte resistance, 
Rₑₗ (Ω)

Charge-transfer resistance, 
RCT (Ω)

χ2 value

ZMO-20 6.2 ± 0.6 696.5 ± 1.0 4.62 × 10− 2

ZMO-30 14.6 ± 0.6 553.9 ± 3.0 1.46 × 10− 2

B. Chandran et al.                                                                                                                                                                                                                              Journal of Electroanalytical Chemistry 1018 (2026) 120415 

16 



interconnected interface provides shortened ion-diffusion pathways. 
Simultaneously, electrons are efficiently transported through the 
conductive N-rGO framework and current collector, facilitating revers
ible electrochemical conversion reactions. During charging (delithia
tion), Li+ ions reverse-migrate from the ZMO-30 nanocomposite 
electrode back toward the lithium electrode. Fig. 15(b) schematically 
illustrates the local interfacial charge-transfer process at the ZnMn2O4/ 
N-rGO interface, where the conductive N-rGO framework promotes 
efficient electron transport and facilitates Li+ diffusion around the 
ZnMn2O4 nanoparticles. The enhanced electrochemical performance of 
the ZMO-30 nanocomposite is therefore attributed to the synergistic 
effects of the optimized textural properties, modified nitrogen bonding 
configuration, improved ZnMn2O4–N-rGO interfacial architecture, 
enhanced electronic conductivity, and stable ion-transport pathways 
provided by the interconnected N-rGO framework, rather than solely to 
the modest increase in surface area and pore volume.

4. Conclusion

In this work, pristine ZnMn2O4 (ZMO) nanoparticles and ZnMn2O4/ 
N-rGO nanocomposites with different GO loadings (ZMO-20 and ZMO- 
30) were successfully synthesized via a one-pot hydrothermal method, 
enabling effective integration of ZnMn2O4 nanoparticles with the N-rGO 
graphene framework. Structural and spectroscopic analyses confirmed 

the formation of phase-pure ZnMn2O4 and the successful incorporation 
of nitrogen-doped reduced graphene oxide, with a redistribution of ni
trogen bonding configurations observed at higher GO content. Micro
scopic studies revealed improved dispersion of ZnMn2O4 nanoparticles 
within the N-rGO framework, indicating enhanced interfacial contact 
and composite integration in the ZMO-30 nanocomposite.

Electrochemical investigations demonstrated that the ZnMn2O4/N- 
rGO nanocomposites exhibit significantly improved lithium-ion storage 
performance compared to pristine ZnMn2O4, with the ZMO-30 electrode 
delivering a high reversible capacity of 859.02 mAh g-1 after 100 cycles 
at 100 mA g-1, along with enhanced rate capability. The improved 
performance can be attributed to enhanced interfacial interactions, 
improved electronic conductivity, and reduced charge-transfer and ion- 
diffusion resistances, as supported by CV, GCD, and EIS analyses. 
Overall, this study highlights the effectiveness of controlled N-rGO 
incorporation in improving the electrochemical performance and 
cycling stability of ZnMn2O4-based anode materials, demonstrating its 
potential for high-performance lithium-ion battery applications. Further 
optimization of interfacial engineering strategies and structural design 
could enable even higher long-term cycling stability and rate perfor
mance in ZnMn2O4-based anodes.
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