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ABSTRACT: To enhance the performance of anthracite-coal-based graphite anodes for lithium-ion batteries, this
study independently optimized pitch coating and second-level contact prelithiation strategies. Systematic parameter
screening led to the construction of a graphitic core–amorphous carbon shell composite anthracite-based synthetic
graphite (SBG@P230-10%-C1000) using P230 pitch (10 wt%) carbonized at 1000 °C. Characterization confirmed an
expanded interlayer spacing (0.3418 nm) and a 49.6% reduction in specific surface area (1.866 m2/g), promoting
Li+ diffusion and suppressing excessive Solid Electrolyte Interphase (SEI) formation. Electrochemically, the coated
anode achieved an Initial Coulombic Efficiency (ICE) of 81.82% at 50 mA/g and a high-rate capacity of 104.5 mAh/g
at 3200 mA/g, which is 2.56 times that of pristine anthracite-based synthetic graphite (SBG). A 20 s direct contact
prelithiation treatment further increased the ICE to 97.32% and maintained a capacity of 389.55 mAh/g after 100
cycles at 100 mA/g. The individually optimized strategies for coating and prelithiation highlight a promising combined
approach to overcome the low ICE and poor rate capability of coal-based graphite, supporting its potential application
in high-performance silicon-carbon anode systems.

KEYWORDS: lithium-ion batteries, anthracite coal-based graphite anode, pitch coating, prelithiation, rate capability,
Coulombic efficiency

INTRODUCTION

Graphite remains the dominant anode material for
lithium-ion batteries due to its excellent comprehen-
sive performance [1, 2]. Even in next-generation
silicon-carbon composites, graphite constitutes 50–
90% of the system to ensure structural integrity and
conductivity [3, 4]. The demand for higher energy den-
sity and fast-charging capabilities makes developing
low-cost graphite anodes with high initial Coulombic
efficiency (ICE) and superior rate performance a criti-
cal priority [5, 6].

Currently, the graphite anode market relies heavily
on petroleum-based needle coke, which suffers from
price volatility and low graphitization yield (< 85%)
[7]. Anthracite coal (carbon content > 90%), abun-
dant in regions like Shanxi, China, offers a promis-
ing alternative. Its carbon-rich nature shortens the
graphitization process, yielding over 80% graphitized
product [8], and its microcrystalline structure is suit-
able for high-performance anodes [1, 9, 10]. Our pre-
viously developed SBG reduced raw material costs by
40%. However, its ICE (80.52%) and rate capability
(40.8 mAh/g at 3200 mA/g) require further improve-
ment.

Amorphous carbon coating is an effective strategy
for enhancing graphite anodes [11, 12]. Its isotropic

structure facilitates rapid Li+ diffusion, improving rate
performance [13], and its minimal volume change
enhances cycling stability [14]. For instance, asphalt
coating repairs defects in recycled graphite [15], and
chemical vapor deposition of carbon layers improves
the kinetics [16]. Concurrently, prelithiation compen-
sates for the irreversible lithium consumption during
initial SEI formation, which is the primary cause of
low ICE [17]. Among various methods [18–20], elec-
trochemical prelithiation is notable for its operational
simplicity and precise control [20, 21], although most
techniques require several minutes, posing efficiency
and safety challenges [22]. Research on second-level
prelithiation for coal-based graphite is particularly
scarce.

While pitch coating and prelithiation have each
demonstrated considerable potential, the indepen-
dent optimization of these two strategies for SBG—
particularly the parameters for pitch coating and the
timing of second-level contact prelithiation (< 60 s)—
remains insufficiently explored. This work systemati-
cally and separately refines both approaches to address
the performance limitations of SBG. The objectives are:
(1) to identify the optimal pitch-coating parameters—
including softening point, coating amount, and car-
bonization temperature—for constructing a graphitic
core–amorphous carbon shell structure; (2) to de-
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termine the ideal duration for second-level contact
prelithiation (10–40 s) to maximize the ICE; and (3) to
separately analyze the individual contribution of each
independently optimized strategy to the electrochemi-
cal performance, thereby providing a clear mechanistic
basis for enhancing the ICE and rate capability of coal-
based graphite anodes, respectively.

MATERIALS AND METHODS

Material preparation

Anthracite coal-based graphite (SBG) was used as the
coating substrate. Composites were prepared via a
solution coating–heat treatment method. The brief
procedure is as follows: precise amounts of SBG and
pitch (P-series) with specific softening points were
dissolved in 50 ml of N-methyl-2-pyrrolidone (NMP)
solvent. The mixture was heated and stirred using a
magnetic stirrer until a complete coating was achieved.
The resulting precursor was dried in an oven at 80 °C
for 12 h. After grinding, the precursor was placed
in a tube furnace and subjected to heat treatment
(carbonization temperature: 800–1200 °C, duration:
1 h) under an argon atmosphere, yielding the final
SBG@PC composite.

Experimental parameter optimization design

The effects of pitch coating parameters were systemat-
ically investigated through single-factor experiments,
with the specific experimental design as follows: 1) Ef-
fect of pitch softening point: Fixed parameters: 1.8 g
graphite, 0.2 g pitch (10 wt%), 50 ml NMP, and a
carbonization temperature of 1000 °C. Variable: pitch
softening point (140, 230, and 270 °C); 2) Effect of
carbonization temperature: Fixed parameters: a pitch
softening point of P230, a coating amount of 10 wt%.
Variable: carbonization temperature (800, 1000, and
1200 °C); 3) Effect of coating amount: Fixed param-
eters: a pitch softening point of P230, a carbonization
temperature of 1000 °C, and 50 ml NMP. Variable: pitch
coating amount (5, 10, and 15 wt%). The resulting
products were designated as SBG@Px-y%-Cz (where
x represents the softening points of 140, 230, and
270; y represents the pitch amounts of 5%, 10%, and
15%; and z represents the carbonization temperatures
of 800, 1000, and 1200 °C).

Characterization and testing methods

The phase composition and crystal structure of the
samples were analyzed by X-ray diffraction (XRD, D8
Advance, Bruker, Germany) and Raman spectroscopy
(Raman, LabRAM HR Evolution, Horiba, Japan). The
morphology and microstructure of the samples were
analyzed by scanning electron microscopy (SEM, JSM-
7001F, JEOL, Japan) and transmission electron mi-
croscopy (TEM, JEM-2800, JEOL). The specific surface
area and pore size distribution of the samples were

measured by a specific surface area analyzer (BET,
ASAP2460, Micromeritics, Norcross, GA, USA).

Electrochemical performance was evaluated using
CR2016 coin cells. The working electrode was pre-
pared by mixing the active material, carboxymethyl
cellulose (CMC), and acetylene black in a mass ratio of
8:1:1. An appropriate amount of deionized water was
added, and the mixture was ground into a slurry, which
was then uniformly coated onto copper foil using a
coater. The coated foil was dried in a vacuum oven
at 120 °C for 12 h. After drying, it was cut into 12-mm
diameter discs using a punching machine. The active
material mass loading on the electrode was controlled
between 1.4 and 1.6 mg/cm2. Coin-type half-cells
(CR2016) were assembled in an argon-filled glovebox
(H2O, O2 < 1 ppm) using the prepared electrode as the
working electrode, a lithium metal sheet as the refer-
ence/counter electrode, a polypropylene membrane as
the separator, and 1 M LiPF6 in EC/DMC (1:1 v/v) as
the electrolyte.

Prelithiation was performed by dropping 20 µl of
electrolyte onto the electrode surface to ensure suffi-
cient interfacial reaction, placing a fresh lithium foil
(12 mm in diameter, 0.45 mm in thickness, ⩾ 99.9%
purity) on top, and applying a constant pressure of
approximately 0.173 MPa (using a 200 g weight) to
ensure full contact, with the contact time controlled
(10 s, 20 s, and 40 s). After prelithiation, the cells
were assembled following the standard procedure.

RESULTS AND DISCUSSION

Systematic optimization of pitch coating parameters
(softening point, carbonization temperature, and coat-
ing amount) was conducted to enhance the perfor-
mance of SBG. The morphological evolution under
different conditions is revealed by SEM analysis. Com-
pared to the pristine SBG with exposed edges and
corners (Fig. 1a), significant morphological changes
occurred after coating. P140 pitch (Fig. 1b) resulted
in a discontinuous and non-uniform layer. In contrast,
P230 pitch (Fig. 1c) formed a uniform, continuous,
and wrinkled carbon layer, achieving complete encap-
sulation of the graphite core. However, P270 pitch
(Fig. 1d) caused obvious particle agglomeration and
a cracked coating. These results indicate that P230,
with its appropriate viscosity, achieves an optimal
balance for forming a dense and continuous coating.
The carbonization temperature critically determines
the coating’s structure. The sample treated at 800 °C
(Fig. 1e) showed a rough and porous surface, indicat-
ing insufficient carbonization.

The sample carbonized at 1000 °C (Fig. 1c) exhib-
ited an ideal, dense, and uniform coating, successfully
constructing a graphitic core-amorphous carbon shell
structure. Conversely, the surface of the sample treated
at 1200 °C (Fig. 1f) became overly smooth, showing
signs of densification and shrinkage, which could lead
to microcracks due to excessive graphitization. A tem-
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Fig. 1 SEM images of (a) SBG, (b) SBG@P140-10%-
C1000, (c) SBG@P230-10%-C1000, (d) SBG@P270-10%-
C1000, (e) SBG@P230-10%-C800, (f) SBG@P230-10%-C1200,
(g) SBG@P230-5%-C1000, and (h) SBG@P230-15%-C1000.

perature of 1000 °C provides the optimal trade-off.
The coating amount directly governed the coverage
and thickness. A 5% coating amount (Fig. 1g) led
to incomplete coverage, with graphite edges still ex-
posed. A 10% coating amount (Fig. 1c) achieved
a uniform and continuous layer for ideal core-shell
structure construction. In contrast, a 15% coating
amount (Fig. 1h) resulted in an overly thick coating,
particle agglomeration, and delamination. Thus, the
10% coating amount achieves synergistic optimization
between complete coverage and efficient transport.

As shown in Fig. 2 and Table 1, all samples re-
tain the characteristic graphite diffraction peaks (e.g.,
(002) at ∼26.5°), confirming the pitch coating does
not alter the fundamental graphite crystal structure
[23, 24]. The (002) peak profile varies systemat-
ically: SBG@P140-10%-C1000 shows a broadened
peak (high disorder), SBG@P230-10%-C1000 exhibits
a sharp, moderately intense peak (“appropriately or-
dered”), while SBG@P270-10%-C1000 has high in-
tensity with slight broadening (a tendency for ex-
cessive graphitization). Increasing temperature from

Table 1 Crystal structure parameters of SBG-based graphite
samples.

Sample name 2θ (°) FWHM (rad) Lc (nm)

SBG 26.21666 0.016352 8.61
SBG@P140-10%-C1000 26.27708 0.016105 8.84
SBG@P230-10%-C1000 26.29723 0.012245 11.63
SBG@P270-10%-C1000 26.31737 0.013974 10.19
SBG@P230-10%-C800 26.05000 0.014835 9.59
SBG@P230-10%-C1200 26.40000 0.011345 12.55
SBG@P230-5%-C1000 26.41808 0.016459 8.66
SBG@P230-15%-C1000 25.79367 0.011922 11.93

Table 2 Specific surface area and pore properties of SBG and
SBG@P230-10%-C1000.

Sample Specific surface Pore volume Pore size
area (m2/g) (cm3/g) (nm)

SBG 3.701 0.429 7.406
SBG@P230-10%-C1000 1.866 0.685 2.295

800 °C to 1200 °C sharpens the (002) peak, indicat-
ing enhanced graphitization. SBG@P230-10%-C1000
(1000 °C) represents an intermediate, optimally or-
dered state, whereas the 1200 °C sample shows exces-
sive graphitization, potentially hindering ion diffusion
[23, 25]. Increasing the coating amount from 5% to
15% decreases the (002) peak intensity, indicating
a higher proportion of amorphous carbon and signal
“dilution” from the thick coating layer [26].

The ID/IG ratio increased from 0.6 (pristine SBG)
to 0.77 for SBG@P230-10%-C1000, confirming the
successful introduction of a disordered amorphous car-
bon coating layer, rich in defects and grain boundaries
[27]. This defect engineering optimizes interfacial ion
transport pathways [28].

As shown in Fig. 2 and Table 2, pitch coating dras-
tically reduced the specific surface area by nearly half,
from 3.701 m2/g (SBG) to 1.866 m2/g (SBG@P230-
10%-C1000). The Type IV isotherm with a hystere-
sis loop confirms mesoporosity [29]. The marked
reduction in specific surface area confirms that the
coating effectively covers and seals the original sur-
face cracks and pores of the SBG, thereby suppress-
ing excessive SEI formation. Although the total pore
volume increases (Table 2)—likely due to mesopore
formation within the amorphous carbon coating dur-
ing carbonization—the concurrent decrease in average
pore size implies limited accessibility of these pores
to the electrolyte. Thus, they contribute minimally to
the active surface area. This configuration, primarily
featured by the amorphous carbon structure, facili-
tates rapid ion transport, achieving an optimal balance
between high initial Coulombic efficiency and supe-
rior rate capability [28]. In summary, the combined
structural analyses confirm that the optimal coating
parameters (P230, 1000 °C, 10%) successfully con-
struct a composite material with a moderately ordered
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Fig. 2 XRD patterns of SBG-based graphite samples (a, b); Raman results of SBG and SBG@P230-10%-C1000 (c); nitrogen
adsorption-desorption isotherm curve and pore size distribution of SBG@P230-10%-C1000 (d).

amorphous carbon shell on a graphitic core, featuring
a reduced specific surface area and enhanced defect
density, which collectively provide the structural foun-
dation for the observed electrochemical improvements.

Fig. 3 presents TEM and HRTEM analyses;
Fig. 3a,b provide nanoscale evidence for the
performance enhancement induced by pitch coating.
In stark contrast to the uncoated SBG with exposed
edges and step-like defects, the optimized SBG@P230-
10%-C1000 sample exhibits a uniform, continuous
amorphous carbon coating (∼5–50 nm thick),
successfully constructing a graphitic core-amorphous
carbon shell structure (Fig. 3c–f). This coating
completely encapsulates the graphite, isolating it
from the electrolyte and providing the structural basis
for the improved ICE by reducing active sites for
side reactions. HRTEM analysis further confirmed
the successful construction of the graphitic core-
amorphous carbon shell structure (Fig. 3c–f). The
measured interlayer spacing of the coated sample was
0.3418 nm. More importantly, the uniform amorphous
carbon coating (∼5–50 nm thick) completely
encapsulates the graphite core. This coating, with its
isotropic structure and rich defects/grain boundaries
(as indicated by the increased ID/IG ratio), is known
to facilitate rapid Li+ transport [30, 31]. The intimate
interfacial contact and the “cloud-like” contrast
indicative of structural defects within the coating layer
synergistically contribute to a multifunctional balance
between interface protection, enhanced ion transport,
and efficient electron conduction.

Fig. 4 presents the electrochemical performance

(cycling and rate capability) of SBG anodes, sys-
tematically evaluating the impact of pitch coating
parameters (softening point, carbonization tempera-
ture, and coating amount). As shown in Fig. 4a,b,
SBG@P230-10%-C1000 delivered superior perfor-
mance, with an ICE of 81.82% and a high-rate ca-
pacity of 104.5 mAh/g at 3200 mA/g. This sig-
nificantly outperformed SBG@P140-10%-C1000 (an
ICE of ∼80% and a capacity of ∼79 mAh/g) and
SBG@P270-10%-C1000 (an ICE of ∼75% and a ca-
pacity of ∼30 mAh/g). The optimal viscosity of P230
facilitated a continuous, dense coating for effective
interface stabilization and ion transport, whereas P140
resulted in uneven coverage and P270 caused ag-
glomeration and cracking. SBG@P230-10%-C1000
demonstrated balanced performance. In contrast, as
shown in Fig. 4c,d, SBG@P230-10%-C800, with in-
sufficient carbonization, showed a poor rate capac-
ity (∼40 mAh/g). SBG@P230-10%-C1200, despite
high crystallinity, suffered from excessive graphitiza-
tion leading to hindered ion diffusion and a low-rate
capacity (∼31 mAh/g), confirming 1000 °C achieves
optimal “moderate graphitization”. The 10% coating
amount achieved the ideal balance, yielding the high-
est ICE and rate performance. A 5% coating led to
incomplete coverage and inferior performance (an ICE
of ∼80% and a capacity of ∼60 mAh/g). A 15 %
coating caused kinetic hysteresis due to an overly thick
layer, reducing the high-rate capacity to ∼50 mAh/g.
In summary, the systematic parameter screening con-
clusively identifies P230 pitch, a carbonization tem-
perature of 1000 °C, and a coating amount of 10 wt%
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Fig. 3 TEM image (a) and HRTEM image (b) of SBG; TEM
images (c, d) and HRTEM images (e, f) of SBG@P230-10%-
C1000.

as the optimal combination for constructing a high-
performance graphitic core-amorphous carbon shell
anode, effectively enhancing both interfacial stability
and ion transport kinetics [30–32].

Fig. 4e–g presents the CV and EIS analyses, pro-
viding dynamic electrochemical evidence for the per-
formance enhancement mechanism of the pitch-coated
anode. The CV curves (Fig. 4e,f) reveal a markedly
weaker SEI formation peak at ∼0.6 V for SBG@P230-
10%-C1000 compared to pristine SBG, confirming sup-
pressed irreversible side reactions, which aligns with
the BET-measured 49.6% reduction in specific sur-
face area and explains the improved ICE (81.82%).
Furthermore, the sharper and more symmetrical Li+
intercalation/deintercalation peaks with a reduced po-
tential difference (∆Ep) indicate enhanced reaction
reversibility and lower polarization [33]. This kinetic
improvement primarily stems from the ion-conductive
amorphous carbon coating, which provides more ac-
tive sites and lower-energy pathways for Li+ intercala-
tion [34].

Electrochemical impedance spectroscopy (EIS)

Nyquist plots (Fig. 4g) demonstrate that the
SBG@P230-10%-C1000 electrode exhibits a smaller
high-frequency semicircle, with a charge transfer
resistance (Rct) of 79.44 Ω, much lower than the
346.5 Ω of the pristine SBG electrode [35]. This
decrease originates from the higher interfacial ionic
conductivity provided by the isotropic amorphous
carbon and the formation of a thinner, more stable
SEI film. The lower Rct directly correlates with
the superior rate capability, confirming faster
electrochemical reaction kinetics at the optimized
interface [36].

Fig. 5 systematically evaluates the effect of contact
prelithiation duration on the electrochemical perfor-
mance of SBG anodes. The open-circuit voltage (OCV)
decreased continuously with contact time, from 2.54 V
(0 s) to 0.5 V (40 s), confirming spontaneous lithium
incorporation. The optimal prelithiation time was de-
termined to be 20 s, which dramatically increased the
ICE from 80.52% to 97.32%, indicating nearly com-
plete compensation for the initial irreversible lithium
loss. A shorter duration (10 s) resulted in insuffi-
cient compensation (ICE = 92.54%), while a longer
duration (40 s) led to hazardous overlithiation, as
evidenced by an anomalous ICE of 102.28%. This
> 100% efficiency likely stems from the oxidation
of excess metallic lithium deposited on the electrode
surface during prolonged contact, which contributes
extra capacity during the subsequent charge process.
The first-cycle charge/discharge curves visually con-
firm these findings. The 20 s-prelithiated electrode
exhibited a closely matched charge/discharge capac-
ity (365.20/375.28 mAh/g), demonstrating high re-
versibility. After 100 cycles at 100 mA/g, the 20 s
sample achieved the highest capacity retention of
389.55 mAh/g, significantly outperforming the oth-
ers, underscoring the dual benefits of precise lithium
compensation and the formation of a stable artificial
SEI layer. As shown in Fig. 5e,g, dQ/dV analysis
provides mechanistic insight. The 20 s sample showed
suppressed SEI formation peaks and sharper Li+ inter-
calation/deintercalation peaks even at the 105th cycle,
indicating excellent interfacial stability and reversibil-
ity. In contrast, the untreated and the over-lithiated
(40 s) samples exhibited significant side reaction peaks
or abnormal signals, respectively. In conclusion, the
20 s contact prelithiation is a highly effective strategy
for overcoming the low ICE of SBG anodes. It can
be seen that short-time prelithiation treatment of SBG
graphite can significantly improve ICE and cycling
stability performance, which is similar to the literature
reports [17, 19, 21], proving that short-time second-
level contact prelithiation is a simple and effective
method to enhance the electrochemical performance
of graphite anodes.

Fig. 6 synthesizes the independent optimization
results of pitch coating and prelithiation, outlining
the logical foundation for their combined use towards
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Fig. 4 Cycling performance (a, c) and rate performance (b, d) of SBG and SBG@Px-y%-Cz, CV curves of SBG (e) and SBG@P230-
10%-C1000 (f), and Nyquist plots of SBG and SBG@P230-10%-C1000 (g).

Table 3 Comparison of the electrochemical performance of this work with that of recent state-of-the-art graphite anode
materials.

Sample ICE (%) Rate performance Cycling stability
(Capacity (mAh/g) (Capacity retention/reversible capacity,
@ current density) Number of cycles, Current density)

GC-2 [16] 85.00 338.03 (0.5C) 350.2 mAh/g (200,0.5C)
Gr@rGO [37] 80.00 192 (4C) 97% (600,1C)
PO310-2.0–12@NG-10% [38] 91.58 145 (4C) 254 mAh/g (500,0.5C)
DCG-6B [39] – 112.5 (1000 mA/g) 94.33% (100,100 mA/g)
4MeOBp-Li-prelithiated graphite (4 min) [40] 103.32 293.1 (1000 mA/g) 329.3 mAh/g (150,100 mA/g)
SBG@P230-10%-C1000 (this work) 81.82 104.5 (3200 mA/g) –
SBG with 20-s Prelithiation (this work) 97.32 – 389.55 mAh/g (100,100 mA/g)
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Fig. 5 The electrochemical performances of SBG electrode sheets with different prelithiation times: open-circuit voltage (a);
comparison of specific capacity and ICE (b); first constant current discharge-charge curve (c); cycling performances (d); the dQ/dV
curves for the sixth cycle charge-discharge curves (e, f).

Fig. 6 The modification effects of pitch coating and prelithiation
strategies.

comprehensive performance enhancement. The pitch
coating (SBG@P230-10%-C1000) halved the specific
surface area (from 3.701 to 1.866 m2/g), which di-

rectly reduces the number of active sites for SEI forma-
tion. This implies a substantially lower lithium demand
for compensation in a subsequent prelithiation step,
making the process more efficient and potentially safer,
possibly allowing for a shorter prelithiation duration.
While the coating alone improved the ICE to 81.82%,
an ∼18% irreversible capacity loss remains. It is logi-
cally deduced that applying the optimized 20 s prelithi-
ation to the coated material could elevate the ICE close
to an ideal 100%, fully addressing the ICE limitation.
The sequential strategy of “interface optimization via
coating first, followed by precise lithium compensation
via prelithiation” thus represents a promising research
direction. It is positioned to potentially overcome the
dual bottlenecks of coal-based graphite—low ICE and
poor rate performance—enabling a substantial leap in
anode performance and providing a clear direction for
future investigation. The independent optimization of
pitch coating and contact prelithiation strategies, as
demonstrated above, effectively addresses the specific
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limitations of ICE and rate capability in anthracite-
based graphite, respectively. To clearly contextualize
the performance level achieved in this work, a quanti-
tative comparison of the key electrochemical metrics
with representative state-of-the-art graphite anodes
reported recently is provided in Table 3.

Compared with state-of-the-art graphite anodes,
the independently optimized materials in this work
exhibit competitive or even superior performance with
notable practical advantages. Contact prelithiation
for 20 s boosts ICE to 97.32%, comparable to the
most advanced chemical prelithiation (∼103%) but
offering distinct merits in processing time (20 s vs.
4 min) and operational simplicity. Separately, the
pitch-coated anode (SBG@P230-10%-C1000) delivers
an impressive rate capability of 104.5 mAh/g at an
ultrahigh current density of 3200 mA/g, on par with
graphites modified via complex coating or doping.
Critically, these two strategies each present a more
energy-efficient and cost-effective route compared to
conventional approaches: pitch coating requires only
1000 °C carbonization versus energy-intensive doping
processes (e.g., 2800 °C graphitization for B-doping)
and contact prelithiation avoids the high complexity
and reagent costs associated with chemical prelithia-
tion. This work demonstrates that low-cost anthracite-
based graphite can achieve competitive performance
through two simple, independently optimized strate-
gies.

CONCLUSION

This study successfully demonstrates the independent
efficacy of pitch coating and contact prelithiation for
enhancing anthracite-based graphite (SBG) anodes.

The optimized pitch coating constructed a
graphitic core-amorphous carbon shell structure,
which significantly reduced the specific surface area
by 49.6%. This optimization effectively suppressed
excessive SEI formation. Coupled with the ion-
conductive nature of the amorphous carbon layer,
it facilitated rapid ion transport, resulting in a
remarkable 2.56-fold increase in rate capability
(104.5 mAh/g at 3200 mA/g). In addition, a 20 s
contact prelithiation treatment precisely compensated
for irreversible lithium loss, elevating ICE from 80.52%
to 97.32% and ensuring excellent cycling stability
(389.55 mAh/g after 100 cycles). Building upon these
individually optimized strategies, their combined
application is of significant interest. The coating
reduces the active surface area and lithium demand,
whereas prelithiation directly addresses irreversible
capacity loss. This logical integration highlights a
promising path forward to simultaneously address the
key limitations of low ICE and poor rate performance
in coal-based graphite, meriting further investigation
for application in high-performance lithium-ion
batteries. It should be noted that the present work was
conducted with electrodes of moderate mass loading

(∼1.5 mg/cm2) for fundamental evaluation. Future
studies focusing on high-mass-loading electrodes
are necessary to address the additional challenges
(e.g., charge transport kinetics, mechanical integrity)
for practical application, which will be a critical
step towards the commercialization of this modified
coal-based graphite anode.
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