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The development of fast-charging anode materials is crucial for overcoming the sluggish reaction
kinetics of conventional graphite electrodes in lithium-ion batteries. This work presents a kilogram-scale
producible hard carbon/graphene flake (HC-GF) composite anode engineered based on an “electron Velcro”
conductive network design. In this architecture, highly conductive GFs are intimately integrated with the HC
matrix, creating multidimensional electron/ion transport channels while effectively minimizing interfacial
resistance. The resulting HC-GF anode exhibits exceptional electrochemical performance, delivering a
reversible capacity of 506.4 mAh g~ and maintaining 223.8 mAh g* at a 10 C rate (corresponding to
6-min fast charging). Remarkably, when blended with graphite at a 20% ratio in a 5 Ah LFP//graphite +
20% (HC-GF) pouch cell, this minimal doping level substantially enhances multiple performance metrics,
particularly fast-charging capability and cycling stability. The pouch cell retains 3.39 Ah after 600 cycles at
3 C, corresponding to an impressive capacity retention of 94.6%. This study provides a valuable material
strategy for advancing fast-charging lithium-ion battery technologies.
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Introduction

Lithium-ion batteries (LIBs) have emerged as the dominant
energy storage technology for electric vehicles (EVs), owing to
their superior characteristics including high energy density,
extended cycle life, and absence of memory effect [1,2]. However,
the accelerating adoption of electric mobility imposes stringent
demands on the fast-charging capabilities of LIBs [1-3]. While
refueling a conventional internal combustion engine vehicle
typically requires under 5 min, charging a mainstream EV to
80% state of charge often necessitates 30 min or longer. This
obvious disparity in energy replenishment time presents a criti-
cal bottleneck, severely compromising user convenience and
hindering broader EV acceptance [4,5]. Consequently, mitigat-
ing “charging anxiety” through the development of advanced
fast-charging technologies has become an urgent priority for
the sustainable proliferation of electric transportation. Current
research focuses on overcoming intrinsic limitations in battery
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materials and electrochemistry to enable rapid charging without
compromising safety, longevity, or energy density [4,6-8].

The limited fast-charging capability of LIBs constitutes a
major bottleneck contributing to charging anxiety in EVs.
Commercially, LIB anodes are predominantly graphite-based,
yet this material is constrained by inherent shortcomings,
including a highly ordered microcrystalline structure and slug-
gish Li* diffusion kinetics (107" to 107"° cm®s™"). Under fast-
charging conditions in particular, graphite anodes are prone to
lithium dendrite formation, resulting in rapid capacity fade and
serious safety concerns [9-11]. Consequently, with the growing
demand for higher energy and power density, conventional
graphite-based anodes are increasingly inadequate. Recent
studies have further demonstrated that hard carbon’s (HC)
expanded interlayer spacing and disordered structure are key
to overcoming the kinetic limitations of graphite anodes under
high-rate conditions [12-15]. HC has emerged as a key anode
material to overcome the ultra-fast charging limitations of LIBs,
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owing to its intrinsically non-graphitizable structure [15-19].
Its microstructure consists of short-range ordered graphite-like
microdomains and randomly oriented, open-edged crystallites.
This distinctive architecture provides multidimensional trans-
port pathways for Li ions, enabling significantly faster diffusion
kinetics (10'"t0 10" cm*s™"). Leveraging these structural advan-
tages, HC anodes enable rapid charging while preserving high
capacity and long-term cycling stability, thereby overcoming the
fundamental kinetic limitations of graphite-based anodes [20,21].

Herein, we report an ultra-fast-charging hard carbon/gra-
phene flake (HC-GF) composite anode for LIBs, designed
around the concept of an “electronic Velcro” architecture. This
unique structure creates multidimensional pathways that enable
rapid lithium-ion diffusion, leading to exceptional electro-
chemical performance. The HC-GF anode delivers a high revers-
ible capacity of 506.4 mAh g™, surpassing the theoretical limit
of commercial graphite, and achieves a capacity of 223.8 mAh
g~ injust 6 min (at 10 C). Bridging the gap between laboratory
research and practical application, we have successfully scaled
up the synthesis of HC-GF to the kilogram level. When blended
with conventional graphite, the composite significantly enhances
both fast-charging capability and cycling stability. A LiFePO4//
graphite + 20% HC-GF pouch cell demonstrates a maximum
capacity of 5.2 Ah, underscoring its strong potential for real-
world deployment.

Results and Discussion

Inspired by the mechanical adhesion of Velcro, we developed
an “electronic Velcro” strategy to engineer the interface between
HC and the conductive network. As illustrated in Fig. 1A, this
architecture creates an interlocking effect between HC and GFs,
ensuring structural integrity while establishing continuous
electron/ion transport pathways. This design minimizes inter-
facial contact resistance and accelerates Li* diffusion kinetics,
overcoming the sluggish charge transfer typical of conventional
anodes. Beyond structural design, we also achieved kilogram-
scale synthesis of the HC-GF composite.

To determine the microstructure of the material, inverse fast
Fourier transform is conducted on the high-resolution transmis-
sion electron microscopy (HRTEM) image. The ArcGIS software
is used to extract the stripe structure in the carbon skeleton to
obtain a binarized image [22-24]. As illustrated in Fig. 1B and C
and Figs. S1 and S2, the HC material displays a distinctive micro-
crystalline structure, featuring short-range ordered graphene-like
domains dispersed within a long-range disordered amorphous
carbon matrix [25,26]. Based on the intensity profile for the line
scan across the lattice fringes, the local interlayer spacing of HC
material can reach 0.358 nm. Notably, the interfacial contact
between HC and GF is clearly discernible in the HC-GF com-
posite. Through binarization processing of HRTEM images,
HC-GF can be distinctly separated into 2 parts and visualized
using different color assignments, where blue represents HC
material and red denotes GF material. Robust interfacial contact
between HC and GF creates highly conductive pathways for
electron transfer, effectively reducing internal resistance and
enhancing electrode kinetics [27-29].

The phase and defect structure of all the materials are char-
acterized by x-ray diffraction (XRD) and Raman data (Fig. 1D
to F). As shown in the XRD patterns (Fig. 1D and Fig. S3), both
commercial graphite and GF exhibit sharp (002) crystal plane
characteristic peaks, indicating perfect crystal structures. In
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contrast, the HC material shows a significantly broadened (002)
characteristic peak due to its long-range disordered microcrys-
talline structure. Significantly, the XRD profile of the HC-GF
composite can be clearly indexed to the microcrystalline struc-
tures of both HC and GF, confirming their physical combina-
tion [30,31]. The Raman curve also shows the same result.
HC-GF exhibits a combination of graphite-structured carbon
and amorphous-structured carbon (Fig. 1E and Fig. S4). Figure
1F provides detailed structural data for the graphite, HC, and
HC-GF materials. The average graphitic interlayer spacing for
HC materials is about 0.358 nm based on the (002) peak cen-
ters. The thickness of graphitic domains (L.) is calculated to be
in the range of 3.3 nm, indicating that they are consisted of 8
to 9 stacked graphitic layers (i.e. 3.3/0.358 = 9.22). HC-GF
inherits this disordered characteristic, which distinguishes it
from graphite. The structural anisotropy of electrode materials
fundamentally dictates the fast-charging capability of batteries.
As illustrated in Fig. S5, in contrast to graphite’s limited edge-
to-center pathway, HC enables Li-ion diffusion through open
defect sites. This defect-to-center mechanism shortens diffu-
sion paths for superior kinetics, yet HC deployment is hindered
by low intrinsic conductivity and loose interparticle contact
[32-34].

Scanning electron microscopy (SEM) was used to track the
morphological evolution of the components as they integrate
into a complete system. A “gravel-sand-cement” HC-GF net-
work was constructed as a strategy to improve the conductivity
of the HC-based anode. Figure 2A and B and Fig. S6 are SEM
images of pure HC and GF material, respectively. The HC
phase, acting as the “gravel”, comprises irregular 8- to 10-um
blocks, whereas the GFs feature ultrathin, flexible sheets with
high aspect ratios. These distinct morphologies define their
complementary roles upon integration via a simple impregna-
tion strategy. As shown in Fig. 2C and D, the existence of GF
can be clearly seen in the HC system. The GFs do not merely
rest on the surface but conformably wrap around the rigid HC
particles and bridge adjacent units. This configuration creates
a continuous 3-dimensional (3D) interconnected conductive
framework, which mitigates the issue of slow interparticle
charge transport under high current densities. Figure 2E and
F and Fig. S7 display the nitrogen adsorption-desorption iso-
therms and pore size distributions. The reduction in specific
surface area and porosity for HC-GF material also indicates
that the GFs have successfully filled the voids in the accumula-
tion of HC materials [35,36].

A dramatic enhancement in charge transport properties is
achieved through morphological and porosity optimization.
As displayed in Fig. 2G, which compares the pressure-depen-
dent electrical conductivity of the materials, the HC-GF net-
work exhibits a substantial improvement over pure HC. With
the addition of just 5% GFs, the electrical conductivity increases
nearly 5-fold. At 10 MPa, it jumps from 0.725 S/cm for pure
HC to 3.333 S/cm for the HC-GF composite. As shown in Fig.
2H, unlike the pristine HC, where electrons must navigate a
tortuous path through highly resistive point-to-point contacts,
the HC-GF network establishes “electron highways”. The GFs
bypass these resistance barriers, ensuring rapid electron supply
to every active site and significantly lowering the ohmic polar-
ization, thus fully unlocking the intrinsic high-rate potential
of the HC anode [35].

The half-cell tests are carried out by using CR2032 coin-type
cells to investigate the electrochemical properties of graphite,
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Fig. 1. (A) Schematic illustration of the HC-GF structure and the integration strategy with electronic Velcro and photograph of the kilogram-scale sample. (B) HRTEM images
and binary images of HC: (B1) HRTEM image, (B2) corresponding binary image. (C) HRTEM images and binary images of HC-GF: (C1) HRTEM image, (C2) corresponding binary
image. (D) XRD patterns and (E) Raman spectra of graphite, HC, and HC-GF. (F) d,4,, interlayer spacing and L, values.

HC-GE and HC materials. Figure 3A and B and Figs. S8 to S10
show the cyclic voltammetry (CV) curves of commercial graPh—
ite, HC, and HC-GF electrodes at a scan rate of 0.2 mV s~ . A
cathodic peak is observed at low potentials during the first
cycle, which is likely attributed to the formation of the solid
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electrolyte interphase (SEI) layer [28,37]. The area enclosed by
the CV curve is primarily confined to the voltage range of 0.01
to 1.3 V, reflecting the characteristic behavior of lithium storage
in HC materials. Another pair of sharp cathodic (~0.01 V) and
anodic peaks (~0.3 V) corresponds to Li-ion intercalation/
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Fig. 2. (A to C) SEM images of HC, GF, and HC-GF. (D) Schematic of the “gravel-sand-cement” structure formed by the hard carbon/graphene flake composite. (E) N,
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extraction into carbon interlayers [38,39]. It is noteworthy that
the anodic peak of the HC-GF material is more pronounced,
indicating a greater prevalence of intercalation mechanisms.
Figure 3C and Fig. S11 show the galvanostatic curves of HC,
HC-GE and commercial graphite. The galvanostatic discharge
curves of the HC and HC-GF electrodes exhibit a relatively flat
discharge plateau, with up to 89.5% of the capacity delivered
below 1.3 V. This stable low-voltage plateau is highly favorable
for maximizing the operating voltage window in full-cell con-
figurations [40].

Figure 3D displays the rate capability profiles ranging from
0.1to 10 C. The HC-GF electrode exhibits the highest discharge
capacity (506.4 mAh g~') with a high initial coulombic effi-
ciency (ICE) of 80.1%. Furthermore, the HC-GF demonstrates
superior fast Li-ion storage capability compared to both the HC
and commercial graphite electrodes, particularly at high current
densities. The capacity of the graphite electrode is nearly com-
pletely attenuated at 10 C (31.7 mAh g™'). In contrast, the
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HC-GF electrode retains capacities of 237.9 and 223.8 mAh g~
at 5and 10 C, respectively. More notably, the rate performance
of HC-GF electrode is much higher than that of previously
reported HC anode materials (Fig. 3E) [41-50]. This is of great
significance for the practical application of HC-GF materials.
Furthermore, the HC-GF electrode exhibits excellent long-term
cycling stability. After 1,500 cycles at a rate of 3 C, it maintains
a stable reversible capacity of 300.6 mA h g~ with 93.0% capac-
ity retention, demonstrating negligible structural degradation
during prolonged electrochemical operation (Fig. 3F).

The kinetic characteristics of the HC-GF electrode can be
evaluated using CV techniques. A series of CV tests were car-
ried out at various scan rates from 0.2 to 1.0 mV s~ (Fig. S12).
The relationship between peak current (i) and scan rate (v) is
analyzed using the power-law equation: i = av?, where a and
b are adjustable parameters [51,52]. As plotted in Fig. 4A and
Fig. S13, the determination of the b value provides a metric to
distinguish between diffusion-controlled intercalation (b~ 0.5)
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Fig. 3. (A and B) Cyclic voltammetry (CV) curves of graphite and HC-GF for the first 3 cycles. (C) Initial charge—discharge profiles of commercial graphite, HC, and HC-GF and
(D) comparison of rate performance. (E) Comparison of the initial coulombic efficiency and rate performance between HC-GF and reported Li-ion battery anode materials.

(F) Cycling performance of graphite, HC, and HC-GF.

and surface-controlled pseudocapacitance (b~ 1.0). The graph-
ite anode exhibits b values of 0.64 (anodic) and 0.65 (cathodic),
indicating a kinetics heavily constrained by bulk diffusion.
In contrast, the HC-GF anode exhibits higher b values of 0.84
and 0.85, which indicates that the charge storage kinetics are
governed by surface-induced pseudocapacitance rather
than slow bulk diffusion. The capacity controlled contribu-
tions can be calculated according to the following equation:
i(V) = kv + k,v'/%, where k,v and k,v"” represent pseudoca-
pacitance and diffusion processes, respectively. This kinetic
advantage is quantitatively visualized in Fig. 4B. The pseudo-
capacitive contribution increasingly dominates the total charge
storage of the HC-GF anode with increasing scan rate. At a
high scan rate of 1.0 mV s7%, the capacitive ratio reaches a
remarkable 78.4%, which is more than that of the graphite
(31.4%) and HC anode (76.9%). This high pseudocapacitive
fraction suggests that Li-ions are rapidly stored on the ample
surface sites provided by the “electronic Velcro network’,
thereby bypassing the sluggish bulk solid-state diffusion path-
ways [53-55].
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The distribution of relaxation times (DRT) analysis, derived
from in situ electrochemical impedance spectroscopy (EIS),
was employed to visualize the dynamic evolution of resistance
during cycling. As shown in the DRT contour maps (Fig. 4C
and D), the graphite anode displays a sharp and high-intensity
peak in the low-frequency region, while the HC-GF electrode
exhibits a smooth and low-intensity feature throughout the
entire lithiation/delithiation process. As summarized in Fig.
4E, the total internal resistance of the HC-GF electrode remains
consistently lower than that of graphite across the entire voltage
window. This validates that the integrated GFs not only
enhances bulk conductivity but also mitigates the interfacial
charge transfer resistance (R, [56,57].

To further probe the diffusion kinetics, the galvanostatic
intermittent titration technique (GITT) is utilized. As shown
in Fig. 4F, GITT measurements reveal that the graphite anode
suffers from sharp Dy;" drops to 107" to 107> cm*s ™ at voltage
plateaus, indicating sluggish 2-phase kinetics, whereas HC-GF
maintains stable, high values (107% to 107"° cm? s7!) without
fluctuations. In situ XRD further corroborated these findings
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(Fig. 4G and H). Unlike graphite, the HC-GF electrode exhib-
ited negligible shift or intensity variation of its (002) diffraction
peak during cycling. This confirms that HC-GF accommodates
Li* ions with minimal lattice distortion, ensuring long-term
structural integrity even under fast charging conditions.

To validate its practical potential, the HC-GF composite was
first optimized with graphite in half-cells at varying mass ratios
(10% to 40% HC-GF; Fig. 5A). While higher HC-GF content
slightly reduced the ICE to 83.5% for the 40% HC-GF blend,
it proved essential for enhancing the reversible capacity. Long-
term cycling (Fig. 5B) and rate performance (Figs. S14 and S15)
also clearly demonstrate this benefit. The graphite + 10%
HC-GF anode suffers rapid capacity decay (53.8% retention
after 1,500 cycles), while the graphite + 40% HC-GF anode
exhibits remarkable durability (92.9% retention). Based on the
trade-off among ICE, reversible capacity, and cycling stability,
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the graphite + 20% HC-GF electrode was selected for pouch
battery assembly to explore its practical application.

To validate the optimized formulation, a LFP//graphite +
20% HC-GF pouch battery was assembled using the graphite +
20%HC-GF anode and lithium iron phosphate (LFP) cathode.
The charge and discharge curves of the LFP cathode at different
rates are shown in Fig. 5C. The capacity ratio between the anode
and cathode was precisely matched based on their normalized
capacities to maximize energy output (Fig. 5D) [57]. To dem-
onstrate scalability, a 5 Ah LFP//graphite + 20% HC-GF pouch
battery was assembled (Figs. S16 to S19). As shown in Fig. 5E
and Fig. S20, it delivers exceptional rate capability with stable
voltage plateaus with minimal polarization as the current
density increases from 0.5 to 3.0 C, retaining a high capacity
of 3.58 Ah at 3 C. Furthermore, the pouch battery demon-
strates outstanding electrochemical stability under rigorous
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Fig. 5. (A) Initial charge—discharge profiles of graphite/HC-GF blended anodes with various mass ratios and (B) the corresponding cycling performance. (C) Charge-discharge
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operational conditions. As depicted in Fig. 5F and Fig. S21, it
maintains stable cycling for over 600 cycles at a high current
rate of 3.0 C, retaining 94.6% of its initial capacity, which
surpasses the performance of commercial LiFePO,//graphite
pouch battery. Demonstrating its practical viability, the fully
charged 5 Ah pouch battery successfully powered a commercial
smartphone. Figure 5G presents a radar plot comparing the
performance parameters of the 2 pouch batteries. The LFP//
graphite 4+ 20% (HC-GF) batteries exhibit superior character-
istics in all indicators. These results underscore the introduc-
tion of HC-GF as a highly effective strategy for substantially
enhancing the overall performance of LIBs.

Conclusion

This work bridges laboratory synthesis and industrial applica-
tion by presenting a kilogram-scale HC-GF composite anode
designed for ultra-fast charging LIBs. Through the “electronic
Velcro” network design concept, highly conductive GFs are
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intimately integrated with the HC matrix (HC-GF). This
HC-GF composite not only adapts to the structural evolution
but also significantly enhances the electronic conductivity of
the electrode material. Consequently, the HC-GF composite
delivers exceptional capacity at extreme current densities
(223.8 mAh g at 10 C). Critically, practical viability is dem-
onstrated in a 5 Ah-level pouch cell with graphite-blended
anode, achieving stable 3 C cycling and successfully powering
commercial electronics. This work provides a scalable and sci-
entifically robust pathway for next-generation high-power
energy storage systems.

Methods

Material synthesis

Petroleum coke precursor was mechanically pulverized and
sieved to obtain powder with a particle size of approximately
10 pm. The powder was then placed in an atmosphere box
furnace and heated to 900 °C for 1.5 h at a rate of 5 °C min™"
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under a nitrogen atmosphere. After naturally cooling to room
temperature, the resulting product was denoted as HC.
Subsequently, the HC-GF composite was synthesized via a
facile impregnation strategy to form an integrated conductive
network.

Material characterization

The surface morphology and internal microstructure of the
as-prepared samples were characterized using SEM (Hitachi
S-4800 operated at 10 kV) and HRTEM (Tecnai G2 F20 oper-
ated at 200 kV). To quantitatively analyze the microstructural
evolution, ArcGIS software was utilized to process HRTEM
images. Crystallographic structures and phase purity were
investigated using XRD (Bruker D8 Advance with Cu-Ka
radiation). Raman spectroscopy (Lab RAM HR800 with an
excitation laser wavelength of 532 nm, an effective laser power
on the sample of 5 mW) was employed to assess the degree of
graphitization and the density of structural defects. The specific
surface area and pore size distribution were determined by
nitrogen adsorption-desorption isotherms using the Brunauer—
Emmett-Teller method (a Micromeritics 3 Flex surface char-
acterization analyzer at 77 K using nitrogen as the adsorbate).
To evaluate electrical properties under realistic electrode condi-
tions, the powder conductivity of the materials was measured
under varying compaction pressures (ranging from 0 to 10 MPa).
The measurements were repeated 3 times with an error smaller
than 3%. Furthermore, in situ XRD mapping was conducted
during electrochemical cycling to monitor real-time structural
evolution and lattice strain during the lithiation and delithia-
tion processes.

Electrochemical measurements

Electrochemical properties were evaluated in CR2032 coin-
type half-cells. The slurry was prepared by mixing active mate-
rial (HC, graphite, or HC-GF composites), acetylene black, and
poly(vinylidene fluoride) with mass ratio of 9.0:0.5:0.5 in
N-methyl-2-pyrrolidinone. The working electrode was assem-
bled with a lithium metal foil serving as both the counter and
reference electrode. Electrolyte was 1 M LiPF, dissolved in
ethylene carbonate and diethyl carbonate (EC:DEC = 1:1 in
volume ratio). CV measurements were performed within a volt-
age window of 0.01 to 3.0 V (versus Li/Li") at scan rates ranging
from 0.2 to 1.0 mV s~". Rate capability was assessed at current
densities from 0.1 to 10 C. Long-term cycling stability was
tested at a high rate of 3 C for 1,500 cycles. EIS was conducted
with an alternating current (AC) signal of 10 mV (rms) with
0.1 to 100,000 Hz varying frequencies to analyze interfacial
charge transfer resistance. The obtained spectra were further
processed using DRT. GITT was employed to quantify the
lithium-ion diftfusion coeflicients based on the following equa-

tion: D = £ ( 78Vm ?( AL, where m is the mass of the elec-
: nt \ MjS AE, B

trode material, V,, and Mj are the molar volume and molar
mass of the electrode materials, S is the geometric area of the
electrode, 7 is the period of the pulse, AE, is the total transient
voltage change of the half-cell for an applied galvanostatic
pulsed current I for the time 7, and AE_ is the change of the
steady-state voltage of the half-cell for this step. To validate the
industrial scalability and practical feasibility of the proposed
electrode strategy, 5 Ah-level soft-pack pouch batteries were
fabricated using the optimized blended material (commercial
graphite mixed with 20 wt % HC-GF) as the anode and
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commercial lithium iron phosphate (LiFePO,) as the cathode.
During the assembly process, the negative-to-positive (N/P)
capacity ratio was meticulously adjusted to ensure that the
anode operated within a safe potential window;, effectively pre-
venting lithium plating. The electrochemical performance of
these full cells was rigorously evaluated, including rate capabil-
ity tests ranging from 0.5 to 2.0 C and cycling stability assess-
ments conducted at a high rate of 3.0 C.
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