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ARTICLE INFO ABSTRACT

Keywords: The pursuit of scalable and efficient electrode materials is essential for advancing lithium-ion battery (LIB)
Lithium-ion batteries technologies. Among the anode candidates, spinel-structured ZnMnyO4 (ZMO) is attractive due to its high
[Z\nl(\)/IdeO theoretical capacity (~1008 mAhg’l), environmental friendliness, and cost-effectiveness. However, large vol-
niinyOy4

ume expansion during lithium insertion/extraction and poor electrical conductivity limit its long-term perfor-
mance. Conventional ZMO nanostructure synthesis involves complex, multi-step processes requiring high-
temperature calcination, making them time-consuming and unsuitable for large-scale production. To over-
come these challenges, we developed a rapid, one-pot microwave-assisted hydrothermal synthesis technique to
fabricate a ZnMny04/0-MnO» (ZMO/a-MO) nanocomposite. This method reduces processing time and enables in-
situ formation of a mixed morphology. The composite consists of nano-polyhedral ZnMnyO4 integrated with 1D
a-MnO; nanowires, which buffer volume changes and enhance structural stability during cycling. The synergistic
architecture improves electron transport, reduces lithium-ion diffusion paths, and provides superior mechanical
resilience. Electrochemical results showed that the ZMO/a-MO nanocomposite as an anode material in the Li
half-cell delivered a high discharge capacity of 891.6 mAhg™! at 100 mAg ™! after 100 cycles. The electrode
exhibited stable cycling across varying current densities and self-adaptive capacity recovery at different rates.
These performance enhancements are attributed to improved reaction kinetics enabled by its porous structure,
high surface area, and controlled volume expansion of ZMO nanoparticles composited with a-MnOy nanowires.
This green, scalable, and time-saving synthesis strategy offers promising potential for next-generation high-
performance LIBs.

«-MnO, nanowires
Mixed-type morphology
Microwave-assisted Hydrothermal Method

1. Introduction have been utilized to power everyday portable devices such as smart-

phones, laptops, digital cameras, etc., and they have also shaped the

Over the past decades, the demand for sustainable energy solutions
has surged, driving advancements in long-lasting, high-energy—density,
energy storage systems with reduced environmental impact. Worldwide,
researchers have been motivated to focus on rechargeable lithium-ion
batteries (LIBs), which remain the dominant battery technology due to
their superior energy density, lightweight design, long cycle life, reli-
ability, and efficiency [1,2]. While alternatives like sodium-ion, solid-
state and metal-air batteries are being explored, none have yet surpassed
LIBs’ overall commercial viability and performance. Therefore, LIBs

* Corresponding authors.

future of electric vehicle (EV) applications [1,2].

Anodes for LIBs have traditionally been made from graphite, which
remains the most successful material. Nevertheless, its limited specific
capacity (372 mAhg 1) restricts it from developing future batteries with
higher capacity and rate capability, which triggered the global interest
in identifying alternative anode materials with better electrochemical
performance [3-5]. To overcome the aforementioned issues, transition
metal oxides (TMOs), such as ferrites, cobaltates, and manganates, have
gained attention as alternate anode materials, mainly because of their
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higher theoretical capacity, compared to graphite [6,7]. Spinel-
structured mixed transition metal oxides (MTMOs), represented by the
general formula AB;O4 (Where A = Zn, Co, Ni, etc. and B = Mn, Fe, Co,
etc.), are considered excellent candidates for anode applications. The
synergistic effect of two different metals leads to the lower activation
energy for electron transfer between cations resulting in better con-
ductivity in MTMOs compared to single metal oxides [8-11].

Among the MTMOs, ZnMn04 (ZMO) is one of the most promising
candidates due to its low cost, abundant availability, environmental
benignity, and low working potential (~1.3 — 1.5 V) for lithium
extraction, compared to cobalt-based oxides [10,12,13]. Besides,
ZnMny04 has a high theoretical capacity (~1008 mAhg 1), making it an
even better alternative anode material for next-generation LIBs [13,14].
Despite this, ZnMnyOy4 still suffers from serious problems like volume
expansion during Li* ion insertion, resulting in the pulverization of the
electrode material and a fading capacity. Moreover, the spinel-
structured ZnMnyO4 shows poor electrical conductivity, which may
suppress the reaction kinetics during electrochemical performance
[15,16]. These issues are the primary research focus topics for unlocking
the potential of ZnMny04 anode material for energy storage applica-
tions. Thereby, researchers have developed several nanostructured
materials through different approaches, namely porous nanospheres
[12,16,17], nanosheets [18-20], nanorods, etc., to mitigate the volume
expansion and decrease the diffusion length for Li* ions [17-20]. Most
conventional synthesis methods for ZnMn,0O4 nanostructures are often
complex, time-consuming, and typically require high-temperature
treatment of intermediate phases to obtain the porous ZnMnyO4 nano-
particles. Such approaches are also not favourable for large-scale or
energy-efficient anode material production. Moreover, a facile one-pot
synthesis of ZnMnyO4 nanoparticles integrated with a suitable one-
dimensional (1D) metal oxide, which can address the inherent volume
expansion during cycling, has not been explored yet. In this context,
MnO; is a promising candidate for forming such a composite with
ZnMny04 through a one-pot synthesis. Among its various polymorphs

Zn(NO,).6H,0
CO(NH,),

Continuous
agitation

Ultrasonicated
forlh

Drying at 60 °C
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(o, B, v, 8, and A types), a-MnOs stands out due to its hollandite-type
structure with comparatively larger [2 x 2] tunnels formed by corner
and edge-shared MnOg octahedra. The tunnel framework facilitates
rapid lithium-ion diffusion and enhances reaction kinetics [21]. When
tailored into 1D nanostructures, a-MnO, can exhibit additional advan-
tages such as a high surface-to-volume ratio, improved electron trans-
port pathways, and structural flexibility, all of which help to mitigate
volume changes during Li" insertion/extraction [22,23]. The 1D
a-MnO, nanowires can thus serve as a flexible buffer matrix that ac-
commodates the large volume expansion of rigid ZnMnyO4 nano-
particles, thereby enhancing mechanical stability, reducing structural
degradation, and ensuring long-term cycling stability.

Hence, in the present work, an efficient and practical microwave-
assisted hydrothermal synthesis technique was developed to produce a
mixed-type morphology of ZnMnyO4/a-MnOy (ZMO/a-MO) nano-
composite as an anode material, which could be employed to combine
the above-mentioned positive aspects of both ZnMny04 and 1D a-MnO,
nanostructures. Here, the successful synthesis of the ZMO/a-MO nano-
composite was achieved in a one-pot technique by including Ammonium
Fluoride (NH4F) in the reactant mixture [24]. The newly developed
ZMO/a-MO nanocomposite with a mixed type morphology was used as
an anode material to fabricate Li-half cell [Li | 1 M LiPFg (EC: EMC) |
ZMO/a-MO], and its electrochemical performance was studied
systematically.

2. Experimental
2.1. Synthesis of the ZnMn304/a-MnO2 nanocomposite

The ZnMny04/a-MnO> nanocomposite was synthesized via a rapid
microwave-assisted hydrothermal method, and the complete synthesis
process is schematically illustrated in Fig. 1. All the purchased analytical
grade reagents were used without further purification. The synthesis
process is as follows: 1 mmol of zinc nitrate hexahydrate [Zn

Power 800 W
160°Cfor1h

Centrifuged and washed in
1:1 ratio of DI and Ethanol

Fig. 1. Schematic illustration of the complete synthesis process for the preparation of ZnMn,O4/0-MnO, nanocomposite by microwave-assisted hydrother-

mal method.
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(NO3)2-6H20], 2 mmol of potassium permanganate [KMnO4], 15 mmol
of urea [CO(NH>)>] and 6 mmol ammonium fluoride [NH4F] were dis-
solved in 50 mL of deionized water (DI) under continuous stirring for an
hour at room temperature, followed by ultrasonication for 30 min. The
obtained solution was transferred to a 100 mL Teflon autoclave covered
with a composite sleeve, tightly closed, and placed in a CEM-MARS 5
230/60 digestion system. The solution was heated up to 160 °C with a
ramp time of 0.5 h, output power set to 800 W, and the temperature was
maintained for one hour. After cooling down to room temperature, the
obtained precipitate was centrifuged and washed several times with a
1:1 ratio of ethanol and DI water until the pH of the resultant solution
was neutralized. Then, the obtained precipitate was dried at 60 °C for 12
h in a hot air oven. Finally, the obtained brown colour powder was
ground with a mortar and pestle for further studies.

2.2. Material characterization

The as-prepared ZnMnyO4/a-MnOo (ZMO/a-MO) nanocomposite
powder sample was extensively characterized using various analytical
techniques to confirm its structural, morphological, and chemical
properties. X-ray diffraction (XRD) pattern was recorded in the range 5°-
80° using a Bruker D8 Advance diffractometer, Bragg-Brentano geom-
etry, and a Lynxeye position-sensitive detector with Cu Ka radiation
(1.54 nm). The Raman spectrum was recorded using a WiTeC Alpha
300R Raman imaging microscope with a 532 nm laser source operating
at 0.5 mW and the integration time was set to 8 s with 10 accumulations.
For Raman measurement, the as-prepared powder sample was dispersed
in isopropyl alcohol (IPA) and drop-cast onto a quartz slide. The Fourier-
transform infrared (FTIR) spectrum was recorded using a Thermo Sci-
entific Nicolet iS50 Spectrometer in attenuated total reflection (ATR)
mode. The morphology of the as-prepared powder sample was recorded
in the form of images using Field Emission Scanning Electron Micro-
scopy (FESEM, JEOL JSM-6500F) at an accelerating voltage of 20 kV
with a working distance of 10 mm, and an energy-dispersive X-ray
spectroscopy (EDX) mapping of each element present in the sample was
also recorded using the FE-SEM, JEOL JSM IT800. Further, a High-
Resolution Transmission Electron Microscope (HR-TEM), JEOL JEM-
2100 model with an acceleration voltage of 200 kV, a point resolution
of 0.23 nm, and a lattice resolution of 0.14 nm was used to record the
HR-TEM images and selected area electron diffraction (SAED) pattern.
The survey and high-resolution X-ray photoelectron spectra (XPS) were
recorded under a vacuum of 10°° mbar, at a power of 200 W at an
accelerating electron voltage of 13.5 kV using a PHI 5400 ESCA system
supplied by Physical Electronics Inc. This system is equipped with a non-
monochromatic Al Ka radiation (hv = 1486.7 eV). The survey spectrum
was recorded with a pass energy of 89.45 eV, whereas the high-
resolution spectra were recorded with a pass energy of 71.55 eV and
the acquired XPS data were processed and fitted using MultiPak v.8.0
software. The Ny adsorption-desorption isotherm was recorded using a
Tristar II 3020 Micromeritics analyser. The specific surface area and
pore-size distribution, as well as the pore volume, were evaluated using
the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
methods.

2.3. Electrode preparation

The working electrode slurry was prepared by mixing ZMO/a-MO
nanocomposite as an active material, super P conductive carbon and
polyvinylidene fluoride (PVDF) binder in the ratio of 70:20:10 in N-
methyl-2-pyrrolidone (NMP) solvent. The resultant slurry was coated
over the Cu foil by the doctor blade method and allowed to dry at 80 °C
for 12 h in a hot air oven. The prepared ZMO/a-MO coated electrode was
cut into circular disks with a diameter of 8 mm, and then the mass
loading of active material was measured as 0.66 mg/cm?. The lithium
foil was cut into 10 mm circular discs and was used as a counter and
reference electrode. Whatman glass microfiber filter [25] (16 mm in
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diameter) was used as a separator, and 1 M lithium hexafluorophosphate
(LiPFg) in ethylene carbonate (EC) and ethyl methyl carbonate (EMC),
(EC: EMC, 1:1 v/v) was used as the electrolyte for the fabrication of Li |
1 M LiPFg (EC: EMC) | ZMO/a-MO half-cell.

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

The CR 2032-coin type lithium-ion half cells were fabricated using
lithium metal as the counter electrode and a newly prepared ZMO/a-MO
nanocomposite as the working electrode in a high-purity argon (99.999
%) filled glove box (Vigor SciLab glovebox) under a controlled moisture
level of about 0.01 ppm, and the Oxygen level was less than 1 ppm. The
newly fabricated CR 2032 coin-type half-cells were characterized by
measuring cyclic voltammograms (CV), galvanostatic charge/discharge
curves, and electrochemical impedance spectra (EIS) using a Biologic
BCS 810 electrochemical workstation. The cyclic voltammograms were
recorded at a scan rate of 0.1 mVs ™!, covering a potential window from
0.01 to 3.0 V (vs. Li/Li*). The galvanostatic charge/discharge mea-
surements were performed within the same potential window to eval-
uate the capacity retention and rate capability at various current
densities (100 mAg™~}, 200 mAg~?, 500 mAg~?, 750 mAg~!, and 1000
mAg ). EIS were recorded over a frequency range from 10 kHz to 1 Hz
for the same cell before cycling and after the 50", 101%, and 251 cy-
cles. All electrochemical measurements were conducted at room
temperature.

3. Results and discussions

3.1. Structural and morphological Characterization of ZnMn204/a-MnO2
(ZMO/a-MO) nanocomposite

Fig. 2 shows the XRD pattern of the as-prepared ZMO/a-MO sample
along with the JCPDS data of ZnMny04 and a-MnO,. From Fig. 2, the
observed XRD peaks were compared with the JCPDS Card No. 24-1133
(a=b=5.722A and ¢ = 9.236 A) of ZnMn,04 and JCPDS Card No.
44-0141 (a =b = 9.823 A and c = 2.856 10\) of a-MnO». The observed
dominant set of sharp and well-defined diffraction peaks at 18.4°, 29.4°,
31.13°, 33.18°, 36.31°, 37.04°, 39.17°, 44.69°, 50.92°, 52.20°, 54.39°,
56.78°, 58.98°, 61.03°, 65.09°, 75.05°, 77.18° and 78.77° were identi-
fied as corresponding to the crystalline planes (101), (112), (200), (103),
(211), (202), (004), (220), (204), (105), (312), (303), (321), (224),
(440), (413), (422) and (404) of polycrystalline phase of tetragonal
spinel structured ZnMn,04 (ZMO) with space group I4;/amd [26,27].
Further, the weak and low-intensity XRD peaks observed at 12.8°, 18.0°,
28.8°, 37.5°, and 49.9° were identified as crystalline planes (110),
(310), (211), (301), and (411) of the tetragonal a-MnO; polycrystalline
phase with space group 14/m [28,29]. The crystallite size estimated

——ZMO/a-MO
«a-MnO,

S
2]

bmﬁ*(zoz) (211)
04)

—ZnMn,0, (PDF# 24-1133)
— a-MnO, (PDF# 44-0141)

Intensity (a.u.)

L 1 | I
10 20 30 40 50 60 70 80
2 theta (°)

Fig. 2. XRD pattern of as-prepared ZMO/a-MO material along with the JCPDS
data of ZnMn,04 and a-MnO,.
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through the Williamson-Hall (WH) method using the XRD spectrum is
provided in Supplementary Information (Fig. S1). The lower intensity of
a-MnO, XRD peaks suggests that the ZMO/a-MO composite sample
consists of a smaller quantity of a-MnO> crystalline phase compared to
ZnMn304. From the analysis of the observed XRD pattern, it is concluded
that the prepared sample is composed of two different crystalline phases
of ZnMny0O4 and a-MnOj, and hence, the formation of ZMO/a-MO
composite was confirmed. Furthermore, the semi-quantitative phase
composition was determined through Rietveld refinement of the XRD
pattern (Fig. S2 of the supplementary information), which revealed that
the ZMO/a-MO nanocomposite consists of approximately 94 wt% of
ZnMn,04 and 6 wt% of a-MnOs.

Fig. 3(a) shows the Raman spectrum of the as-prepared ZMO/a-MO
sample. From Fig. 3(a), three prominent peaks were observed at 295.5,
349.4, and 648.8 cm ™. The peak at 648 cm ™! can be attributed to the O-
Zn-0 vibrations in ZnOy4 tetrahedra with A;; symmetry, as well as to the
symmetric stretching vibrations of O-Mn-O bonds present in a-MnOy
[30,31]. The peak at 295.5 cm ! corresponds to the vibrations of Eg
Raman mode, whereas the peak at 349.4 cm™! is assigned to the Tag
mode of the MnOg octahedra in ZnMnyO4 [31,32]. A slight blue shift was
observed for all the Raman peaks of ZMO/a-MO nanocomposite
compared to the data from the literature [33]. This may be attributed to
phonon confinement effects due to nanocrystalline domains, as well as
minor lattice distortions from interfacial interactions between ZnMnyO4
and the a-MnO; phases [34].

Fig. 3(b) shows the FTIR spectrum of the ZMO/a-MO sample. The
FTIR peaks were observed at 506.23 cm™! and 620.01 cm™}, which
belong to Zn-O vibrations in tetrahedral sites and Mn-O vibrations in
octahedral sites from the ZnMnyO4 spinel structure, respectively
[35-37]. The FTIR peaks corresponding to a-MnO, were not dominant
and distinguishable due to their smaller quantity than ZnMnyO4 in the
ZMO/a-MO nanocomposite, which is consistent with the XRD results.
However, a slight shift was observed in the Zn-O vibrational peak at
506.23 cm ! compared to the literature [38]. The Zn-O peak at 506.23
cm ™! appeared more intense than the Mn-O peak at 620.01 cm™* from
ZnMny0y4. The slight shift and higher intensity of the Zn-O vibrational
peak may be attributed to the contribution of Mn-O vibrations at ~ 522
em ! from a-MnO, [30]. The additional peaks at 2917.81 and 2847
em™! in the range 2982-2605 cm ! are due to ethanol impurities
adsorbed during the washing process, and also due to the adsorbed CO,
molecules from the atmosphere [30,39]. Thus, Raman and FTIR results
further confirm the formation of ZnMn,04 and ®-MnO in the ZMO/
a-MO nanocomposite.

Fig. 4(a-c) presents the FE-SEM images of the as-prepared ZMO/
a-MO sample at various magnifications. Fig. 4(d) displays the EDAX
mappings of the composite material. The FE-SEM images show the
presence of two distinct morphologies: nano-polyhedrons and nano-
wires. Additionally, the EDAX mapping confirms the presence of Zn, Mn,
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and O elements in nano-polyhedrons, whereas only Mn and O were
detected in the nanowires. This confirms that the nanowires are a-MnOo
and the nano-polyhedrons are ZnMny04. FE-SEM images clearly show
that the quantity of a-MnO2 nanowires is less compared to the ZnMny04
nano-polyhedrons in the ZMO/a-MO nanocomposite sample, which
aligns well with the XRD results. The supplementary Fig. S3 (a) & (b)
shows the particle size and diameter distribution of ZnMn;04 nano-
polyhedrons and o-MnO, nanowires, respectively, fitted with a
Gaussian distribution. The average particle size of ZnMnyO4 nano-
polyhedrons is found to be ~ 145 nm, and the average diameter of
a-MnO3 nanowires is ~ 23 nm. Thus, the FE-SEM and EDAX mapping of
the as-prepared ZMO/a-MO nanocomposite confirms the mixed type
morphology of ZnMny04 nano-polyhedrons and a-MnO; nanowires.

Fig. 5(a—f) shows the TEM and HR-TEM images at different magni-
fications and the SAED pattern obtained from the ZMO/a-MO nano-
composite. The TEM images in Fig. 5(a-c) show the mixed morphology
of ZMO/a-MO nanocomposite with nano-polyhedrons and nanowires,
which agrees with the FE-SEM results. From the HRTEM images in Fig. 5
(d and e), the interplanar spacing of 0.248 nm was measured, which
agrees with the d-spacing of the (211) lattice plane of ZnMnyO4 calcu-
lated from XRD data. Hence, it is confirmed that the nano-polyhedrons
are ZnMnyOy, as confirmed from the EDAX mappings. The SAED pat-
terns in Fig. 5(f) were analysed and indexed to lattice planes (204) and
(312) of ZnMn304, (200), (310) and (211) of a-MnO; phases, which are
consistent with the reported literature so far [40,41]. Thus, the HR-TEM
and SAED results confirm the presence of two different morphologies
and crystalline phases of ZnMn,04 and a-MnO; nanostructures.

Based on the observed results, the pictorial representation is made
for the formation of the ZnMnyO4 nano-polyhedrons and 1D a-MnOg
nanowires in the ZMO/a-MO nanocomposite prepared using
microwave-assisted hydrothermal synthesis, as shown in Fig. 6. The
following possible explanation for the formation of 1D a-MnO; nano-
wires in the ZMO/a-MO nanocomposite is proposed based on the un-
derstanding from the available literature. During the hydrothermal
synthesis, ammonium fluoride (NH4F) decomposes at elevated temper-
atures (~160 °C) to release HF and NHs, which mildly acidify the local
reaction environment [42]. The generated H™ ions, in the presence of
stabilizing cations such as K* (from KMnO,) and NH} (from NH4F),
facilitate the formation of a-MnOy with a tunnelled (2 x 2) structure
[43,44]. Simultaneously, the fluoride ions (F) can coordinate with Zn*
ions, modulating the nucleation pathway and delaying the formation of
ZnMny0O4 [45]. This delay promotes the parallel growth of MnOs
alongside ZnMnyO4, enabling the formation of a mixed-type nano-
composite architecture.

The nitrogen adsorption—desorption isotherm of ZMO/a-MO nano-
composite is shown in Fig. 7(a). The specific surface area of the ZMO/
a-MO nanocomposite, determined using the Brunauer-Emmett-Teller
(BET) method, was found to be 20.42 m?/ g. The nitrogen

(a) —ZMO/a-MO
-648.8

Intensity (a.u.)

(b) ——ZMO/a-MO

506.23 -
620.01~

2917.81

Absorbance (a.u.)

100 200 300 400 500 600 700 800 900 4000

Raman shift (cm™)

3000 2000 1000

Wavenumber (cm™)

Fig. 3. (a) Raman spectrum and (b) FTIR spectrum of ZMO/a-MO material.
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Fig. 4. (a-c) FE-SEM images of as-prepared ZMO/a-MO nanocomposite at different magnifications, (d) Magnified image and corresponding EDAX mappings of Zn,

Mn, and O in ZMO/a-MO nanocomposite.

10 1/nm

Fig. 5. (a-e) TEM and HR-TEM images of the as-prepared ZMO/a-MO nanocomposite at different magnifications. (f) SAED pattern of ZMO/a-MO nanocomposite.

adsorption—desorption isotherm of ZMO/a-MO nanocomposite showed
a type IV isotherm with a wide hysteresis loop within the relative
pressure range of 0-1, confirming the mesoporous nature of the sample.
The isotherm exhibits an H3-type hysteresis loop, which does not show
adsorption saturation at high P/P, unlike the H1 and H2 types. The H3-
type hysteresis observed in the isotherm suggests the presence of slit-
shaped pore structures, typically formed between flat surfaces
[46-49]. The H3 hysteresis loop may have originated from interparticle
voids shaped like slits, formed by the aggregation of nano-polyhedrons
and nanowires, as shown in Fig. 7(b). The pore size distribution curve
obtained using the Barrett-Joyner-Halenda (BJH) method is shown in
the inset of Fig. 7a and the calculated specific pore volume is found to be
0.104 cm®/g. The effective pore-size distribution falling within the 2-80

nm range, further confirms the mesoporous nature of the slit-shaped
pores. As shown in the inset of Fig. 7(a), most of the pores have a
diameter of around 50 nm, likely arising from pores formed between the
ZMO nano-polyhedrons as confirmed from the HR-TEM image results.
The mesoporous structure of ZMO/a-MO nanocomposite, with its high
surface area and porosity, may provide advantages such as improved
physical contact between electrolyte and nanoparticles, leading to
increased ionic and electronic conductivity. The porous structure of the
ZMO/a-MO nanocomposite may effectively mitigate volume changes
caused by Li" insertion and extraction, thereby enhancing the cyclic
stability of the battery. The observed high porosity and a high surface
area of ZMO/a-MO nanocomposite may help to act as an efficient anode
material for exhibiting better electrochemical properties.
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ZMO/a-MO -

Fig. 6. Pictorial representation made along with observed results for the formation of the ZnMn;04 nano-polyhedrons and 1D a-MnO, nanowires in the ZMO/a-MO

nanocomposite.
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Fig. 8 shows the XPS spectra of the ZMO/a-MO nanocomposite. The
survey spectrum shown in Fig. 8(a) displays the photo peaks originating
from the Mn 2p, Mn 3 s, Mn 3p, Zn 2p, O 1 s, and C 1 s states. The origin
of the C 1 s peak is from the adventitious carbon contamination, and it is
used for the charge neutralization of XPS data for high-resolution studies
by assigning the C-C bond peak at 284.8 eV. In addition, the auger lines
from Oxygen (Okpy) and Zinc (Znpypy) were also observed in the survey
spectrum.

In the high-resolution Zn 2p spectrum (Fig. 8(b)), two peaks are
observed at 1021.35 eV and 1044.45 eV, which correspond to the Zn
2ps3/2 and Zn 2p; /2 levels with a spin-orbit splitting of 23.1 eV. The
binding energy difference between these peaks confirms that the Zn 2p
peak originated from Zn?* in ZnMn,O4 nanoparticles, by comparing
with previously published works [37,50]. Similarly, Mn 2p high-
resolution XPS spectrum (Fig. 8(c)) shows two peaks at 642.08 eV and
653.55 eV, which are assigned to Mn 2p3/2 and Mn 2p1/2, respectively.
The binding energy difference of 11.47 eV between these peaks confirms
that these peaks are from Mn present in the MnO,, as observed in the
work of Bigiani et al. [51].

The observed high-resolution O 1 s spectrum is given in Fig. 8(d). In

the O1s spectrum, a peak at 529.9 eV is observed, along with a shoulder
peak at 531.9 eV. The prominent peak at 529.9 eV is attributed to the
oxygen present in the Zn-O and Mn-O bonds, and the peak at 531.9 eV
corresponds to the hydroxyl groups bonded to the metal atoms present
in the nanocomposite, which is confirmed by the previous studies
[50,51]. In conclusion, XPS analysis further confirms the presence of
ZnMny04 and a-MnO, in ZMO/a-MO nanocomposite, agreeing with the
XRD, FE-SEM, and HR-TEM results.

3.2. Electrochemical performance of ZMO/a-MO nanocomposite

Fig. 9 shows the cyclic voltammograms of the fabricated Li-ion half-
cell, recorded in the potential window 0.01-3.0 V (vs. Li/Li") at a scan
rate of 0.1 mV/s. In the first cathodic scan of the CV curve, three broad
peaks at 2.45V, 1.26 V and 0.73 V, along with a sharp, intense peak at
0.29 V are observed. The first broad peak at 2.45 V corresponds to
Lithiation in the a-MnOs lattice [52]. The next two broad peaks observed
at1.26 V and 0.72 V are attributed respectively to the reduction of Mn>*
from ZnMny04 to Mn?* and electrolyte decomposition, which forms the
Solid Electrolyte Interface (SEI) layer [53-55]. The intense, sharp
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Fig. 8. XPS Spectra of ZMO/a-MO nanocomposite: (a) Survey spectrum, (b) high resolution of Zn 2p spectrum, (c) high resolution of Mn 2p spectrum, and (d) high

resolution of O 1 s spectrum.

cathodic peak at 0.29 V is ascribed to the reduction of Mn?* and Zn?* to
metallic Mn® and Zn°, along with the formation of Li,O matrix and Li-Zn
alloy, as mentioned in equation (1) [53,55]. During the anodic scan of
the first cycle, two broad peaks are observed at 1.19 V and 1.52 V,
corresponding to the oxidation of Mn® to Mn?' and Zn® to Zn?",
respectively. Also, a narrow broadening of the CV curves is observed in
the 2.2 — 3.0 V range, which may indicate the oxidation of Mn2t (MnO)
to the Mn** (MnO,) state as discussed in previous literature [52]. In the
case of the second cycle, the observed cathodic scan of the CV curve
exhibited only two peaks at 0.49 V and 0.34 V. The broad cathodic peak
at 0.49 V corresponds to the reversible reduction reaction of Zn®* and
Mn?* to metallic Zn® and Mno, as represented in equation (3) [13,55].
The sharp peak at 0.34 V is attributed to the reversible reduction of
Mn** to metallic Mn® in 1D a-MnO,, as mentioned in equation (2)
[22,52,56,57]. In the subsequent cycles, it was observed that the
cathodic and anodic peaks overlapped with minor shifts, implying high
reversibility in the chemical reactions as mentioned in equations (2) and
(3). When comparing the cathodic peaks at 0.34 V and 0.49 V, the sharp
peak at 0.34 V shows better overlap in subsequent cycles, indicating
better reaction kinetics of 1-D a-MnOs. The cathodic peaks observed in
the CV profiles at ~ 0.34 V and ~ 0.49 V are attributed to the redox

activity of ZnMnyO4 and a-MnOj, respectively. Among these, the peak
at ~ 0.34 V shows better overlap and sharper intensity across successive
cycles, indicating enhanced electrochemical kinetics and the active
involvement of 1D a-MnO; nanowires. The nearly equal intensity of
both peaks suggests comparable redox contributions from both phases.
This electrochemical behaviour is further validated by XPS analysis,
confirming the surface enrichment of a-MnO,. These findings suggest
that the surface of the composite is likely modified by a-MnO, nano-
wires, providing stable and highly active sites for lithium storage. The
observed CV results were consistent with the following chemical re-
actions [52,53]:

ZnMn,04 + 9Li* + 9e” =ZnLi + 2Mn + 4Li»0 (€8]
MnO; + 4Lit + 4e” ©2Li,0 + Mn 2
ZnLi + 2Mn + 3Li50 <ZnO + 2MnO + 7Lit +7e 3)

In conclusion, CV results confirmed multiple reaction mechanisms
occurring, possibly due to the involvement of both ZnMnyO4 and
a-MnOs phases during the charging and discharging processes.

Fig. 10 shows the Galvanostatic charge-discharge (GCD) curves of
the fabricated Li-ion half-cell using the ZMO/a-MO nanocomposite as



B. Chandran et al.

0.2

119V

0.0

-0.2 -

I(mA)

-0.41

-0.6 -

0.29V

'0.8 T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0

Voltage(V)
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the anode material up to 100 cycles (1%, 2°¢, 34, 5% 10™ 15% and
100%™ cycles) at a current density of 100 mAg ™! in the potential range
0.01 — 3.0 V (vs. Li/Li"). Based on reactions (1) and (2), and the semi-
quantitative phase analysis (94 wt% ZnMnyO4 and 6 wt% a-MnOy),
the combined theoretical capacity for the first discharge is ~ 1021.44
mAhg~!. For the subsequent cycles, based on reactions (2) and (3), the
theoretical capacity was calculated to be ~ 810.92 mAhg~!. From
Fig. 10, it was observed that in the first cycle, the discharge curve
exhibited two prominent plateaus in the voltage range of 1.36 — 0.01 V,
and the overall discharge capacity delivered was 1346.87 mAhg . The
capacity associated with the first plateau at ~ 1.36 V was ~ 228.37
mAhg ™!, attributed to the formation of the SEI layer and the reduction of

3.0
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Mn3* to Mn?*, consistent with the CV peaks at 1.26 V and 0.73 V,
respectively [54]. Following this, a broader plateau appeared at ~ 0.5 V
due to the reduction of ZnMny04 and a-MnOs, as per reactions (1) and
(2), supported by a CV peak more prominently appearing at 0.29 V. In
the subsequent charging, the obtained specific charge capacity was
870.72 mAhg !, significantly lower than the first discharge capacity,
indicating irreversible Li* consumption in the first discharge [13].
Hence, the coulombic efficiency (CE) for the first cycle was found as only
64.65 %. Although the first charge capacity aligns closely with the
theoretical value (~810.92 mAhg™!), the second discharge capacity
increased to 914.8 mAhg ™!, exceeding the calculated theoretical value.
This enhancement may have resulted from increased participation of
redox-active surface sites in a-MnOs, as supported by the CV profile in
the second cycle, where cathodic peaks for ZnMny04 and a-MnO, appear
with comparable intensity. In the subsequent charging, the second
charge capacity was found to decrease to 860.69 mAhg !, which may be
attributed to the limited reversibility of certain electrochemical re-
actions. Hence, for the second cycle, CE was about 94.09 % indicating
improved reversibility compared to the first cycle. Additionally, by the
100%™ cycle, improved electrode stabilization and reversibility led to the
reappearance of more well-defined discharge plateaus, indicating
enhanced electrochemical kinetics.

The cyclic performance of the fabricated cell with ZMO/a-MO
nanocomposite as anode material at different current rates for 251 cy-
cles is presented in Fig. 11. The fabricated cell was first cycled up to 100
cycles to analyse the cycling stability of the ZMO/a-MO nanocomposite
as an anode material. During the initial 15 cycles, the capacity drasti-
cally dropped to 751.6 mAhg ™! due to gradual electrolyte grinding and
structural changes occurring for the ZMO/a-MO nanocomposite. How-
ever, a gradual increase in capacity was observed after 15 cycles, due to
the gradual activation or reactivation of mixed-type morphology and SEI
layer formation [58-60]. After around 50 cycles, the ZMO/a-MO
nanocomposite showed excellent stability in capacity up to the 100%™
cycle, suggesting that the activated electrode is showing excellent
electrochemical activity [59]. The presence of a-MnO; nanowires may
have formed a network structure buffering the volume change of pristine

Potential (V) vs Li/Li
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Fig. 10. Galvanostatic charge-discharge curves of Li-ion half-cell using ZMO/«-MO nanocomposite as the anode material up to 100 cycles at 100 mAg ™.
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Fig. 11. Cyclic performance of the fabricated Li-ion half-cells with ZMO/a-MO nanocomposite as the anode material up to 251 cycles with different current densities.

ZnMny04 nanostructures and induced additional electrochemically
active sites, facilitating lithium-ion diffusion, which becomes more
effective after 50 cycles [59]. The newly fabricated cell showed an
excellent discharge capacity of 891.6 mAhg™! after 100 cycles at a
current rate of 100 mAg !, demonstrating robust initial cycling
performance.

To assess the fabricated cell’s ability to withstand higher current
rates and its capacity retention after prolonged cycling, rate perfor-
mance testing was conducted after 100 cycles. Following 100 cycles at
100 mAg~ !, the current rate was progressively increased to 200, 500,
750, and 1000 mAg’l, with each rate maintained for 10 cycles,
extending the total cycle count to 140. When the current density was
increased to 200 mAg~?, the discharge capacity was dropped to 723.9
mAhg !, followed by a gradual increase to 916.87 mAhg ™! in the sub-
sequent cycles, due to the structural arrangement and activation
happening again in the mixed-type crystalline phase and material,
which may lead to enhanced Li" ion diffusion and electrochemical sta-
bility as a result of active sites and electrolyte penetration [58]. At
higher current densities of 500 mAg~! and 750 mAg~, the capacity
decreased to 753.6 mAhg™! and 678.11 mAhg~!, respectively, high-
lighting the impact of kinetic limitations on lithium insertion. The
reduced lithium storage at these rates is attributed to the shortened
lithium-ion diffusion time, which limits the extent of intercalation [61].
However, the coulombic efficiency improved from 98.27 % @120™ cycle)
to 98.64 % (130th cycle) as the current rate increased from 500 to 750
mAg !, highlighting the electrode’s efficient charge-discharge kinetics
and stable electrochemical behaviour. Even at 1000 mAg~1, the

electrode maintained a stable capacity of 570.8 mAhg™1 at the 131%
cycle, sustaining this performance over the next 10 cycles. Also, the
coulombic efficiency further improved to 99.15 % at the 140 cycle,
reinforcing the excellent stability and reversibility of ZMO/a-MO
nanocomposite electrodes under high-rate cycling conditions. After
completing 140 cycles, the same cell was retraced with the decreasing
current rates up to the 171% cycle at the current rate of 100 mAg~!, as
shown in Fig. 11. It was observed that the discharge and charge ca-
pacities increased and were higher than the prior capacities of the
respective current rates. The increased capacities may be due to the
activation of additional electrochemically active sites and the reorga-
nization of the electrode structure at higher current rates, which may
lead to enhanced lithium-ion intercalation. Moreover, the coulombic
efficiency gradually decreased, when the current rate was decreased,
which may be due to poor reaction kinetics and irreversible side re-
actions, such as SEI layer reformation by electrolyte decomposition and
lithium consumption due to structural degradation. After retracing to
100 mAg ™, a significant increase in capacity to ~ 1117.84 mAhg ™! and
a decline in coulombic efficiency to 94.1 % was observed, which further
suggest the structural and electrochemical modifications that have
accompanied the ZMO/a-MO nanocomposite. Thus, ZMO/a-MO nano-
composite showed a hysteresis effect while the current rate was
retraced. High-rate cycling from 100 to 140 cycles may have induced
serious structural modifications, increased electrolyte penetration,
thereby lowering diffusion barriers, and improved contact between the
active and electrolyte materials. As a result, enhanced lithium storage
capability was observed upon returning to a lower current rate.
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However, over extended cycles at current at 100 mAg ™, the discharge
capacity stabilized at 808 mAhg ™! at the 248th cycle and was observed
to increase to 816.2 mAhg ! at 251% cycle slightly, indicating structural
and SEI stabilization with minimized degradation and also the
coulombic efficiency was observed to be increased to 98.4 %, high-
lighting excellent reversibility with minimal side reaction and consistent
electrochemical performance. The observed slight decrease in capacity
from 891.6 mAhg ' at the 100™ cycle to 816.2 mAhg ™! at the 251%
cycle, which could be attributed to continuous activation and SEI layer
formation at different current rates. Nevertheless, the newly developed
Li-ion half-cell retained its capacity to some extent even after 250 cycles.

As observed in Fig. 11, the discharge capacity initially dropped when
the current rate was increased but gradually recovered over subsequent
cycles. This trend was evident at 200 and 500 mAg ™!, suggesting pro-
gressive activation of additional electrochemical active sites and
enhanced ionic diffusion. At higher current rates of 750 and 1000
mAg ™!, although the capacity increase was less prominent, excellent
stability and improved coulombic efficiency were observed. Most
notably, upon retracing the current density back to 100 mAg~!, the
capacity significantly increased beyond its earlier value (from ~ 891.6
to ~ 1117.84 mAhg™!) and later stabilized, indicating adaptive struc-
tural reorganization within the electrode. This behaviour suggests that
the ZMO/a-MO nanocomposite not only resists degradation during high-
rate cycling but also retains the capability to recover and stabilize its
performance, demonstrating a self-regulating or “self-adaptive” elec-
trochemical response. This self-adapting tendency to retain its capacity,
observed despite rate changes, is crucial for long-term performance. In
addition, the variations in discharge capacities observed at the same
current densities (such as 200, 500, and particularly 100 mAg ) may be
due to structural and electrochemical modifications induced during
high-rate cycling. The capacity enhancement upon retracing could result
from activation of previously inaccessible electrochemical active sites,
while the accompanying drop in coulombic efficiency may indicate
lithium loss via side reactions such as SEI reformation. This explanation
is supported by the observed hysteresis behaviour and evolving effi-
ciency trends over extended cycles [62]. The continuous activation of
the electrode helped compensate for the capacity loss caused by SEI
layer formation to some extent. This explanation aligns well with the
observed decrease in coulombic efficiency during the retracing process.
Hence, the newly fabricated Li-half cell, with ZMO/a-MO nano-
composite as the anode material, exhibited a balance between capacity-
retention mechanisms and unavoidable degradation effects over
extended cycling.

Table 1 compares the cyclic performance of the newly developed
ZMO/a-MO nanocomposite with the reported pristine ZnMnyO4 nano-
structures. The discharge capacity of the newly developed ZMO/a-MO
nanocomposite as anode material was higher than the reported ones, as
shown in Table 1. Hence, the newly developed ZMO/a-MO nano-
composite can be a better anode material for developing high-ener-
gy—density and long-cell-life lithium-ion batteries.

Fig. 12 (a) shows the electrochemical impedance spectra of the
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fabricated Li-ion half-cell before and after n cycles (n = 50, 101, 251) at
different current rates. As seen in Fig. 12, the obtained EIS curves exhibit
characteristic features such as a semicircle in the high-frequency region
representing the ohmic resistance (R¢), charge transfer resistance (Rcr),
and Solid Electrolyte Interface (SEI) resistance (Rggp), and a sloped line
in the low-frequency region corresponding to lithium-ion diffusion [54].
The observed electrochemical impedance spectra were fitted using
Biologic EC lab software and the equivalent circuits [53] for the lowest
¥2 value (in the range 10°3) for the electrical behaviour of the cell, before
and after cycling, as shown in Fig. 12 (b). The obtained R, R¢r, and Rggg
values for the developed Li half-cell before and after n cycles (n = 50,
101 & 251) are shown in Table 2. From Table 2, it was observed that
Ohmic resistance (R¢) gradually increased over prolonged cycling due to
electrolyte degradation. Moreover, the charge transfer resistance (Rct)
for the fresh cell was found to be ~ 192 Q and was decreased to ~ 172 Q,
and Rggy was also found to be ~ 172 Q after the 50t cycle owing to the
continuous activation of the ZMO/a-MO nanocomposite electrode and
electrolyte degradation during initial cycles. When the current rate was
increased from 100 to 200 mAg_1 at the 101 cycle, both the R¢r and
Rggr values were increased and found to be ~ 261 Q and ~ 300 Q,
respectively, which may be attributed to the existence of a structural
change at a sudden higher current rate. Interestingly, there is a signifi-
cant decline of both R¢t and Rggg values, and are found to be ~ 92 Q and
~ 52 Q, respectively, after the 251 cycle as a result of enhanced con-
ductivity owing to an increase in electrochemical reaction kinetics in
active sites of ZMO/a-MO nanocomposite electrode as well as the evo-
lution of a stable, uniform, and low-resistance SEI layer compared to the
initial stages. Thus, the coexistence of the enhanced active sites and a
stable SEI layer (lower Rgg; than initial) played a vital role in sustaining
the ZMO/a-MO nanocomposite electrode performance. Despite the rise
in R, over continuous cycling at different current rates, the fabricated Li
half-cell with ZMO/a-MO nanocomposite anode electrode retained a
substantial capacity of ~ 816.6 mAhg ! at the 251% cycle, owing to the
synergistic effect of lower R¢r and Rggp. Additionally, it is also observed
that Coulombic Efficiency (CE) improved from 97.4 % to 98.8 % at the
100" and 251% cycles, respectively, suggesting fewer parasitic reactions
and better utilization of electrochemically active material. Although
there was some capacity fading from 891.6 mAhg ! to 816.6 mAhg ! at
the 100" cycle to the 251% cycle, the improved CE and superior charge-
transfer reaction kinetics effectively compensated for the loss and hence
the newly developed Li-ion half-cell with ZMO/a-MO nanocomposite
anode electrode could be a potential candidate to ensure excellent long-
term cycling performance for Li-ion batteries.

4. Conclusions

The newly synthesized ZnMnyO4/a-MnO, (ZMO/a-MO) nano-
composite via a one-pot, organic solvent-free, microwave-assisted hy-
drothermal method exhibits a promising nanostructured architecture as
an anode material for high-performance lithium-ion batteries. Forma-
tion of a dominant tetragonal phase of ZnMny04 along with a minor

Table 1

A comparison of electrochemical performances of the developed ZMO/a-MO nanocomposite along with those reported in prior literature.
Morphology Method Current Density Cycle number Final capacity Ref.

(mAg™") (mAhg ™)

Nanocrystals Polymer-pyrolysis- method 100 50 569 [63]
Nanowires Solid-state reaction 100 40 650 [64]
Nanoparticles Hydrothermal process 100 90 716 [65]
Mesoscale tubular Hydrothermal process 100 100 784.3 [66]
Flowerlike microsphere Solvothermal process 100 120 662 [67]
Porous nanospheres Microemulsion method 100 120 810 [26]
Crumbled nanosheets Electrospinning method 100 500 461 [68]
Porous rugby balls Hydrothermal process 100 100 614 [69]
Nano peanuts Solvothermal process 100 200 812 [70]
Mixed morphology of Nanostructures Microwave-assisted-hydrothermal synthesis 100 100 891.6 Present Work
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Fig. 12. (a) Electrochemical impedance spectra (EIS) of the fabricated Li half-cell before and after n cycles (n = 50, 101, 251) at 100 and 200 mAg ™! current rates.
(b) shows the corresponding equivalent circuits for the cell before and after cycling.

Table 2
Electrochemical Impedance Parameters at Different Cycling Stages of the newly
developed Li-ion half-cell with ZMO/a-MO nanocomposite as anode.

Cycle stage Re (Q) Rer (Q) Rser (Q)
Before cycling 7 192 —

After 50 cycles 8 172 172
After 101 cycles 19 261 300
After 251 cycles 39 92 52

tetragonal a-MnO; crystalline phase in the ZnMnyO4/a-MnOy nano-
composite was confirmed by XRD analysis, further supported by Riet-
veld refinement, which revealed a phase composition of approximately
94 wt% of ZnMny0O4 and 6 wt% of a-MnO,. Heterogeneous hybrid
morphology composed of ZnMny04 nano-polyhedrons and 1D a-MnOa
nanowires was confirmed from the analysis of FE-SEM, HR-TEM and
EDAX results. Structure, elemental compositions and oxidation states in
the as-prepared ZnMn,04/0-MnOy nanocomposite were confirmed from
the analysis of Raman, FTIR, and XPS results, respectively. The specific
surface area of the as-prepared ZMO/a-MO nanocomposite, determined
via the Brunauer-Emmett-Teller (BET) method, was found to be 20.42
m2g~!. The average pore width, calculated using the Bar-
rett-Joyner-Halenda (BJH) method, was approximately 50 nm, indi-
cating a high surface area and a suitable pore size favourable for efficient
lithium-ion insertion. The fabricated Li-ion half-cell with ZMO/a-MO
nanocomposite as the anode electrode delivered a high discharge ca-
pacity of 891.6 mAhg~! at the 100™ cycle at 100 mAg~}, along with
excellent rate capability and improved coulombic efficiency (CE) at
higher current densities. Although an initial fluctuation in capacity and
CE was observed upon retracing to 100 mAg !, the cell demonstrated a
stabilized performance by around the 248" cycle. Analysis of the elec-
trochemical results of cyclic voltammetry and electrochemical imped-
ance spectroscopy (EIS), revealed improved electrode kinetics and stable
SEI layer conductivity during prolonged cycling. These results highlight
that the synergistic integration of ZnMn»04 nano-polyhedrons with 1D
a-MnO, nanowires significantly enhances lithium-ion storage capabil-
ities, rate adaptability, and long-term cycling stability by mitigating the
volume expansion. Hence, the electrochemical performance of the
newly developed ZMO/a-MO nanocomposite demonstrates its strong
potential for next-generation high-performance lithium-ion battery
anode applications.
Funding.
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