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Abstract: A novel composite consisting of fluorine-doped carbon and graphene double-coated
LiMnosFeosPOs (LMFP) nanorods, synthesized via a facile low temperature solvothermal method
that employs a hybrid glucose and polyvinylidene fluoride as carbon and fluorine sources. As
revealed by physicochemical characterization, F-doped carbon coating and graphene form a “point-
to-surface’ conductive network, facilitating rapid electron transport and mitigating electrochemical
polarization. Furthermore, the uniform thickness of the F-doped carbon coating alters the growth
of nanoparticles and prevents direct contact between the material and the electrolyte, thereby
enhancing structural stability. Strong electronegative F-is beneficial to inhibit the structural changes
of LMFP caused by Li-insertion/extraction during charge/discharge, which effectively reduces the
Jahn-Teller effect, and inhibits Mn dissolution. The distinctive architecture of LMFP/C-F/G cathode
material exhibits excellent electrochemical properties, exhibiting an initial discharge capacity of
163.1 mAh g at 0.1 C and a constant Coulombic efficiency of 99.7% over 100 cycles. Notably,
LMFP/C-F/G cathode material achieves an impressive energy density of 607.6 Wh kg, surpassing
that of commercial counterparts. Moreover, it delivers a reversible capacity of 90.3 mAh g at a high
current rate of 5 C. The high capacity capability and energy density of the prepared materials give
them great potential for use in next-generation lithium-ion batteries.

Keywords: fluorine-doped carbon; graphene; lithium manganese phosphate; uniform coating;
li-ion battery

1. Introduction

Enhancement of lithium-ion battery performance relies significantly on the positive electrode
material [1,2]. Therefore, the study of positive electrode materials is crucial in both scientific and
industrial fields. Among them, the olivine-type structure of polyanionic phosphate positive electrode
materials is considered to have immense potential for development owing to its excellent
performance [3]. In 1997, Goodenough et al.[4] discovered that lithium iron phosphate (LFP) material
possesses lithium-insertion/extraction properties, garnering significant attention as a polyanionic
LiMPO4 (M=Fe, Mn, Ni, Co, etc.) cathode material. Notably, with the tetrahedral PO+~ polyanion
structure, the P-O bond exhibits strong covalency [5]. This not only prevents the release of oxygen
release but also stabilises the ionic covalency of the M(3d)-O(2p) bond through inducing effects,
thereby enhancing the stability of LiMPOs [6]. Among developed LiMPOs materials, LFP has
undergone rapid industrialization owing to its advantages such as long cycle life, high safety, and
low cost [7,8]. However, LFP material still encounters limitations: First, it exhibits lower electronic
and ionic conductivity at room temperature than lithium cobalt and lithium manganate [9]; Second,
the energy density of the LFP cathode material (578 Wh kg) nears its limit owing to its low operating
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voltage (3.4 V vs. Li*/Li) and theoretical capacity (170 mAh g), which makes it difficult to meet the
increasing demands for high energy and long-term endurance in electric vehicles [10]. Consequently,
improving its electron/ion conductivity and energy density has become paramount.

In recent years, a LiMnxFe1xPOs (0 < x < 1) material with high energy density has been considered
an upgraded version of LFP [11,12]. Studies have shown that constructing a structure with x = 0.6 is
the most suitable scheme for achieving the optimal rate capability and energy density [13,14].
However, the practical application of LMFP encounters challenges, such as weak electron transport
and Li* diffusion ability, and structural instability due to Mn?* dissolution [15,16]. To address these
issues, research on LMFP has focused on modifying both external surfaces and internal structures.
External surface modification typically involves applying a barrier layer onto the olivine structure to
enhance the electronic/ionic conductivity of the material, while reducing the contact area between the
main material and electrolyte to effectively inhibit electrolyte decomposition and improve cycling
stability [17,18]. Additionally, this process can partially suppress the Jahn-Teller effect by applying
additional pressure on the internal crystals through the surface coating, thereby reducing the
probability of microcrack formation. Internal structure modification focuses on controlling the crystal
size [19,20], regulating crystal structure order [21,22], and achieving a specific distribution of Mn/Fe
atoms [23,24] to accelerate electrochemical activity and enhance battery performance. Therefore,
deliberately controlling the crystal growth conditions to produce high-quality LiMnosFeosPOu
cathode materials is crucial for promoting its commercial application.

Compared to the solid-phase method, hydrothermal synthesis represents is a feasible strategy
for effectively controlling crystal growth at the atomic level [8]. Nucleation and crystal growth can
be controlled by adjusting the temperature, reaction time, and heating rate [25]. Furthermore,
different solvents provide options for controlling the crystallinity and nanomorphology [26]. Many
hydrothermal synthesis methods currently achieve excellent performance materials at high
temperatures (approximately 180 °C), which are not conducive to industrial production and
management. Therefore, developing a low-temperature synthesis method for LMFP industrialization
is important.

In this study, we employed an environmentally friendly and efficient low-temperature
solvothermal reaction to synthesize the nanorod-like LiMno.sFeosPOs (LMFP) cathode material with
enhanced electrochemical reaction kinetics. We investigated the effects of the crystallinity,
orientation, morphology, particle size, and electrochemical properties of LMFP. Due to the low
electronic conductivity of the synthesized LMFP sample, we used doping and carbon coating
modifications to enhance its electrochemical performance [27]. Previous studies have demonstrated
that doping with the highly electronegative F element can effectively enhance lithium-ion adsorption
and promote electrode reactions [28]. In addition, the carbon-coated and graphene-constructed
“point-to-surface’ combined network structure provides rapid channels for electron and ion transport
[29]. Consequently, LMFP/C-F/G materials exhibit high capacity, excellent rate performance, and
high energy density, providing a strong foundation for the commercial application of LMFP.

2. Results and Discussion
2.1. Material Synthesis and Characterization

Synthesis of LiFeo4MnosPOu: Typically, the cathode materials were prepared by the solvothermal
method. LiOH-H20, MnSOs+H20, FeSOs+7H20, HsPOs (mass fraction 85%) were used as raw
materials, L(+)-ascorbic acid was used as an antioxidant. The solvent was a mixture of DMF and
water, the solvent ratio of Vowmr/Vizo =1. Firstly, add a certain amount of LiOH-H20 and HsPOs in the
solvent, and use the ultrasonic machine to fully dissolve the raw material and form a white
suspended substance LisPOs. Then a certain amount of manganese source, iron source and L(+)-
ascorbic acid are added to the solvent, and the raw materials are fully dissolved by ultrasound. The
above two solutions were fully mixed and transferred to a 100 mL Teflon-lined autoclave for solvent-
thermal reaction in a blast oven. The above two solutions are fully mixed and transferred to a blast
drying oven for solvent-thermal reaction. The ash black precursor powders LiFeosMnosPOs was
obtained after centrifugation and drying, denoted as LMFP.
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Synthesis of LMFP/C: For LMFP/C, the mass of glucose added accounts for 10 wt.% of the
precursor LMFP, and is fully mixed and ground. Then, the dried product was heated in inert
atmosphere at 600 °C for 8 h to obtain LMFP/C.

Synthesis of LMFP/C/G: For LMFP/C-G, the synthesis steps were the same as for LMFP/C, the
only difference is that only graphene is added, named as LMFP/C/G.

Synthesis of LMFP/C-F/G: For LMFP/C-F/G, the synthesis steps were the same as those for
LMFP/C-F/G, the only difference was that only graphene was added PVDF is added as the F source,
named as LMFP/C-F/G.
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Scheme 1. Schematic illustration of the synthesis process.

Some experiments have indicated that the rate performance enhancement of samples prepared
by directly coating graphene on the surface of cathode materials using the hydrothermal method is
unsatisfactory, potentially due to stacking or destruction of the graphene material structure [30].
Moreover, complete coating results in a decrease in ion transport efficiency, which is hypothesized
to be caused by lithium ions being unable to pass through the six-membered ring structure of
graphene [31,32]. Given the above, we have developed a ‘point-to-surface’ conductive network where
graphene exists in a partially coated state. This design facilitates rapid lithium ion transport and
enhances conductivity (as illustrated in Scheme 1). The mechanism involves incorporating graphene
material between the LMFPs in a layered structure, similar to building a ‘bridge’ for electron
conduction.

X-ray diffraction (XRD) was utilized to identify the crystal structure of the prepared cathode
materials in this study (Figure 2a). As depicted in Figure 1a, the diffraction peaks at 16.9°, 20.7°, 25.4°,
29.5°,35.3° and 52.2° correspond to the (020), (011), (111), (200), (131) and (321) planes of the standard
diffraction peak of orthorhombic Pmnb’s (LMFP: PDF#11-0456) for both LMFP/C, LMFP/C/G and
LMEFP/C-F/G, respectively, indicating that all carbon-coated and doped materials were pure phase.
Furthermore, the sharp diffraction peaks indicated a high crystallinity intensity for the three LMFP
materials, with the highest diffraction peak located in the (131) crystal plane. There is no additional
diffraction peak, indicating that the lattice structure of LMFP/C remains intact despite the slight F-
doping and trace graphene introduction [27]. Notably, no diffraction peaks of carbon were found
either, indicating the possible formation of amorphous carbon, which was subsequently confirmed
by TEM characterization. Moreover, no graphene (002) diffraction peak was found, because the low
content of graphene and the strong LEMP (111) diffraction peak occurring at the same 20 angle [33].
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Figure 1. XRD spectra of the LMFP/C, LMFP/C/G and LMFP/C-F/G.

Transmission electron microscopy (TEM) was used to investigate the effects of F-doping and
coating strategies on the microstructure and morphology of LMFP/C-F/G materials. As shown in
Figure 2a,b, the LMFP/C-F/G exhibit a nanorod morphology with a length of 50-400 nm and width of
40-80 nm, which is consistent with the observations from scanning electron microscopy (SEM) images
(Figures S1). In addition, it is evident that the carbon coating material and graphene constitute a
“point-to-surface” conductive network, which significantly enhances the electronic conductivity of
the LMFP material. The excellent electrochemical performance of the LMFP/C-F/G could be
attributed to the successfully synthesis of the hierarchical and bridging structure that ensures a
uniform coating of the amorphous carbon closely linked with high electrical conductivity provided
by graphene.

To determine the large exposed surface, internal structure and lattice growth mechanisms of the
LMFP/C-F/G nanorods, the material was deeply characterized using high-resolution TEM (HRTEM).
The underlined part is the amorphous carbon with a thickness of approximately 4.0 nm, formed by
the carbonation of the added glucose and PVDF (Figure 2c,d), which was observed on the surface of
the particles. This uniform coating of amorphous carbon plays a crucial role in inhibiting further
crystal growth during sintering and enhancing the material’s electronic conductivity. On the one
hand, these amorphous carbons improve the conductivity of the LMFP material, on the other hand,
they prevent the increase of the size of the LMFP nanoparticles and inhibit the dissolution of Mn.
Furthermore, Figure 2h shows well-resolved lattice fringes with a d-spacing of 0.349 nm, which
correspond to the (111) lattice plane of LMFP.

Elemental mapping results are shown in Figure 2e-i. It is seen that the C, O, Mn, Fe, F, and P
elements are uniformly distributed over the LMFP nanoparticle. This observation signifies the
successful doping of element F into the material, thereby imparting excellent electronic conductivity
to it.


https://doi.org/10.20944/preprints202405.1101.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 May 2024 doi:10.20944/preprints202405.1101.v1

. amorphous
_carbon

Figure 2. a-b) TEM image and c-d) HRTEM image of LMFP/C-F/G, e-i) corresponding elemental
mapping images of LMFP/C-F/G.

The surface elemental composition and chemical state are investigated by X-ray photoelectron
spectroscopy (XPS, Figures 3, S2 and S3) [34]. All of the binding energy of the spectra was calibrated
by using the reference peak at 284.6 eV for C 1s. The survey spectrum of LMFP/C-F/G exhibited the
signals of Li 1s, C 1s, O 1s, F 1s, Fe 2p, Mn 2p and P 2p elements (Figure 3). The content of the elements
is summarized in Table 1 and it can be found that the molar ratio of Fe/Mn is approximately 4/6,
which corresponds to the feeding ratio.

Table 1. Elemental composition (at %) measured by XPS.

Sample C [0) F Li Fe Mn P Fe:Mn
LMFP/C 29.55 25.83 - 33.92 1.53 242 6.75 4:6
LMFP/C/G 49.25 22.00 - 50.88 1.02 1.60  4.19 4:6
LMFP/C-F/G 39.38 22.40 028  29.33 1.28 194  5.38 4:6

High-resolution XPS spectra revealed that the Fe 2p spectrum (Figure 3b) is split into two peaks
at about 710.9 and 724.3 eV, which correspond to Fe 2p3/2 and Fe 2p1/2, respectively [35]. The results
confirm that the oxidation state of Fe is 2+. Additionally, two peaks at energies of around 712.8 and
727.5 eV are identified as satellite features related to Fe2*[36].
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Figure 3. a) XPS survey spectra of LMFP/C-F/G and the high-resolution spectrum of b) Fe 2p; c) Mn
2p; d) C1s;e) O 1s; f) P 2p; g) F 1s; h) Li 1s.

As shown in Figure 3¢, the Mn 2p spectrum is split into two peaks at approximately 640.9 and
653.0 eV, which can be ascribed to Mn 2p3/2 and Mn 2p1/2, respectively. The results confirm that the
oxidation state of Mn is 2+ [37]. The C 1s high-resolution XPS spectrum can be fitted into three peaks
(Figure 3d). The dominant binding energy located at 284.6 eV is ascribed to the C-C bond. The peak
located at about 286.1 eV corresponds to the C-O bond configuration [38]. In addition, the peak at
approximately 288.5 eV is attributed to O=C-O or C-F chemical bond [39]. The peaks located at about
132.6 and 530.6 eV are ascribed to P 2p and O 1s, which belong to tetrahedral POs*- groups (Figure
3e,f). As shown in Figure 3g, two weak peaks located at about 685.4 and 687.5 eV belong to F-Mn and
F-C chemical bond, respectively [40]. This result suggests that F atoms are doped in the carbon
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coating, it not only acts as a lithium reservoir to stabilize the electrode, but also as a composite current
collector to manage nucleation/growth of lithium [41], which is beneficial to reducing the charge
transfer resistance and inhibiting the Jahn-Teller effect. The binding energy is divided into two fitted
peaks in the 52-60 eV region, corresponding to the oxidation state of Li (Figure 3h). These results
provide compelling evidence for the successful synthesis of LMFP/C-F/G cathode material.

2.2. Electrochemical Performance and Analysis

Cyclic voltammogram (CV) and electrochemical impedance spectroscopy (EIS) were used to
investigate the effect of F-doping and carbon coating on the electrochemical properties, electronic
conductivity and electrode kinetic parameters of the LMFP (Figure 4). Figure 4a illustrates the CV
diagram of three LMFP materials prepared under 1.0 mV s-1. The cyclic voltammetry curves have
two pairs of distinct peaks near 3.5 V and 4.1 V, which correspond to the redox peaks of Fe2+/Fe3+
and Mn2+/Mn3+, respectively. The trend of peak width of the three materials is the same, but the
peak and peak sharpness are different. As shown in Table 2, the voltage difference between oxidizing
and reducing peaks of the LMFP/C-F/G is the smallest of all the samples (for manganese site,
LMFP/C-F/G (0.36 V) < LMFP/C/G (0.40 V) < LMFP/C (0.56 V), for manganese site, LMFP/C-F/G (0.25
V) <LMFP/C/G (0.27 V) < LMFP/C (0.45 V), respectively), which is probably because the introduction
of trace amounts of F and graphene promotes the transport of Li+ and reduces polarization of the
cathode. In addition, the peak shape of the LMFP/C-F/G electrode is sharper, indicating that it has
faster reaction kinetics, which also matches its excellent Li+ diffusion rate and optimal performance.
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Figure 4. a) CV curves at a scan rate of 1.0 mV s™ and b) electrochemical impedance spectroscopy
patterns of LMFP/C, LMFP/C-F and LMFP/C-F/G.

Table 2. Redox potential difference in CV curves for three samples.

Sample Fe3+ Fe Mn3 Mn? AEFe AEwmn
LMFP/C 3.76 3.31 4.41 3.85 0.45 0.56
LMFP/C/G 3.66 3.39 4.26 3.86 0.27 0.40
LMFP/C-F/G 3.67 3.42 4.23 3.87 0.25 0.36

2.3. Mechanism Analysis of the Electrocatalytic Activity Enhancement

The electrochemical kinetics of the cathode material were further investigated by performing
electrochemical impedance spectroscopy (EIS) measurements after CV cycling. The Nyquist plots
(Figure 4b) exhibit a compressed semicircle in high-to-medium frequency followed by an oblique line
in the low-frequency. The intercept with the Z' axis in the high-frequency region is associated with
the ohmic resistance (Rs), which describes the sum of the resistance between cathode material,
electrolyte, and separator [42]. The following semicircle in the high and middle-frequency regions
refers to the charge transfer resistance (R«), which describes the resistance of the electrochemical
reaction at the electrolyte/electrode interface. The oblique line in the low-frequency reflects the
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Warburg impedance, which relates to Li-ion diffusion in the cathode material particles [43]. By
comparing the diameters of semicircles, it can be inferred that LMFP/C-F/G cathode exhibits lower
charge transfer resistance compared to LMFP/C/G and LMFP/C (Figure 4b), suggesting the improved
charge transfer kinetics and ionic conductivity induced by the co-modification of F-dopping and
carbon graphene network.

To further investigate the electrochemical kinetics of the cathode material, we tested CV at
different sweep speeds and performed a fitting analysis. Figure 5 shows the CV curves of cathodes
LMFP/C-F/G, LMFP/C/G and LMFP/C at different scanning rates and the corresponding linear fitting
between I, and v'2. It can be noticed that the peak current increases gradually with the increase of
scanning rate. Compared to other cathodes, the cathode LMFP/C-F/G has a larger peak current and
integration area, and better symmetry of the redox curve, which indirectly indicates a better
performance. As shown in Equation 1, the lithium-ion diffusion coefficient Dui+ of the cathode
material was calculated from the Randles-Sevcik formula [44,45].
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Figure 5. Cyclic voltammetry curves of cathode a) LMFP/C-F/G, b) LMFP/C/G, and c¢) LMFP/C at
varies scanning rates. Linear fitting of Ip vs. v'?2 for cathode LMFP/C-F/G (a’ and a”’), LMFP/C/G (b’
and b”’) and LMFP/C (¢’ and ¢”) at corresponding Mn and Fe redox peaks.

Iy = 2.69x105 n32AD12Cy12 1)

where I, is the peak current (A), n is the number of electrons transferred by the material during
the electrochemical reaction, A is the specific surface area of the electrode active material (cm?), D is
the Li-ion diffusion coefficient in LMFP at 298 K (cm? s?), C is the molar concentration of Li ions in
the cathode material (0.0223 mol cm-?), and v is the scan rate (V s™).

According to the formula, it can be observed that under identical conditions for other variables,
the diffusion rate of lithium-ion D+ is positively correlated with the peak current intensity. Based on
the slope analysis, it can be inferred that LEMP/C-F/G cathode material exhibits a significantly higher
lithium ion diffusion rate compared to other materials (Figure 5). Specifically, by comparing the slope
of Mn site and Fe site (Figure 5a’-a”’, b’-b”" and ¢’-c”), it is qualitatively deduced that F-doped carbon
layer can accelerate Li* insertion/extraction into/from LMEFP, i.e., the Dvi- of LMFP/C-F/G cathode is
greater than those of LMFP/C/G and LMFP/C. Furthermore, the linear relationship implies that the
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intercalation and deintercalation behavior of Li* in the three materials are diffusion-controlled [11].
According to the slopes of the fitting lines in Figure 5, the Li-ion chemical diffusion coefficients of
LMFP/C, LMFP/C/G and LMFP/C-F/G are calculated to be 3.48x10-14, 5.81x10-4 and 1.20x10-13 cm?2 s~
1, respectively (Table S2). The LMFP/C-F/G sample shows the largest Li-ion diffusion rate, endowing
it with the best rate performance.

Figure 6 illustrates the effects of carbon coating and F-doping on the electrochemical
performance of LMFP/C-F/G at 25°C, including the first charge/discharge, rate performance, cycle
performance, etc. As shown in Figure 6a, after several activations, their charge/discharge curves
basically coincide, indicating that their coulomb efficiency is basically close to 100% and the material
has good electrochemical stability.
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Figure 6. Electrochemical performance of LMFP/C-F/G at 25 °C: a) First three charge/discharge curves
at 0.1 C; b) Rate performance at different C rates and c) Corresponding charge/discharge curves. d)
Cycling performance with corresponding coulomb efficiency.

In these curves, two pairs of obvious platforms appear near 3.5 V and 4.1 V, corresponding to
the oxidation-reduction potentials of Fe?/Fe3* and Mn?/Mn* oxidation-reduction potentials
respectively, and the ratio of platforms is approximately 6/4, which is consistent with the ratio of
Mn/Fe in the material. This result is also in agreement with the results of the CV curves. It's worth
noting that the first discharge capacities of LMFP/C-F/G materials were 163.1 mAh g at the rate of
0.1 C, higher than LMFP/C/G (156.8 mAh g, Figure S4a) and LMFP/C (146.7 mAh g, Figure S5a,
Table S1). Furthermore, benefit from the increase of its voltage and capacity, the energy density of
LMFP/C-F/G (607.6 Wh kg) is also much higher than that of LMFP/C/G (583.1 Wh kg') and LMFP/C
(550.5 Wh kg) (Table S1). It is suggested that the construction of a “point-to-surface’ combined
conductive network is beneficial for improving the performance and energy density of LMEP.

As presented in Figure 6b,c, the discharge capacity of LMFP/C-F/G sample decreased with
increasing of C rates and the difference in capacity become progressively more obvious at higher
rates. It's worth noting that LMFP/C-F/G delivers discharge capacities of 163.1, 155.4, 146.7, 130.1,
114.6, and 88.1 mAh g at 0.1, 0.2, 0.5, 1, 2, and 5 C, respectively. However, LMFP/C-/G only exhibits
discharge capacities of 157.8, 146.3, 135.4, 119.6, 107.5, and 81.2 mAh g'at 0.1,0.2,0.5,1,2, and 5 C,
respectively (Figure S4b and Table S1). LMFP/C only exhibits discharge capacities of 146.7, 142.8,
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132.6,118.2, 101.2, and 78.9 mAh g at 0.1, 0.2, 0.5, 1, 2, and 5 C, respectively (Figure S5b and Table
S1). Therefore, the rate capability of LMFP/C-F/G is significantly enhanced by the synergistic effect
of carbon coating and F-dopping dual strategies. Figure 6d shows the cycle stability of the LMFP/C-
F/G at a rate of 0.1C. After 50 cycles of charge and discharge, the capacity retention rate is more than
95.3%. After 100 cycles, the capacity retention rate remains above 85.8%. These results indicates that
the material exhibits good cyclic performance in the coin battery. Furthermore, even after hundreds
of cycles, the Coulomb efficiency remained at about 99.5%.

To further compare the charge-discharge performance and rate performance of three samples,
we summarized them in Figure 7ab. It can be seen that the discharge performance and rate
performance of LMFP/C-F/G samples are significantly better than those of the other two materials.
The remarkable performance of LMFP/C-F/G cathode material can be attributed to various factors:
(1) nano-crystallization and a well-defined, uniform morphology; (2) enhanced electronic
conductivity achieved through a combination of mixed carbon sources and uniform coating; (3)
establishment of a rapid ion/electron conduction network, characterized by a “point-to-surface’
architecture; and (4) improved electrochemical kinetics facilitated by regulation through anion

doping.
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Figure 7. Electrochemical performance of three samples at 25 °C: a) First three charge/discharge
profiles at 0.1 C; b) Rate performance at different C rates.

3. Conclusions

In summary, a novel composite LMFP nanorods coated by F-doped carbon and graphene,
forming a ‘point-to-surface’ conduction electron/ion network (LMFP/C-F/G), was successfully
synthesized via a facile solvothermal reaction followed by one-step calcination process. XRD and XPS
characterization results demonstrate that the LMFP solid solution material has been successfully
synthesized. In addition, HRTEM characterization confirms that F has been successfully doped into
the material and the surface is uniformly coated by an amorphous carbon layer of about 4 nm, which
greatly reduces the charge transfer resistance and decreases polarization. Its unique electronic
structure endows the material with rapid lithium-ion diffusion and electron transport capabilities,
resulting in excellent electrochemical performance in terms of specific capacity, rate capability and
cycle life. It exhibits an impressive discharge capacity of 163.1 mAh g at a current rate of 0.1 C, with
a Coulomb efficiency of 99.5% over 100 cycles. Moreover, it achieves an energy density as high as
607.6 Wh kg, which surpasses that of most similar materials including commercial lithium iron
phosphate. These results further demonstrate that the electrochemical performance of lithium
manganese phosphate can be effectively improved through a dual strategy of carbon coating and F-
doping.

4. Patents
Application number: 202410340091.7
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Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Experimental section; Figure S1: a-b) SEM image of the LMFP/C-F/G nanorods
and c-d) graphene, Figure S2: a) XPS survey spectra of LFMP/C and the high-resolution spectrum of b) Fe 2p; c)
Mn 2p; d) C 1s; e) O 1s; f) P 2p; g) Li 1s, Figure S3: a) XPS survey spectra of LFMP/C/G and the high-resolution
spectrum of b) Fe 2p; c) Mn 2p; d) C 1s; e) O 1s; f) P 2p; g) Li 1s, Figure S4: Electrochemical performance of
LMFP/C/G at 25 °C: a) First three charge/discharge profiles at 0.1 C; b) Rate performance at different C rates and
c) Corresponding charge/discharge curves, Figure S5: Electrochemical performance of LMFP/C at 25 °C: a) First
three charge/discharge profiles at 0.1 C; b) Rate performance at different C rates and c) Corresponding
charge/discharge curves, Table S1: The discharge capacity at different C rates and corresponding energy density
of the three materials were studied, Table S2: The lithium ion diffusion coefficient Dvi+ of the cathode materials
were calculated from the Randles-Sevcik formula, Table S3: Comparison of properties of LMFP materials.
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