
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 4
:2

1:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
In situ formed am
aCollege of Physics and Electronic Enginee

Yunnan 655011, China. E-mail: xuwangqion
bYunnan Key Laboratory of Crystalline Poro

of Chemistry and Environmental Science, Q

655011, China. E-mail: 839634719@qq.com
cDepartment of Physics, Shanghai Universi

China. E-mail: ysliu@shiep.edu.cn

Cite this: RSC Adv., 2026, 16, 27223

Received 8th April 2026
Accepted 12th May 2026

DOI: 10.1039/d6ra02942f

rsc.li/rsc-advances

© 2026 The Author(s). Published by
orphous carbon-coated LiMn2O4

cathode with long-term stability for lithium-ion
batteries

Wangqiong Xu, *a Xianrong Li,a Xueqing Kang,c Lijuan Chen,a Baiyan Guo,a

Qiling Li,*b Kun Xu,a Yiming Cao,a Zhe Lia and Yongsheng Liu*c

Spinel LiMn2O4 is one of the most promising cathode materials due to its green, low-cost, and abundant

resources. However, issues such as manganese dissolution, electrolyte decomposition, and inadequate

cycling stability have hampered its further application. Herein, we designed a modification strategy for

LiMn2O4 cathodes using N-methyl-2-pyrrolidone (NMP), water, and ethanol mixed solution as the

carbon source to in situ coat LiMn2O4 truncated octahedra particles. It is found that the amorphous

carbon layer serves as a structure stabilization agent to enhance the electrochemical performance of

LiMn2O4. Specifically, the coating carbon layer can effectively minimize the acid corrosion, facilitate Li+

diffusion, improve the interface between the electrode and electrolyte, and strengthen cycle stability. As

a result of these improvements, the optimized 2 mL C/LiMn2O4 sample exhibits outstanding long-term

performance, with an initial discharge specific capacity of 107.6 mAh g−1 and a capacity retention of

50.56% after 2000 cycles at 10C. This outstanding performance makes our material a promising

candidate cathode for lithium-ion battery in future applications.
1. Introduction

The concept of low-carbon development has fueled a dramatic
increase in lithium-ion battery (LIB) production to meet the
demands of energy storage.1–6 Yet, cathode materials are pivotal
in determining the overall lithium-ion battery performance.7,8

Among various cathode materials, the spinel LiMn2O4, which
exhibits natural abundance, environmental friendliness, low
cost, excellent thermal stability, high operating voltage, and
three-dimensional Li-ion diffusion channels, is regarded as one
of the most promising candidate LIB cathode materials.9,10

Nevertheless, the widespread use of spinel LiMn2O4 has been
hindered by the dissolution loss of Mn and decomposition of
the electrolyte.11,12 Consequently, it is crucially important to
develop strategies to inhibit Mn dissolution and electrolyte
decomposition while enhancing surface structure stability of
LiMn2O4.

Surface coating is regarded as one of the most effective
strategies to alleviate Mn dissolution and electrolyte decompo-
sition. So far, various materials have been employed to coat
ring, Qujing Normal University, Qujing,
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ty of Electric Power, Shanghai 200090,

the Royal Society of Chemistry
LiMn2O4 cathodes, such as transition metal oxides,13–15 uo-
ride,16,17 phosphate,18,19 and carbon materials.20,21 However,
these non-carbon coating materials have poor electronic
conductivity, which can limit the electronic transfer to affect the
rate performance of LiMn2O4. Consequently, carbon materials
with high electronic and ionic conductivity have received much
attention.22–26 The carbon coating improves the structural
stability of LiMn2O4, which mainly brings the following two
aspects. On the one hand, carbon coating can provide
a continuous electron pathway, thus promoting fast charge
transfer, which results in improved rate capability of LiMn2O4.27

On the other hand, the carbon coating layer can avoid direct
contact between the LiMn2O4 cathode and electrolyte, and
protects the LiMn2O4 from the electrochemical erosion, thereby
reducing the dissolution loss of Mn and decomposition of the
electrolyte to enhance the cycling stability of LiMn2O4.28

However, organic compounds (such as glucose and sucrose) as
the carbon source to coat LiMn2O4; the thermal decomposition
temperature of organic compounds requires ca. 600 °C and an
Ar/H2 atmosphere, which is a challenge to achieve large-scale
industrial manufacturing. For example, Lee et al. synthesized
carbon-coated LiMn2O4 nanoparticle clusters using sucrose as
the carbon source and red at 600 °C for 10 min.29 Sun et al.
prepared carbon-coated LiMn0.85Fe0.15PO4 cathode material
using sucrose as a carbon source and calcined for 15 h at 700 °C
in a furnace purged with an Ar/H2 (96/4 by vol%) mixture.30

Therefore, it is urgent to develop a simpler method and low-cost
RSC Adv., 2026, 16, 27223–27231 | 27223
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carbon sources to prepare carbon coating on the LiMn2O4

surface.
Herein, truncated octahedra LiMn2O4 were coated by an

amorphous carbon layer using N-methyl-2-pyrrolidone (NMP),
water, and ethanol mixed solution as the carbon source. The
pyrolysis of this carbon source only requires 400 °C and an air
atmosphere. To the best of our knowledge, this unique strategy
is rarely reported for LiMn2O4. The designed the optimized
2 mL C/LiMn2O4 cathode material demonstrates outstanding
rate capability and capacity retention. This work provides a new
horizon for LiMn2O4 cathode material application.
2 Experimental section
2.1 Material synthesis

The pristine LiMn2O4 sample was synthesized via a facile
calcination process. Initially, Mn3O4 and LiOH$H2O were
purchased from Aladdin Reagent Co. Ltd, China and were
mixed in a specic stoichiometric ratio in an agate mortar, with
a 5% excess of lithium. The mixture was then heated at 500 °C
for 3 h in air in the muffle furnace. The gained black sample was
pulverized by hand-grounding using an agate mortar and
heated at 750 °C in air for 6 h again. Aer cooling to room
temperature, the nal LiMn2O4 product was obtained. To
prepare a carbon-coated LiMn2O4 sample. Firstly, 1 g of
LiMn2O4 was transferred to the 50 mL beaker and then added to
15 mL of water and ethanol mixed solution (Vwater : Vethanol = 3 :
1). Aerward, the mixture was vigorously stirred for 5 min.
Subsequently, 0.5, 2, and 4mL of N-methyl-2-pyrrolidone (NMP)
were dissolved in sequence in the above mixture. Next, the
suspension was vigorously stirred for 2 h. This solution was
then dried in an oven at 105 °C. Aer drying, the obtained gel
was calcined at 400 °C for 1 h under an air atmosphere to obtain
the carbon-coated LiMn2O4 product. The resulting powders
were denoted as 0.5 mL C/LiMn2O4, 2 mL C/LiMn2O4, 4 mL C/
LiMn2O4 with different NMP levels.
2.2 Material characterization

The crystal structure of pristine LiMn2O4 and carbon-coated
LiMn2O4 was analyzed using X-ray diffraction (XRD, Ultima-
IV, Rigaku, Tokyo, Japan) with the 2q range of 10–80° and
scanning rate of 3° min−1. The Rietveld renement based on
XRD data was calculated by Fullprof soware. Surface
morphology and element composition of the materials were
investigated by scanning electron microscopy (SEM, Gemini
450, ZEISS, Jena, Germany) with an accelerating voltage of 5.0
kV and transmission electron microscopy (TEM, JEM-2100F,
JEOL, Japan) equipped with an energy-dispersive X-ray
detector at an accelerating voltage of 200 kV, respectively. The
Image J program was used to calculate the average grain sizes of
the materials. The surface chemical information and Mn
valence state were analyzed by X-ray photoelectron spectroscopy
(XPS, Thermo Fischer, ESCALAB 250Xi, USA) using the mono-
chromatic Al-Ka as the excitation source and C 1s (284.8 eV) for
a reference binding energy. The microstructure and atomic-
scale information of the samples were analyzed using
27224 | RSC Adv., 2026, 16, 27223–27231
spherical aberration-corrected transmission electron micros-
copy (JEM Grand ARM300F, JEOL, Japan). The electrodes of
LiMn2O4 and 2 mL C/LiMn2O4 aer 2000 cycles used for XRD
and XPS characterizations were disassembled from coin cells.
2.3 Electrochemical tests

The electrochemical performances of the prepared pristine
LiMn2O4 and carbon-coated LiMn2O4 were evaluated by using
a CR2025-type coin cell, where pristine LiMn2O4 and carbon-
coated LiMn2O4 electrodes were fabricated by mixing of active
materials, carbon black, and polyvinylidene uoride (PVDF) in
a weight ratio of 8 : 1 : 1 dissolved in N-methyl-2-pyrolidone
(NMP) solvent to form a slurry in air using a high-energy
Micro-Vibration Mill. The slurry was then evenly spread onto
an Al foil current collector using a coating blade and dried in
a vacuum oven at 120 °C for 12 h to remove residual solvents.
The vacuum-dried foils were cut into 14 mm diameter discs
using a punching machine to serve as the working electrode.
The mass loadings of the active materials per the working
electrode sheet area ranged from 1.3 to 2.0 mg cm−2. The
CR2025-type coin cells were assembled in an argon-lled glove
box (O2 < 0.01 ppm, H2O < 0.01 ppm). The lithium metal sheet
(thickness of 0.45 cm) was used as the negative electrode. And
the Celgard 2400 polypropylene membrane was used as the
separator. The 1 mol L−1 LiPF6 in a mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1 : 1 in volume)
was used as the electrolyte. Galvanostatic charge–discharge
tests were conducted using a computer-controlled LAND-
CT2001 battery testing system. All electrochemical tests were
conducted at room temperature. The cycling voltage window
was set at a range of 3.0–4.5 V. Cycling test was carried out at
10C (1C = 148 mAh g−1) for 2000 cycles. The rate capability test
was performed at rates of 0.5C, 1C, 2C, 3C, 5C, and 10C. Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) measurements were performed on the coin cell congu-
ration using a CHI604E electrochemical workstation (Shanghai
Chenhua, China). The CV measurements were conducted at
scan rates of 0.05, 0.1, 0.15, 0.2, and 0.25 mV s−1 within
a voltage range of 3.6–4.5 V (vs. Li/Li+). The EIS tests were carried
out with 10 mV perturbation amplitude in the frequency range
of 10−1 to 105 Hz in automatic sweep mode.
3 Results and discussion
3.1 Structural and surface analysis

X-ray diffraction analysis is used to investigate the effect of
different NMP contents on the crystal structure of LiMn2O4. As
shown in Fig. 1a, the diffraction patterns of four samples are
well indexed to the standard spinel LiMn2O4 (JCPDS 35-0782),
conrming that the introduction of NMP would not induce any
crystal structure alteration of LiMn2O4. Also, no diffraction
peaks of carbon were observed, which may be attributed to the
carbon layer is inherently amorphous and the contents is low.
To better analyze the sample structure, the lattice parameters of
LiMn2O4 and carbon-coated LiMn2O4 are calculated through
XRD Rietveld renement, as shown in Fig. 1c–f. Each tted
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD patterns of LiMn2O4 and carbon-coated LiMn2O4 with different NMP contents; (b) lattice parameters vs. amount of carbon coated
plot; (c–f) XRD Rietveld refinement results of LiMn2O4 and carbon-coated LiMn2O4 with different NMP contents.

Fig. 2 (a–d) SEM images of LiMn2O4 and carbon-coated LiMn2O4 with
different NMP contents; (e) STEM images and corresponding EDS
elemental maps of 2 mL C/LiMn2O4.
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curve is well indexed to the measured data (Rwp < 10, CHI2 <
10),31,32 indicating renement results are reliable. Fig. 1b pres-
ents the relationship between lattice parameters and the
amount of carbon coating. It can be seen that the lattice
parameters of the four samples are basically the same. There-
fore, it can be further veried that the carbon coating does not
cause structural changes of LiMn2O4 bulk phase.

The morphology of LiMn2O4 and carbon-coated LiMn2O4

with different NMP contents was characterized using scanning
electron microscopy. As shown in Fig. 2a–d, both materials
exhibited similar truncated octahedra morphologies. Histo-
grams of particle size distribution of LiMn2O4 and carbon-
coated LiMn2O4 are examined on the basis of micrograph
analysis (Fig. S1). The average particle size of LiMn2O4 and the
carbon-coated LiMn2O4 sample is similar (ca. 129.27 nm),
which indicates the carbon coating does not inuence the
morphology and particle size of LiMn2O4. To verify the existence
of the carbon coating layer, EDS elemental mapping has been
performed (Fig. 2e). Fig. 2e exhibits Mn and O elements are
homogeneously distributed in the central region of the particle,
while the C element is highly concentrated in the outer region
and shows a high intensity. This provides strong evidence that
the carbon layer is coated on the surface of LiMn2O4.

In order to further conrm that carbon is coated on the
surface of LiMn2O4, high-resolution C 1s XPS spectra are
measured as shown in the Fig. 3a. The C 1s spectra of 2 mL C/
LiMn2O4 (Fig. 3a) exhibit three deconvoluted peaks comprising
of C–C, C–O, and C]O located at 284.82, 286.52, and 288.47 eV,
respectively,24,33 which guarantees the carbon coating. Notably,
the Mn valence state of LiMn2O4 and 2 mL C/LiMn2O4 were
investigated (Fig. 3b). The Mn 2p spectral peaks were separated
into the Mn 2p3/2, Mn 2p1/2, and satellite peak due to spin–orbit
splitting,34,35 which displays the mixing of Mn3+ and Mn4+. It is
worth noting that the binding energy of Mn 2p3/2 is similar for
© 2026 The Author(s). Published by the Royal Society of Chemistry
LiMn2O4 and 2 mL C/LiMn2O4, which suggests the carbon
coating had less effect on the Mn valence state. The detailed Mn
valence state information was obtained, which tted the Mn
2p3/2 spectra using the CasaXPS soware; the results were
shown in Fig. 3c, d and Tables S1, S2. It was found that the
RSC Adv., 2026, 16, 27223–27231 | 27225
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Fig. 3 (a) High-resolution C 1s XPS spectra of 2 mL C/LiMn2O4; (b) high-resolution Mn 2p XPS spectra of LiMn2O4 and 2 mL C/LiMn2O4; fitted
spectra of Mn 2p3/2 for (c) LiMn2O4 and (d) 2 mL C/LiMn2O4.
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concentrations of Mn3+ and Mn4+ in the LiMn2O4 sample were
51.50% and 48.50%, respectively, whereas those in the 2 mL C/
LiMn2O4 sample were 52.54% and 47.47%, respectively. This
further suggests that carbon coating does not cause Mn valence
state changes of LiMn2O4.
3.2 Analysis of the atomic-level structural

To better conrm the carbon coating on the surface of LiMn2O4,
high-angle annular dark-eld scanning transmission electron
microscopy (HAADF-STEM) of LiMn2O4 and 2 mL C/LiMn2O4

was conducted, as shown in Fig. 4. Fig. 4a and c displays the
overall morphology of the probed particle for LiMn2O4 and 2mL
C/LiMn2O4, respectively. It can be seen that the carbon layer is
coated on the surface of the LiMn2O4 particle (Fig. 4c). The
coating thickness of the carbon layer is about 9.53 nm (Fig. 4d).
Detailed crystalline structures between the bulk and the surface
of the LiMn2O4 and 2mL C/LiMn2O4 were disclosed by the high-
resolution HAADF images (Fig. 4b and e). It was found that the
bulk and surface structure of LiMn2O4 remains the same Mn
diamond conguration from the magnied images in Fig. 4b,
with the brighter and weaker dots corresponding to Mn1 and
Mn2 columns, respectively. Moreover, Fig. 4f and g conrm that
the intensity of Mn1 columns is twice that of Mn2 columns due
to different stacking density.36 However, no observable contrast
in Li and O sites in Fig. 4b. This is because the HAADF image is
only sensitive to heavy elements.37,38 For the carbon-coated
LiMn2O4 samples, the bulk region possesses the same Mn
diamond conguration (Fig. 4e and h). However, the surface
region illustrates that the coated carbon layer is amorphous.
The carbon layer coated on the surface of LiMn2O4, which
27226 | RSC Adv., 2026, 16, 27223–27231
facilitates the electron conduction and prevents HF from the
electrolyte to etch LiMn2O4 cathode.
3.3 Electrochemical testing

In order to evaluate the effectiveness of carbon coating on the
spinel LiMn2O4 material performance, electrochemical tests
were conducted and are shown in Fig. 5. Fig. 5a shows the long-
term cycling performance of LiMn2O4 and carbon-coated
LiMn2O4 with different NMP contents between 3.0 and 4.5 V
at 10C at 25 °C. It can be observed that the initial discharge
specic capacities of LiMn2O4, 0.5 mL C/LiMn2O4, 2 mL C/
LiMn2O4, and 4 mL C/LiMn2O4 are 57.7, 91.7, 107.6, and 82.9
mAh g−1, respectively, with corresponding capacity retention
rates aer 2000 cycles of 39.34%, 44.60%, 50.56%, and 46.56%
(Fig. 5a and b). As the coating amount increases, the initial
discharge specic capacity and capacity retention rates initially
increase and then reduce. This trend can be attributed to the
carbon coating layer, which enhances charge transfer between
particles, where an optimal carbon coating amount enhances
the battery performance. Apart from that, the coulombic effi-
ciency retains over 99% from the 2nd cycle (Fig. 5a), suggesting
the excellent reversibility of the electrochemical reaction for
2 mL C/LiMn2O4. These results imply that 2 mL C/LiMn2O4 has
optimal long-term performance among the modied materials.

Fig. 5c presents the rate capability curves of the LiMn2O4 and
carbon-coated LiMn2O4 with different NMP contents. As can be
seen in Fig. 5c, the discharge specic capacities of LiMn2O4,
0.5 mL C/LiMn2O4, 2 mL C/LiMn2O4, and 4 mL C/LiMn2O4

decrease with increasing rates, whereas the 2 mL C/LiMn2O4

exhibits superior performance compared to the other three
samples at various rates. The improved high-rate performance
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02942f


Fig. 4 (a) The low-magnification STEM image and (b) atomic-resolution HAADF image of the LiMn2O4 cathode; (c) the low-magnification and (d)
medium-magnification STEM image of 2 mL C/LiMn2O4 cathode, (e) atomic-resolution HAADF image of 2 mL C/LiMn2O4 cathode; The right
exhibits surface and bulk region magnified images in the HAADF image from the blue and orange frames, respectively. The surface and the bulk
area are demarcated by the golden dotted line. Mn atoms are labeled in orange. (f–h) Line profile corresponding to the blue and purple lines in
the magnified image of LiMn2O4, and the pink line in the magnified image of 2 mL C/LiMn2O4.
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of 2 mL C/LiMn2O4 can be attributed to the carbon coating
layer, which protects the active material from undesirable
chemical reactions. Additionally, it is worth noting that all
initial charge–discharge of the four samples at low C rate pre-
sented two pairs of distinct plateaus platforms (Fig. 5d–g),
corresponding to Li-ions extracted/inserted from/into spinel
LiMn2O4.39 Moreover, the initial charge/discharge special
capacity of 2 mL C/LiMn2O4 shows slower decay at various C-
rates, suggesting that an appropriate carbon coating layer can
inhibit the electrolyte decomposition on the electrode surfaces.
However, the plateau platforms of the initial charge–discharge
of the four samples aren't obvious at 10C high rates (Fig. 5h),
which can be attributed to the increase in electrochemical
polarization at high current density.

To further explore the mechanism of Li+ diffusion during the
charge–discharge process, cyclic voltammetry (CV) analyses
© 2026 The Author(s). Published by the Royal Society of Chemistry
were performed on LiMn2O4 and 2 mL C/LiMn2O4, as shown in
Fig. 6a, b and S2a–c. It can be seen that both CV proles reveal
the doublet redox peaks at around 4.0 and 4.15 V, correspond-
ing to the deintercalation and intercalation of Li+, respectively.40

The peak positions agree with the plateaus in the charge–
discharge curves (Fig. 5d and f). Additionally, before cycling and
aer 2000 cycles at 10C, 2 mL C/LiMn2O4 exhibits higher peak
currents, suggesting that carbon coating enhances the lithium
storage capacity of LiMn2O4. However, aer 2000 cycles at 10C,
the peak areas of the CV curve of LiMn2O4 and 2 mL C/LiMn2O4

decrease, which indicates that the capacity reduces signi-
cantly. With the growth of the scan rate for CV curves (Fig. S2a
and b), the redox peaks become broader and the peak current
increases, which results from the irreversible processes in Li+

insertion/extraction in/from the spinel structure. However, the
carbon coating LiMn2O4 has lower electrochemical polarization
RSC Adv., 2026, 16, 27223–27231 | 27227
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Fig. 5 Electrochemical performance of LiMn2O4 and carbon-coated LiMn2O4 with different NMP contents: (a) long-term cycling performance
at 10C for 2000 cycles at 25 °C; (b) comparison of the difference value of initial capacity, 2000th capacity, and capacity retention rates at 10C for
2000 cycles at 25 °C, respectively; (c) rate capability at various C rates from 0.5C to 10C; (d–g) the charge–discharge curves at different current
rates; (h) initial charge–discharge curves at 10C.
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than that of LiMn2O4. Specically, the relationship of the
reduction peak current at bare LiMn2O4 and 2 mL C/LiMn2O4

with the square root of scan rate is studied (Fig. S2c). Corre-
sponding to lithium-ion diffusion coefficients (DLi+) of LiMn2O4

and 2 mL C/LiMn2O4 were calculated, the detailed information
is shown in the supporting information. The lithium-ion
diffusion coefficient of 2 mL C/LiMn2O4 was calculated as
5.72 × 10−15 cm2 s−1, which is signicantly higher than that of
LiMn2O4 (1.26 × 10−15 cm2 s−1), indicating that carbon coating
facilitates the diffusion of Li+.

To further analyze the effect of carbon coating on the diffu-
sion kinetics of Li+, the EIS measurement of LiMn2O4 and 2 mL
C/LiMn2O4 before and aer 2000 cycles at a 10C rate was con-
ducted. The Nyquist plots of LiMn2O4 and 2 mL C/LiMn2O4

before and aer 2000 cycles and the equivalent circuit used for
tting the Nyquist plots are shown in Fig. 6c and S2d. Fig. 6c
and S2d show EIS plots that consist of high-frequency and
medium-region semicircles, and an oblique straight line at low
frequency region.41 The inset of Fig. 6c and S2d shows the
equivalent circuits comprising resistors (R) at the high
frequency and medium region, constant phase elements (CPE),
and a Warburg element (W) at the low frequency region.29 The
semicircle in the high-frequency region represents the imped-
ance of the electrolyte between the two electrodes (R1). The
27228 | RSC Adv., 2026, 16, 27223–27231
semicircle in the medium frequency region corresponds to the
charge transfer impedance (R2), and the oblique straight line at
low frequency region indicates the Warburg impedance asso-
ciated with the diffusion of Li+ ions. To obtain specic imped-
ance values, the tting of the EIS curve by an equivalent circuit
was performed and is listed in Table S3. It can be seen that the
charge transfer impedance (R2) values of 2 mL C/LiMn2O4

before and aer cycling are signicantly lower than those of
LiMn2O4. This can be attributed to the fact that carbon coating
has excellent electron transport, which facilitates Li+ transport
by improving surface diffusion kinetics.22 To quantitatively
evaluate the Li+ diffusion coefficient (DLi+), linear tting of Z0 vs.
u−1/2 for LiMn2O4 and 2 mL C/LiMn2O4 before cycling is pre-
sented in Fig. 6d, the corresponding calculated process is
shown in the SI. As shown in Fig. 6d, the Warburg coefficient (s)
of LiMn2O4 and 2 mL C/LiMn2O4 is 129.27 and 119.87 U s−1/2,
respectively. Therefore, Li+ diffusion coefficient (DLi+) of 2 mL C/
LiMn2O4 was calculated as 2.74 × 10−15 cm2 s−1, which is
higher than that of LiMn2O4 (2.36 × 10−15 cm2 s−1), indicating
that carbon coating facilitates the diffusion rate of Li+.

3.4 Analysis of cycled cathodes

To assess the crystal stability of carbon-coated LiMn2O4, XRD
analysis was performed on the pure LiMn2O4 and 2 mL C/
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 CV curves of the bare LiMn2O4 and 2mLC/LiMn2O4 (a) before cycling and (b) after 2000 cycles with scan rates of 0.05mV s−1; (c) EIS plots
of bare LiMn2O4 and 2 mL C/LiMn2O4 before cycling and the inset shows the equivalent circuits; (d) linear fitting of Z0 vs. u−1/2.
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LiMn2O4 before and aer cycling. As shown in Fig. 7a and b, it
can be seen that the diffraction peaks of pure LiMn2O4 and 2mL
C/LiMn2O4 aer cycling remain similar to those before cycling,
apart from the appearance of the C impurity peaks derived from
the conductive agent carbon black and Al impurity peaks
derived from the Al foil current collector, suggesting that the
spinel-type LiMn2O4 structure is still maintained. However, it
can be clearly observed from Fig. 7a that aer 2000 cycles, the
intensity of the (111) diffraction peak of pure LiMn2O4 is weaker
Fig. 7 Comparison of XRD patterns before cycling and after 2000 cycle

© 2026 The Author(s). Published by the Royal Society of Chemistry
than that before the cycle, indicating that the crystallinity of
pure LiMn2O4 is decreased. The (111) diffraction peak of 2 mL
C/LiMn2O4 aer 2000 cycles still has high intensity (Fig. 7b),
indicating that 2 mL C/LiMn2O4 has high cyclic stability. This
result indicates that carbon coating can suppress Mn dissolu-
tion and alleviate side reactions at the electrode surface, thereby
improving the structural stability of LiMn2O4.

To gain a deeper understanding of the stability of 2 mL C/
LiMn2O4, XPS tests were also carried out aer cycling. In the C
s at 10C of (a) LiMn2O4 and (b) 2 mL C/LiMn2O4.

RSC Adv., 2026, 16, 27223–27231 | 27229
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Fig. 8 XPS spectra of C 1s, O 1s, and F 1s for (a–c) LiMn2O4 and (d–f) 2 mL C/LiMn2O4 after 2000 cycles at 10C.
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1s spectra of LiMn2O4 and 2 mL C/LiMn2O4 aer 2000 cycles at
10C (Fig. 8a, d), the C–C peak originates from conductive carbon
black and carbon coating, the C–O and C]O peaks are derived
from the decomposition products of the organic electrolyte and
carbon coating.42 It can be seen that the intensity of the C–C
peak for 2 mL C/LiMn2O4 is higher than that of LiMn2O4.
However, the intensity of the C–O and C]O peaks for 2 mL C/
LiMn2O4 is lower than that of LiMn2O4, indicating that carbon
is still coated on the surface of LiMn2O4 aer 2000 cycles at 10C
and can inhibit the decomposition of the electrolyte. In the O 1 s
spectra, 2 mL C/LiMn2O4 exhibits stronger Mn–O peaks (Fig. 8b
and e), suggesting that carbon coating can prevent the release of
oxygen from the electrode surface. Comparing F 1s spectra, it
can be discovered that the weaker peaks of LiF/LixPOyFz and C–F
on the 2 mL C/LiMn2O4 surface were detected (Fig. 8c and f),
further verifying that carbon coating can suppress the decom-
position of LiPF6. Therefore, carbon coating can inhibit the
decomposition of the electrolyte and prevent oxygen release
from the material surface, thus enhancing the interfacial
stability and long-term cycling performance of LiMn2O4.
4 Conclusions

In summary, an amorphous carbon layer coating on the surface
of the LiMn2O4 cathode material is synthesized through a facile
calcination process. It was found that the introduction of the
carbon layer didn't change the bulk structure, surface
morphology, and Mn oxidation state of the LiMn2O4. However,
the carbon layer serves as a structure stabilization agent to
reduce Mn dissolution, improve the interface between the
electrode and electrolyte, and inhibit electrolyte decomposition,
which enhances Li+ migration. The optimized 2 mL C/LiMn2O4

sample exhibits the most excellent long-term performance with
27230 | RSC Adv., 2026, 16, 27223–27231
the initial discharge specic capacity of 107.6 mAh g−1 and the
capacity retention of 50.56% aer 2000 cycles at 10C, which is
much higher than that of LiMn2O4 (57.7 mAh g−1, 39.34%). This
work provides a simple and efficient modication strategy for
developing high-performance LiMn2O4 cathode materials.
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