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Lithium-rich manganese-based oxide (LRMO) materials hold great
potential for high-energy-density lithium-ion batteries (LIBs) but
suffer from severe voltage decay and capacity fading. Herein, we
report the in situ construction of LiF-rich solid electrolyte inter-
phase on LRMO through a straightforward ball-milling and electro-
chemical approach, which exhibits remarkable structural stability
and enhanced electrochemical performance.

To realize the goal of peak carbon dioxide emissions and global
carbon neutrality, the development of LIBs with high-energy-
density is highly important, as they represent one of the most
effective energy storage solutions for grid applications and
green-power transportation.” While traditional cathode materi-
als such as LiFePO, and LiMn,O, have been commercialized for
decades, their constrained theoretical capacity and low operat-
ing voltage present significant challenges for the achievement
of high-energy density LIBs.>® Recently, LRMO materials have
emerged as promising high-capacity cathodes due to their
ability to facilitate multiple electron reactions stemming from
both cationic and anionic redox processes.® These materials
can achieve high capacities of up to 250 mA h ¢~ and high
energy densities reaching 1000 W h kg, highlighting their
potential for applications in next-generation high-energy-
density LIBs.>®

The instability of lattice oxygen in LRMO at high charging
voltages poses a significant challenge to their practical applica-
tions. When the voltage is charged to 4.5 V, the lattice oxygen
participates in a redox reaction, leading to irreversible oxygen
loss that progressively propagates from the surface into the
interior of the material. This process underlies the electroche-
mical degradation of the LRMO cathode.”™"" Moreover, as the
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voltage is elevated to higher levels (~4.8 V), oxygen release at
surface regions is remarkably aggravated, resulting in severe
chain reactions, such as irreversible phase transformation and
electrolyte decomposition.'>™™* Given that the cathode surface
serves as the interface for oxygen evolution, ensuring its
stability against oxygen release is crucial for improving the
cycling stability of LRMOs.">'®

The coating is one of the most effective strategies for
enhancing the surface stability of the LRMOs."” Specifically,
the construction of a LiF-rich protective interface on these
materials can greatly improve their electrochemical perfor-
mance at high voltages. This is because the interface film
exhibits both chemical and electrochemical stability, effectively
preventing oxidized lattice oxygen anions from interacting with
electrolytes."*** The use of fluorinated electrolytes has been
shown to facilitate the formation of a LiF-rich cathode electro-
lyte interphase (CEI).>* However, the incorporation of these
electrolytes may sometimes lead to a reduction in conductivity,
which presents additional challenges for performance. Further-
more, their high cost and environmental impact pose concerns
for commercial applications.>* Another alternative way involves
the application of fluorinated substances as a coating. For
instance, Liu et al. proposed a sol-gel method followed by
calcination treatment to fabricate F-doped carbon-modified
Li; ,Mny 54Nij 13C00.130, with higher discharged capacity and
enhanced capacity retention.>® However, these methods either
involve high costs and environmental hazards or require a
tedious fabrication process, which is relatively unfavourable
for large-scale production. Consequently, it is crucial to develop
a cost-effective and systematic strategy for achieving a uniform
LiF-rich CEI coating on the LRMOs to facilitate their further
applications.>®

Herein, we present an in situ method for constructing a
LiF-rich CEI on Li;,Mng54Nij13C00130, cathode particles
through a facile ball-milling process with fluorinated carbon
(CF) followed by an electrochemical conversion process (CF, +
xLi — C + xLiF). Benefiting from the high chemical stability of
LiF and nano-sized carbon with enhanced conductivity, the
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Fig.1 (a) Schematic diagram of the process of coating CF on LR-bare
surface and the formation of LiF-rich CEl. (b) XRD patterns of LR-bare, CF
and LR@CF. SEM images of (c) LR-bare, (d) CF and (e) LRQCF. The EDS
mapping spectrum of (f) C and (g) F for LR@CF.

obtained 3 wt% CF-coated LRMO (designated as LR@CF)
demonstrates remarkable electrochemical performance. It
achieved a high specific discharge capacity of 305.5 mA h g~*
at 0.1C, along with an improved capacity retention of 94.07%
after 100 cycles at 1C. This work elucidates that the in situ
formation of a LiF-rich protective interface through a simple
ball-milling strategy is an effective approach to enhance the
electrochemical performance of the LRMO cathode.

The process of in situ fabrication of carbon and LiF-rich CEI
layer on the LRMO cathode particle surface is illustrated in
Fig. 1a. By controlling the treatment time and rotation speed of
high-energy ball milling, the micro-sized CF the micro-sized CF
is fragmented into nanoscale particles and densely coated on
the surface of LRMO particles. Subsequently, the obtained
LR@CEF is treated by electrochemical cycling. During the first
discharging process, the CF can be converted to C and LiF,
thereby facilitating the in situ production of carbon and LiF-rich
CEI film on the surface of the LRMO particles.

To investigate the structural and morphologic characteris-
tics of the synthesized LR@CF composite, powder X-ray diffrac-
tion (XRD) and scanning electron microscope (SEM) analyses
were conducted. As shown in Fig. 1b, XRD patterns of CF,
untreated LRMO (LR-bare), and LR@CF composite were col-
lected respectively. The CF displays characteristic (0 0 1) and
(1 0 0) crystal planes at approximately 12.8° and 41°.”” For
LR-bare, it exhibits typical diffraction peaks around 19.5°-22.5°,
showing the typical Li,MnO; phase with «-NaFeO, structure.”®
After ball milling treatment, LR@CF retains identical diffrac-
tion peaks as LR-bare without significant evidence of CF
presence, suggesting that the micro-sized CF particles have
been fragmented and coated on the surface of LRMO particles.
The morphology evolution of LR@CF during milling treatment
is displayed in Fig. 1c and e. The LR-bare exhibits a secondary
spherical particle formed by the agglomeration of primary
particles, with a size range from 5 um to 15 um. For CF, it
processes an irregular and layered shape with a particle size of
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2-6 um (Fig. 1d). After the mixing of CF and LR-bare by ball
milling, a dense coating of nano-size CF on the LR-bare surface
can be observed. Some particles with small size on the surface
of LR@CF are obvious (Fig. 1e and Fig. S1, ESIt), which is
ascribed to CF particles with reduced size from micro-level to
nano-level during ball milling treatment. Moreover, as shown
in Fig. 1f and g, the energy dispersive spectroscope (EDS)
mapping results reveal that both C and F elements are evenly
distributed on the surface of the spherical particles of LR
(Fig. S2, ESIt), confirming the successful coating of CF on the
surface of the LR-bare particles.

The influence of varying CF coating contents on the electro-
chemical performance of LR@CF was further investigated.
Fig. 2a shows the initial charge and discharge curves of bare
LR with CF coating content of 1 wt% (LRCF1), 3 wt% (LRCF3),
and 5 wt% (LRCF5) respectively. At a current density of 0.1C
(1C = 250 mA h g7") in the voltage range of 2.0-4.8 V, the LR-
bare, LRCF1, LRCF3, and LRCF5 exhibit specific charging
capacities of 331.5, 317.8, 324.5, and 298.8 mA h g ' respec-
tively. Their corresponding discharging capacities are recorded
as 293.3, 299.1, 305.5 and 298.8 mA h g~ ! with initial coulombic
efficiencies (ICE) of 88.48%, 94.11%, 94.15%, and 100%. It is
evident that as the amount of CF coating increases, the char-
ging capacity progressively decreases. Noteworthy, it is gener-
ally considered that the oxidation of electrolytes contributes to
notable additional capacity when the charging voltage is above
4.6 V. Thus, the reduced charging capacity observed in
LRCF1, LRCF3, and LRCF5 indicates a decrease in side reac-
tions from electrolytes due to the presence of CF. During
the first discharge process, CF can provide capacity when
the battery is discharged below 2.5 V, leading to the increased
specific discharging capacities and the ICEs for the
CF-modified LRMOs. However, the formation of reluctant LiF
may occur due to an excessive amount of CF coating, which can
cause higher polarization and thus lead to a reduction in
capacity. Based on the analysis of electrochemical performance,
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Fig. 2 (a) Initial charge—discharge curves of LR-bare and LR-bare coated
with different mass of CF. (b) Comparison of cycle performance and (c)
voltage decay at 1C between LR-bare and LRCF3. (d) Rate performance of
LR-bare and LRCF3.
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LRCF3 demonstrates superior electrochemical performance
compared to other samples. Therefore, LRCF3 is selected as
the optimal cathode for further investigation.

In the voltage range of 2.0-4.8 V at 1C, the LRCF3 exhibits a
specific discharging capacity of 267.9 mA h g™', which repre-
sents an increase of 8.7% compared to LR-bare (246.4 mA h g™).
After 100 cycles, the LRCF3 maintains superior capacity reten-
tion at 94.07%, in contrast to LR-bare’s retention of 78.25%
(Fig. 2b). The capacity fading of the two samples is more clearly
demonstrated on the charge-discharge curves after 100 cycles
(Fig. S3, ESIt). Moreover, the LRCF3 shows alleviated voltage
decay during the long cycle process (Fig. 2c), and the single-
cycle voltage decay has been reduced from 2.95 mV (LR-bare) to
2.76 mV. It implies that the coating layer inhibits the migration
of transition metal (TM) induced by oxygen release, thereby
effectively mitigating voltage decay and ensuring long cycling
life of LRMO. Notably, the coating strategy can effectively
mitigate, but not eliminate, voltage decay in LRMO, which
may be attributed to the mechanical fatigue of the coating
layer induced by electrochemical cycling. To further alleviate
voltage decay, additional strategies should be considered, such
as electrolyte design, particularly the development of highly
stable solid-state electrolytes in the future." The rate perfor-
mance of LR-bare and LRCF3 are shown in Fig. 2d. For LR-bare,
it exhibits specific discharging capacities of 293.3, 275.8, 258.4,
243.9, 227.0, and 194.6 mA h g~ ' at 0.1C, 0.2C, 0.5C, 1C, 3C,
and 5C, respectively. In contrast, the corresponding capacities
increase to 303.4, 292.2, 277.4, 260.6, 236.9, and 213.1 mAh g "
for LRCF3. It suggests that the rate performance of LR-bare can
be improved by coating adequately with CF. Moreover, after the
current density was recovered back to 0.1C, the LRCF3 still
delivered a higher discharging capacity of 291.6 mA h g*
compared to that of LR-bare (275.8 mA h g™ '). This indicates
that the surface of the LRMO can sustain low resistance over
prolonged cycling following the application of CF coating.
Compared with other reported LRMO materials, the high
electrochemical performances assure the LRCF3 cathode with
high competitiveness (Table S1, ESIt). Ah-level full pouch-cells
were further prepared with SiC as anode and LR-bare or LRCF3
as the cathode. As shown in Fig. S4a (ESIt), during the
formation stage, the full pouch-cell using LRCF3 as the cathode
exhibits higher charge/discharge capacity (1.31/0.99 A h)
and coulombic efficiency (75.94%) than that of LR-bare
(0.99/0.67 A h, 67.07%). Moreover, after 50 cycles at 0.5C, the
LRCF3 still shows higher capacity retentions (85.72%) than that
of LR-bare (4.18%) (Fig. S4b, ESIt). These results suggest that
the modification strategy proposed in this work has great
potential in large-scale application of LRMO with high electro-
chemical performance.

To further explore the working mechanisms for the electro-
chemical enhancement of LR@CF after CF coating, the electro-
chemical impedance spectroscopy (EIS) and X-ray photoelec-
tron spectroscopy (XPS) experiments were performed on the LR-
bare and LRCF3 samples after the first charge and discharge
processes. As shown in Fig. 3a, EIS curves for both samples are
fitted based on the equivalent circuit. Among them, the LRCF3
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Fig. 3 (a) Impedance spectra and corresponding equivalent circuits of
LR-bare and LRCF3 after the first discharge. (b) F 1s XPS spectra of LR-bare
and LRCF3 after the initial discharge. (c) Schematic diagram of the
mechanism by which CF coating improves LR performance.

exhibits a significantly smaller semicircle diameter than that of
LR-bare at the middle-frequency region, suggesting that LRCF3
has a lower charge transfer resistance (R.;) due to the existence
of the electrochemically formed carbon in the coating
layer.>®? Further, as shown in Table S2 (ESIt), both ohmic
resistance (R;) and surface film resistance (Ry) for LRCF3
exhibit smaller values of 2.57 Q and 109.1 Q compared to that
of LR-bare sample (3.13 Q and 115.9 Q). It reveals that the
resultant carbon effectively enhances the conductivity of LRMO
during the process of cycling, which indicates the improved
rate performance of LRCF3.

XPS was conducted to investigate the surface chemical
component of cycled LR-bare and LRCF3 cathode. As shown
in Fig. 3b, in the F 1s XPS spectrum of LR-bare, characteristic
peaks are observed at 685.8, 686.9, and 688.5 eV, which
correspond to LiF, LiPOF, and CF,, respectively."®** The gen-
erated LiPOF can be attributed to the decomposition of LiPFg
and the CF, signal can be assigned to PVDF. Thus, it suggests
that the CEI film on the LR-bare surface mainly consists of
organic species and inorganic compounds (i.e. LiF). After the
surface decoration, the XPS spectrum of the cycled LRCF3
cathode reveals a characteristic peak of LiF with enhanced
intensity. This observation indicates a great increase in inor-
ganic F-species, such as LiF, within the CEI, suggesting that CF
plays a role in turning organic and inorganic species contents
into CEI components. Furthermore, the intensity of LiPOF
shows a slight decrease, implying that electrolyte decomposi-
tion is effectively inhibited due to the CF coating. This coating
prevents direct contact between the cathode and electrolyte,
thereby suppressing side reactions on the cathode surface
during battery cycling. The C 1s spectrum also presented more
prominent variations relevant to the surface components mod-
ified by CF. Given that it was merely the first charge-discharge
cycle, the peak positions and intensities of elements including
Ni, Co, and Mn did not change substantially (Fig. S5, ESIt).>®
These findings suggest that the introduction of CF provides an

This journal is © The Royal Society of Chemistry 2025
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adequate source of F to form a densely coated LiF-rich inor-
ganic CEI on the LR-bare surface. This CEI can enhance the
oxidation stability of LR@CF under high voltage and suppress
the voltage decay caused by the migration of TM due to oxygen
release, and also mitigate continuous side reactions between
electrolyte and LRMO bulk. In addition, the electrochemically
formed carbon endows LR@CF with high conductivity. As a
result, a significantly improved electrochemical performance
has been attained for LRCF3, exhibiting enhanced capacity
retention and reduced voltage fade (Fig. 3c).

In summary, we have proposed a facile ball-milling and
electrochemical conversion strategy to realize in situ construc-
tion of a carbon and LiF-rich CEI coated on LRMO cathode. The
dense coating layer significantly improves the surface stability
of LRMO by preventing direct contact between the cathode
surface and the electrolyte, thereby reducing side reactions and
oxygen release. In addition, the production of carbon through
electrochemical lithiation of CF can enhance the surface elec-
tronic conductivity of LRMO, resulting in outstanding rate and
cycle performance. Furthermore, the moderate LiF-rich species
with stable Li-F bonds can improve the electrochemical oxida-
tion stability of the LRMO cathode, which slows down oxygen
loss and irreversible phase transitions, leading to high capacity
and enhanced cycling performance. Consequently, the synthe-
sized LR@CF (3 wt% CF) demonstrates superior electrochemical
performance with a high discharge capacity of 305.5 mA h g~*
(0.1C) and an improved ICE of 94.15%. Even at 5C, it still can
deliver a discharge capacity of 213.1 mA h g~ '. Moreover, it also
processes greatly enhanced capacity retention of 94.07% after
100 cycles at 1C. Our work provides an effective strategy for
optimizing the electrochemical performance of LRMO materials,
which could contribute to advancing the practical application.
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