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Abstract: The urgent demand for sustainable energy storage systems has driven extensive research on high-performance
lithium-ion batteries (LIBs). However, graphite anodes have inherent drawbacks such as surface heterogeneity and limited rate
performance. We developed an F/N co-doped carbon-coated graphite anode (G@FN) to tackle these challenges. Specifically, F-
doping induces the formation of a highly ionically conductive LiF-rich SEI film. Furthermore, N-doping enhances the electrical
conductivity of materials. This synergistic effect significantly enhances interfacial stability and lithium storage kinetics. The
G@FN core-shell anode material exhibits a high specific capacity of 402.05 mAh g~' and excellent cycling stability (main-
taining a specific capacity of 113.19 mAh g™" after 350 cycles at 2 C, with a capacity retention rate of 91.66%). This work
demonstrates a simple and cost-effective artificial interfacial engineering strategy, providing methods for advancing high-rate
and long-cycle-life graphite-based LIBs.
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INTRODUCTION

With the continuous development of the global economy, as well as the explosive growth in energy demand,
green energy storage technologies have garnered significant attention [1-3]. Lithium-ion batteries (LIBs)
show great promise for green energy storage because of their performance stability, slow capacity fade, and
low cost [4,5]. The graphite anode is the dominant material in LIBs. However, the practical application of
graphite anodes is still limited by two main factors. On one hand, the inherent surface heterogeneity in
graphite leads to the formation of a non-uniform and unstable solid electrolyte interphase (SEI) film, thereby
compromising cycling stability [6]. On the other hand, the C—C bonds in the graphite basal plane are highly
stable. As a result, Li" tends to intercalate into graphite primarily from the edge sites, which increases the
diffusion distance and consequently reduces the electrical conductivity of the material [7]. These phenomena
adversely affect the electrochemical performance and safety of the battery.
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Elemental doping is a mature and effective modification technique for improving the overall properties of
materials [8,9]. For instance, Su et al. [10] employed sodium citrate as a carbon source and urea as a nitrogen
source, obtaining a carbon-coated graphene anode material after high-temperature calcination. In another
study, Kang ef al. [11] used polytetrafluoroethylene as a fluorinating agent and achieved F doping of graphite
through a high-temperature melting method. Polyvinylidene fluoride (PVDF) is chosen as the precursor
because its molecular chains are rich in F atoms. Its unique C—F bonds provide the material with excellent
chemical stability [12]. Melamine (MA), as a nitrogen-rich precursor, can form a nitrogen-doped carbon
framework with a three-dimensional cross-linked structure during pyrolysis [13]. Studies have shown that
through the heat treatment process, PVDF and melamine form coating layers doped with F and N elements,
respectively. While N-doped graphite anodes lack sufficient inorganic components in the SEI layer, F-doped
graphite anodes are prone to forming an insulating SEI film.

In this work, an optimization strategy for graphite anodes based on the synergistic modification of PVDF
and MA is proposed. The G@FN material was successfully prepared via ball-milling followed by a seg-
mented high-temperature carbonization process, ultimately constructing a stable F/N co-doped carbon-
coated structure. Specifically, F-doping promotes the formation of a stable LiF-rich SEI film on the graphite
surface, which enhances the structural and electrochemical stability of the graphite. N-doping offers addi-
tional Li" adsorption/desorption sites to enhance the electrical conductivity of materials. The results de-
monstrate that the G@FN anode exhibits a porous structure, high specific capacity, and excellent cycling
stability. This study provides a new perspective for the design and preparation of high-performance graphite
anodes.

RESULTS AND DISCUSSION

The coin-cells were assembled in a similar manner to our previous study [14,15]. The G@FN was syn-
thesized via ball-milling followed by a segmented high-temperature carbonization process (Figure S1). In
Figure la, graphite (G) exhibits an irregular, lumpy granular morphology. At the lateral edges of G, the
characteristic layered stacking structure of graphene is clearly observable. In contrast, the surfaces of G@F
(Figure S2a) and G@FN (Figure 1d) exhibit a certain degree of gloss and smoothness, with scattered carbon
flakes distributed across the carbon layer. This indicates successful encapsulation of the graphite surface
carbon layer. Compared to G@F, the G@FN surface features a denser F/N co-doped carbon encapsulation
layer and a greater number of carbon flakes (Figure S2b). G exhibits a highly ordered layered stacking
morphology with lattice fringes of 0.336 nm, corresponding to the graphite (002) crystal plane (Figure 1b). In
contrast, the surface of G@FN clearly reveals a layer of pyrolytic carbon approximately 15 nm thick,
displaying amorphous carbon characteristics (Figure 1c). The continuous and uniform carbon coating layer
effectively buffers the volume expansion of graphite particles during cycling. This result further demon-
strates the successful encapsulation of F/N co-doped carbon. Energy dispersive X-ray spectroscopy (EDS)
analysis confirmed the presence of four elements (C, O, N, and F) in the G@FN material, with detectable
concentrations of F and N (Figure S2d). Concurrently, a relatively uniform layer of carbon was observed on
the graphite surface (Figure le), where the distribution of F and N elements largely coincided with that of C
and O, exhibiting a uniform and continuous state (Figure S2c). This indicates that during the coating and
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Figure 1 (a, d) Scanning electron microscopy (SEM) images of G and G@FN; (b, c) transmission electron microscopy (TEM) images of G
and G@FN; (e) energy dispersive X-ray spectroscopy (EDS) elemental mapping of G@FN.

thermal treatment processes, the F and N elements contained in PVDF and MA, respectively, were effectively
retained and uniformly distributed across the graphite surface. Partially intercalated between graphite layers,
they successfully formed C—F and C—N bonds, facilitating the construction of an efficient carbon network
structure that enhances electron and ion conduction.

In Figure 2a, the Raman images of G, G@F, and G@FN all exhibit D peak and G peak [16]. Furthermore,
the ratio of D peak intensity to G peak intensity (/p/lg) serves as a measure of the graphitisation degree of
carbon materials [17]. The conversion of PVDF and MA into amorphous carbon with low graphitic order
during carbonisation, coupled with the introduction of additional defects through F and N element doping,
increases the material’s D peak intensity and Ip//g value [18]. Meanwhile, X-ray diffraction (XRD) results
show a decrease in diffraction peak intensity and an increase in the full width at half maximum (FWHM) for
G@FN, indicating that doping disrupts the long-range ordered arrangement of graphite and introduces
greater lattice distortion, which collectively contribute to the increased ratio. Therefore, the calculation
shows that the Ip/Ig of G@FN is 0.583, which is higher than that of G (0.167). The crystal structures of G,
G@F, and G@FN were characterised using XRD (Figure 2b). The diffraction peaks for G, G@F, and G@FN
were essentially consistent with those observed in graphite (PDF#98-000-0231), indicating that the en-
capsulation modification did not alter the inherent crystal structure of the materials [19]. Concurrently, a
prominent characteristic diffraction peak was observed at approximately 26.5°, corresponding to the graphite
(002) plane [20]. As the surface coating layers of G@F and G@FN comprise amorphous carbon layers, the
reduced structural order of these materials led to diminished intensity of the graphite (002) diffraction peak
[21]. The interlayer spacing and graphitisation degree for G, G@F, and G@FN were determined using the
Mering-Maire formula (Equation S1). The interlayer spacing increased across the samples and the graphi-
tization degree decreased accordingly (Table S1). Notably, the diffraction peak in G@F and G@FN exhibits
a pronounced low-angle shift, indicating an increased interlayer spacing of the graphite (002) plane (Figure
S3a). On the one hand, F atom doping is substitutional doping, and its main effect is to modify the electronic
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Figure 2 (a) Raman spectra of G, G@F, and G@FN; (b) X-ray diffraction (XRD) patterns of G, G@F, and G@FN; (c) X-ray photoelectron
spectroscopy (XPS) survey spectra; (d) C 1s spectrum of G@FN; (e) F 1s spectrum of G@FN; (f) N Is spectrum of G@FN.

structure and in-plane bond length of the carbon sheets. Since the substituting atoms primarily reside within
the carbon layers, their contribution to increasing the interlayer spacing is negligible [22,23]. On the other
hand, N atom doping introduces additional defects that disrupt the originally ordered arrangement of graphite
crystals, reducing their crystalline order [24,25]. The full spectrum of G@FN reveals signals for four
elements: C, N, O, and F (Figure 2c¢), confirming the presence of F/N co-doped carbon (Table S2). The C 1s
spectra of G, G@F, and G@FN are shown in Figure S3b, ¢ and Figure 2d. The C 1s spectrum of G@FN
shows six characteristic peaks (Figure 2d) [11]. The formation of the C—N bond is due to nitrogen atoms
generated from the decomposition of MA, which diffuse onto the graphite surface or into the interior,
reacting with carbon atoms to form C—N bonds [26]. In Figure 2e and Figure S3d, the covalent C-F bond
originates from the typical covalent C—F bond in the PVDF structure, while the conductive semi-ionic C—F
bond results from the interaction between fluorine atoms and carbon atoms in graphite [27-29]. Furthermore,
the N 1s spectrum of G@FN reveals five characteristic peaks (Figure 2f). Their contents are in Table S3. The
N 1s spectrum of G@FN can be deconvoluted into five characteristic peaks, corresponding to pyridinic N,
pyrrolic N, graphitic N, oxidized N, and fluorinated N. It is generally accepted that pyridinic and pyrrolic
nitrogen generate more vacancy defects and edge active sites, which are crucial for the rapid storage of
lithium ions. The above results indicate that a layer of F/N co-doped carbon has been successfully con-
structed on the graphite surface.

It was observed from Figure S4a that for G, the adsorption amount increases slowly at low relative
pressure, and only shows a significant rise in adsorption at higher relative pressures. For G@F and G@FN, at
P/P, around 0.4-0.9, the adsorption isotherm and desorption isotherm do not overlap due to the non-fully
reversible interaction between N, and the graphite pore structure. This indicates that the F and N element
doping processes introduce more defects, making the mesoporous structure in the modified graphite
dominant. Figure S4b—d show that the pore size of G@F and G@FN is mainly concentrated around 3.8 nm,

indicating the formation of small mesopores in the modified graphite. The relevant data calculated are shown
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Figure 3 (a) Galvanostatic charge/discharge curves of G, G@F, and G@FN anodes at 0.1 C; (b) rate performance; (c) cycling performance
at 2 C.

in Table S4. Therefore, G@FN exhibits unique porous structural characteristics, with a high specific surface
area and pore volume, and a lower average pore diameter. This structure contains abundant diffusion
pathways and active sites, effectively improving the reaction kinetics.

The CV curves of the G, G@F, and G@FN anodes at a scan rate of 0.1 mV s~ are shown in Figure S5a—c.
The underpotential deposition (UPD) is present on the uncoated anode, whereas no significant signs of UPD
are observed on the doped anode. In the doped anode, the amorphous structure of the carbon layer and defect
sites provides rapid pathways for lithium ions to enter the bulk, reducing local Li" accumulation on the
surface and disrupting the specific adsorption patterns of lithium associated with the long-range ordered
graphite lattice, thereby suppressing pronounced UPD. During the scan, the reduction and oxidation peaks of
the G, G@F, and G@FN anodes were almost at the same positions. In the first cycle, the G@F and G@FN
anodes exhibited a C—F reduction peak near 1.5 V [30]. In the CV curves, three anode materials exhibit
plateaus or broad peaks at approximately 0.3 V. The broadening of the peaks is attributed to the fact that
doping alters the local interlayer spacing and disrupts the originally uniform potential energy surface, leading
to inhomogeneous embedding sites for lithium ions. The carbon coating layer introduced additional active
sites and more defects on the graphite surface, which improved the interfacial charge transfer rate. In
contrast, the G@FN anode showed the most distinct redox peaks and the highest peak current, demonstrating
highly reversible Li" deintercalation/intercalation electrochemical behavior [31]. The first-cycle charge/
discharge curves of the G, G@F, and G@FN anodes at 0.1 C (Figure 3a). The results indicate that the initial
charge/discharge capacities of the G anode are 356.86 and 399.78 mAh g™', with an initial coulombic
efficiency (ICE) of 89.26%. The results indicate that the initial charge/discharge capacities of the G@F anode
are 384.29 and 413.33 mAh g~!, with a high ICE of 92.97%. In contrast, the G@FN anode shows a
significant increase in initial capacity (charge and discharge capacities of 402.05 and 451.62 mAh g,
respectively), with an ICE of 89.02%. The PVDF and MA synergistic effect leads to the formation of more
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mesoporous structures on the surface of G@FN and introduces more active sites, effectively increasing the
lithium storage capacity of graphite. However, the increase in specific surface area leads to greater con-
sumption of active lithium during SEI formation, which in turn results in a reduced ICE [32]. Although these
features increase the contact area with the electrolyte, they significantly enhance the rate capability and
cycling stability of the material. Additionally, the charge/discharge curves of the G@FN anode during the
first three cycles at 0.1 C show that a stable SEI film is formed during the first cycle, and the subsequent
charge/discharge curves almost overlap, demonstrating excellent electrochemical reversibility and interfacial
stability (Figure S5e). At current rates 0f 0.2, 0.5, 1, 2, 3, and 5 C, the specific capacities of the G@FN anode
are 347.02, 292.79, 227.95, 148.33, 85.16, and 44.02 mAh g™, respectively (Figure 3b). The F/N co-doped
carbon coating provides some active sites for lithium storage, improving the specific capacity at different
current rates. When the current rate is suddenly returned to 0.2 C, the reversible capacity of the G@FN anode
rapidly recovers to 341.59 mAh g~' and remains stable over 50 cycles, maintaining a capacity of 339.19
mAh g~! with a capacity retention rate of 99.29%. During the rate test, the G anode shows noticeable capacity
fading and fluctuation in performance curves. In contrast, the G@FN anode, with its LiF-rich stable SEI film,
can quickly and stably intercalate and de-intercalate Li" during charge/discharge from low to high rates,
exhibiting a relatively steady rate performance curve [33,34]. The cycling performance of the G, G@F, and
G@FN anodes at 0.5 C is shown in Figure S5d. After 150 cycles, the G anode rapidly decreased from an
initial capacity of 267.63 to 249.93 mAh g~', with a capacity retention of only 93.38%, which may be
attributed to the instability of the layered stacking structure of G. In contrast, the charge capacity of G@F
decreased from the initial 283.25 to 271.13 mAh g™, with a capacity retention of 95.72%. The G@F anode
had a relatively stable coating layer on its surface, which enhanced both capacity and cycling stability. The
charge capacity of G@FN decreased from an initial 310.98 to 301.43 mAh g~', with a capacity retention of
96.92%. When N elements were also introduced, they effectively increased the active sites, further improving
the lithium storage capacity of graphite. Therefore, under low current conditions, G@FN exhibited higher
specific capacity and better cycling stability. Furthermore, the cycling performance of the G, G@F, and
G@FN anodes at 2 C is shown in Figure 3c. After 350 cycles, the charge capacity of the graphite anode
decreased from the initial 95.01 to 61.21 mAh g™', with a capacity retention of only 64.42%. In contrast, the
G@FN anode exhibits excellent cycling stability, with the specific capacity slightly decreasing from the
initial 123.48 to 113.19 mAh g™, and a capacity retention of 91.66%. The synergistic modification of the
original graphite with PVDF and MA results in stable C—F and C—N bonds, which help the coating layer
tightly adhere to the graphite surface. This not only protects the structural integrity of the graphite, allowing it
to effectively buffer the volume effect of the graphite particles during high-rate cycling, but also enhances the
electrical conductivity of the materials. Therefore, the G@FN anode in this study demonstrates excellent
cycling stability.

The galvanostatic intermittent titration technique (GITT) testing is shown in Figure 4a, ¢ and Figure S6a, b.
The G anode exhibits significant fluctuations in the voltage curve due to interfacial charge transfer hysteresis
and the Li" concentration gradient, with a noticeable voltage drop in the later stages, displaying a large
charge/discharge voltage hysteresis [35]. In contrast, the G@FN anode demonstrates better voltage platform
stability. The F/N co-doping introduces more defects and functional groups on the graphite surface, promotes
the formation of a stable LiF-rich SEI film, and constructs an efficient conductive network. Moreover, from
Equation S2, it was calculated that the Dy ;- (lithium-ion diffusion coefficient) of the G@FN anode is one
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Figure 4 (a, c) Galvanostatic intermittent titration technique (GITT) curves and localised magnification comparisons; (b) ion diffusion rate;
(d) ion diffusion rate calculated from electrochemical impedance spectroscopy (EIS); (e) exchange current density.

order of magnitude higher than that of the G anode, indicating its excellent diffusion kinetics (Figure 4b).
Direct electrochemical impedance spectroscopy (EIS) testing of the battery after resting revealed that the
resistance of G@FN is much lower than that of G (Figure S6c). After three activation cycles, both G and
G@FN showed a decrease in resistance, which is attributed to the formation of the SEI film on the graphite
surface during the first activation cycle, significantly reducing the interfacial resistance (Figure S6d). After
100 cycles, the R of G increased from 151.80 to 340.50 Q, and the R, of G@FN showed a significantly
smaller change, rising from 29.08 to 77.30 Q (Figure S6e). This indicates that the carbon layer and the F/N
co-doping promote the formation of a stable LiF-rich SEI film on the graphite surface and significantly
improve the rates of Li" diffusion and electron transfer [36]. Based on Equation S3, the Li" diffusion
coefficient at the electrode interface was calculated using EIS. The results show that the o slope value of the
G anode (379.11) is approximately 2.5 times that of the G@FN anode (150.88), and the Dy ;- values for G and
G@FN are 1.93x107"% and 1.21x107'%, respectively (Figure 4d). The increase in Dy ;. indicates that G@FN
has more active sites for Li" intercalation, which effectively facilitates Li" diffusion on and within the
graphite surface. The exchange current densities (jy) of the G and G@FN anodes were calculated using
Equation S4. The j, value of the G@FN anode is 0.78, higher than that of the G anode (0.14 mA cm™2),
indicating superior reaction kinetics (Figure 4e). This is because the pyrolyzed carbon containing F and N
elements introduces a large number of active sites on the graphite surface, providing additional sites for Li"
de-intercalation and thereby facilitating rapid Li" diffusion while enhancing the lithiation process.

After 100 cycles, the surface of the G anode exhibits significant dead lithium (moss-like structure) and
some black pits (cavities caused by uneven lithium deposition and the detachment of dead lithium), in-
dicating poor structural integrity (Figure 5a). This phenomenon may be related to the instability of the G
structure at high rates. In contrast, the scanning electron microscopy (SEM) image of the G@FN anode after

Page 7 of 12



Natl Sci Open, 2026, Vol.5, 20250083

b c
—G —G

-_ R th - I th
3 002) G 100 3 G — G100
& &
Iy =

7] 7]

S S D 15/15=0.167
- A
= 15 A lofle=0.439

255 260 265 27.0 275 1000 1500 2000

20 (degree) Raman Shift (cm™)
e f
— G@FN — G@FN

3 —— G@FN 100" 5 —— G@FN 100"
S (002) s 5 ©

(7] 7]

8 s
£ ! £ I/l6=0.641

|
255 260 265 27.0 275 1000 1500 2000
20 (degree) Raman Shift (cm™)

Figure 5 (a, d) SEM images after 100 cycles of G and G@FN; (b, ¢) XRD patterns of G and G@FN before and after 100 cycles;
(c, f) Raman spectra of G and G@FN before and after 100 cycles.

100 cycles (Figure 5d) shows a relatively smooth and dense surface, with no visible dead lithium or black
pits, demonstrating a more stable and compact structural morphology. This indicates that F/N co-doping and
carbon coating effectively prevent solvent co-intercalation phenomena and promote the formation of a stable
LiF-rich SEI film, suppressing side reactions and structural damage [37,38]. This tight adhesion not only
protects the structural integrity of the graphite but also effectively buffers the volume expansion during
cycling, preventing the rupture of the coating layer caused by volume changes and maintaining the long-term
suppression of solvent co-intercalation. Comparing the G electrode before and after 100 cycles, the intensity
of the graphite (002) diffraction peak decreased, and a slight shift to a lower angle was observed (Figure 5b).
In contrast, for the G@FN electrode, although the intensity of the graphite (002) diffraction peak decreased
after 100 cycles, there was no significant shift in the diffraction peak (Figure 5¢). The interlayer spacing dyy,
and degree of graphitization (G) of the graphite crystal structure were calculated based on Equation S1, and
the results are shown in Table S5. During cycling, the repeated intercalation and de-intercalation of Li"
between the graphite layers lead to the breaking and reorganization of chemical bonds within the graphite,
causing the interlayer spacing to increase and the structure to become more loosened. In contrast, the physical
barrier provided by the coating layer, along with the chemical stability of F and N-doped atoms and the strong
polar bond interactions, effectively maintained the stability of the graphite structure. After 100 cycles, the
graphite (002) diffraction peak of G@FN did not shift, and both the interlayer spacing and graphitization
degree remained stable. The introduction of microscopic structural defects resulted in a decrease in the
intensity of the graphite (002) diffraction peak. Comparing the G anode before and after 100 cycles, the Ip/Ig
ratio increased to 0.439, much higher than the initial value of 0.167 (Figure 5c). In contrast, for the G@FN
anode after 100 cycles, the Ip/Ig ratio increased from 0.583 to 0.641 (Figure 5f). The positions and full-width
at half-maximum (FWHM) of the D and G peaks for both G and G@FN before and after cycling are shown in
Table S6. In contrast, the increase in /p/Ig and the FWHM of the G peak for G@FN was relatively small, and
the FWHM of the D peak decreased. The unmodified G anode suffers from an unstable and non-uniform SEI
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film, which reduces the stability of performance. F/N co-doping promotes the formation of a stable LiF-rich
SEI film while improving the electrical conductivity of the material and reducing the formation of structural
defects during cycling. Therefore, the G@FN anode maintains a very stable structural state even after
cycling, demonstrating excellent structural stability.

The total X-ray photoelectron spectroscopy (XPS) spectra of G and G@FN after cycling are shown in
Figure S7a. The G@FN anode material detected C, O, N, P, F, and Li elements, with a noticeable presence of
N signals compared to the G anode. The high-resolution F 1s spectrum revealed two peaks, corresponding to
LiF and Li,PO,F., both reduction products of LiPF¢ (Figure S7b, ¢). Further observation showed that the
inorganic component LiF in the SEI film of the G@FN anode accounted for 76.74%, significantly higher
than that of the G anode (39.75%). Additionally, the high-resolution Li 1s spectrum also showed that the
proportion of LiF in the SEI layer of G@FN was higher than in the G anode (Figure S7d, e). It is noteworthy
that inorganic components like LiF in the SEI film can effectively enhance the storage kinetics of Li" at the
interface, improving the mechanical strength of the SEI film. In Figure S7f, g, the presence of the C—F bond
proves that the pyrolyzed carbon from PVDF remains relatively stable during cycling, without significant
decomposition or detachment. In the O 1s spectrum (Figure S7h, 1), the decomposition products of carbonate
solvents on the surface of the G@FN anode, O—C=0 and C=0/C-0O-C (531.52 eV), accounted for 5.56%
and 83.67%, respectively, which are lower than those in the G anode (O—C=0 and C=0/C-O-C contents
were 10.43% and 88.19%, respectively). Meanwhile, the Li,COj; (55.37 eV) content of the G@FN anode is
64.98%, higher than that of the G anode (57.42%) (Figure S7d, e). The above XPS results indicate that the
surface of the G@FN anode promotes the formation of a stable SEI film rich in inorganic components like
LiF. This not only suppresses the reduction and decomposition of carbonate solvents in the electrolyte but
also facilitates the formation and accumulation of Li,COs, which has ionic conductivity, thereby improving
the cycling performance and stability of the battery [39,40].

CONCLUSIONS

This study develops a modification strategy for graphite anodes in lithium-ion batteries. Specifically, the
G@FN anode was successfully prepared by coating graphite with a pyrolyzed carbon layer containing F and
N elements using a combination of PVDF and MA, followed by high-temperature treatment. Various
characterization techniques, including SEM, transmission electron microscopy (TEM), XRD, Raman, and
XPS, confirmed the successful formation of carbon coating. The results show that the G@FN anode material
exhibited a significant increase in initial specific capacity, with charge and discharge capacities of 402.05 and
451.62 mAh g~', respectively. This offers an economical and effective strategy for high-performance
graphite-based lithium-ion batteries.

MATERIALS AND METHODS

Detailed materials and methods are provided in the Supplementary Information online.
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