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A B S T R A C T

We present a cost-effective synthesis process for producing a carbon-coated nano-Si@Graphite (n-Si@G-C)
anode, in which nano-sized Si (n-Si) particles (~50 nm in size) are anchored onto natural graphite particles by a
carbothermal shock through microwave induction. During the carbothermal shock process, graphite undergoes a
fast increase in temperature resulting in micron-sized Si (m-Si) particles (~4 μm in size) to undergo stress
fractures due to rapid thermal expansion. This process leads to the formation of abundant n-Si particles onto
graphite particles. Subsequently, a thin carbon shell is introduced by a wet-coating process combined with a
thermal decomposition of coal-tar pitch. The amorphous carbon shell offers multiple functionalities: i) pre-
venting direct exposure of n-Si particles to the electrolyte, ii) accommodating their volume expansion, and iii)
maintaining electron conduction pathways. The resulting n-Si@G-C anode allows a high reversible capacity
(500.8 mAh g− 1) as well as fast-charging characteristics. When utilized in a full-cell configured with a
commercial-grade LiNi0.8Co0.1Mn0.1O2 cathode, it achieves a notable reduction in charging time (approximately
10.1 min@80 % state of charge). After 300 cycles, a high capacity retention (71.3 %) can be retained under 3C
charging. Moreover, the distinctive structural features of the n-Si@G-C anode effectively suppress undesirable Li
plating.

1. Introduction

To meet the growing demands of long-range electric vehicles, it is
becoming exponentially important to enhance the energy density as well
as lifespans of current lithium-ion batteries (LIBs). Therefore, the design
and synthesis of advanced materials are essential for realizing light-
weight, high-energy LIBs in emerging markets. Si-based composites
have garnered considerable interest as promising candidates for
advanced LIBs based on their abundance and the high theoretical ca-
pacity of Si (Li15Si4, 3580 mAh g− 1), in contrast to commercially
available carbonaceous anodes (e.g. graphite and hard carbon) [1,2].
However, Si-based composites exhibit a rapid loss of reversible capacity
through the alloying-dealloying process with Li+ during cycling. It is
because the severe volume variations of Si (~300 %) cause significant
structural degradation, leading to unstable solid–electrolyte interphase

(SEI) formation as well as electrical contact loss [3,4].
To address these technical challenges, various efforts have been

directed toward reducing the particle size of Si and constructing com-
posites with conductive materials with the purpose of advancing the
electrochemical performance of Si-based composites [5]. Particularly,
nano-sized Si (n-Si) particles dispersed within a conductive host are
essential for accommodating the severe volume variations of Si while
maintaining sufficient electrical conduction during cycling [6–14].
However, synthesizing high-quality n-Si particles remains a significant
challenge in developing reliable Si-based composites due to the
complexity of the synthesis process and high production costs. Thus, it is
deemed necessary to design a facile, scalable, and cost-effective syn-
thesis process for n-Si particles on a commercial scale.

Recently, numerous approaches have been explored to produce n-Si
particles such as thermal evaporation [15,16], mechanical milling, and
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sol-gel reactions [17,18]. Yao et al. successfully synthesized
high-entropy-alloy nanoparticles on the carbonized nanofiber web via a
carbothermal shock by electro-conduction. In practice, various
single-phase nanoparticles consisting of several atoms can be success-
fully obtained by flash Joule heating and cooling from a mixture of the
metal salts loaded onto carbon supports (heating temperature and rate
of ~2000 K and 105 K s− 1, respectively) [19]. On the other hand, the
carbothermal shock process developed by Deca Material Inc. is one of
the most promising synthetic routes in terms of uniformity and purity of
the resulting n-Si particles with homogeneous dispersions on carbon
materials [20]. In principle, the graphitic carbon materials contain
highly mobile π-electrons in sp2 hybridized C–C bonds. Si particles in
contact with graphitic carbons can be thermally shocked through
microwaved-induced heating of the graphite without electrode contact,
or Joule heating through an applied current with electrode contact. The
sudden increase in thermal energy facilitates the fracturing of Si from
micro to nano-sized particles.

Inspired by these results, herein, we propose a robust design for a
carbon-coated nano-Si@Graphite (n-Si@G-C) anode for use in LIBs. First
of all, the nano-Si@Graphite (n-Si@G) composite was initially synthe-
sized by the carbothermal shock process on a mixture of micron-sized Si
(m-Si) and graphite [21]. After integrating n-Si particles onto the
graphite surface, an amorphous carbon shell was introduced onto the
n-Si@G composite through the thermal decomposition of coal-tar pitch.
Our primary objectives in this materials design are twofold: i) to
enhance the Li+ storage capacity by integrating n-Si particles onto
graphite, and ii) to mitigate the direct electrolyte contact of the n-Si
particles while accommodating volume variations of the n-Si particles
and preserving electron conduction pathways within the composite by
utilizing an amorphous carbon shell. To examine the feasibility of the
n-Si@G-C anode, its electrochemical performance was thoroughly
examined in half and full-cell configurations coupled with a commercial
cathode (LiNi0.8Co0.1Mn0.1O2), providing a comprehensive under-
standing of the reaction mechanism. This work offers practical insights
into advanced materials design and cost-effective synthesis methods for
mass-production of highly reliable Si-based anode for realizing
advanced LIBs.

2. Experimental details

2.1. Synthesis of n-Si@G-C composite

Using a custom-made microwave equipment made by Deca Material
Inc., microwave induction was applied to a mixture of m-Si and natural
graphite as the starting materials for an efficient process, taking
advantage of a non-contact method suitable for scale-up production
[22–25], which eliminates the need for electrode contact. The m-Si (~4
μm in size) and graphite (~10 μm in size) were thoroughly mixed at a
ratio of 1:9, respectively and loaded in a rectangular container, followed
by carbothermal shock at a frequency of 2.45 GHz and at 3 kW for 40 s.
After microwave irradiation, the m-Si particles were stress fractured due
to rapid thermal expansion, and upon quenching, abundant n-Si parti-
cles were anchored onto the graphite surface. The n-Si@G composite
(9.0 g) was stirred at 400 rpm with coal-tar pitch (1.0 g, Sigma-Aldrich)
in tetrahydrofuran (THF, 40 ml, Sigma-Aldrich) solvent before drying at
80 ◦C. Following this, as-prepared powder underwent additional heating
in a furnace under Ar flow at 1000 ◦C for 2 h. The resulting n-Si@G-C
composite was ground and sieved before use.

2.2. Structural characterizations

Field-emission scanning electron microscopy (FESEM, JSM-7000F)
was employed for morphological examination. Transmission electron
microscopy (TEM, ARM-200F) and energy-dispersive X-ray spectros-
copy (EDS) were used for microstructural investigations. Powder X-ray
diffraction (XRD, Empyrean) and Raman spectroscopy (Raman,

Olympus BX43) were utilized for examining structural characteristics.
For surface analysis, X-ray photoelectron spectroscopy (XPS, K-alpha)
was also employed. Electrical conductivity was measured using powder
resistivity measurement systems (MCP-PD51). Thermogravimetric
analysis (TGA, PerkinElmer) was conducted for compositional analyses.
Additionally, particle size analysis was performed using a particle size
analyzer (PSA, NPA252), and the Brunauer-Emmett-Teller (BET) surface
area analyzer (Micromeritics Tristar 3020) was employed to examine
structural features.

2.3. Electrochemical measurements

Both the anode and cathode were fabricated using active materials,
together with Super-P (conducting agent) and PVDF (binder) through a
conventional casting process. The anode slurry was prepared at a ratio of
90:5:5 and casted onto copper (Cu) foil (11 μm thick). Both loading level
(4.3 mg cm− 2) and electrode density (1.5 g cm− 3) of the anodes were
carefully controlled. On the other hand, the cathode slurry was formu-
lated in a ratio of 96:2:2 and casted onto aluminum (Al) foil (15 μm
thick). The cathodes also have controlled loading level (8.2 mg cm− 2)
and electrode density (3.2 g cm− 3). In assembling the half-cell, a Li metal
foil (200 μm thick, serving as the reference electrode) and a poly-
ethylene (PE) separator (16 μm thick) were used. The electrolyte solu-
tion consisted of 1 M LiPF6 dissolved in a mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) in a volume ratio of 3:7. To evaluate
the electrochemical performance, they were tested over various current
densities within a voltage range of 0.01–1.5 V vs. Li/Li+ (half-cells) and
2.5–4.2 V (full-cells). The initial formation stage of the cells involved
charging at 0.05C followed by a discharging at 0.05C. In addition, rate
capability was also evaluated by charging at varying current densities
(0.2–6C), followed by discharging at 0.5C, while cycle performance was
assessed under the condition of charging at 3C and discharging at 1C.
Furthermore, electrochemical impedance spectroscopy (EIS) analysis
was also conducted by applying a constant amplitude (5 mV) over a
frequency range (1.0 MHz–0.5 mHz).

3. Results and discussion

The effectiveness of the proposed carbothermal shock process using
microwave induction was primarily investigated using m-Si particles
and exfoliated graphite (EG) sheets (Note S1), which is beneficial for
structural tailoring and mass production of n-Si@EG composites
(Figs. S1 and S2). Fig. 1a illustrates a synthesis of the n-Si@G-C com-
posite via carbothermal shock through microwave induction. After
mixing of m-Si (~4 μm) and natural graphite (~10 μm) powders in a
rectangular container, carbothermal shock was applied to the mixture
for 40 s by Joule heating induced by a microwave induction (Fig. S1d).
The m-Si particles experienced stress fracturing through the microwave
irradiation and then abundant n-Si particles were firmly attached onto
the graphite surface. The fraction of n-Si particles was optimized to 10
wt%, considering the uniformity of n-Si particles on graphite to avoid
undesirable particle agglomeration. In addition, we also found a small
peak at 2θ = 35.6◦, representing the formation of SiC (JCPDS 65–0360)
between n-Si particles and graphite during the microwave-assisted
carbothermal shock process (Fig. S3). It is expected that the formation
of SiC is beneficial for ensuring stable adhesion of n-Si particles onto the
graphite surface. Note that there is a noticeable growth of crystalline SiC
peak in the patterns by increasing the time of microwave irradiation.
Although SiC formation is crucial to ensure the adhesion of n-Si particles
on the graphite surface, it is also necessary to optimize the fraction of SiC
to maximize the specific capacity of the n-Si@G-C composite. In this
respect, the microwave irradiation time has been optimized to 40 s in
this work. The as-prepared n-Si@G-C anode allowed a good balance
between reversible capacity and cycling stability (Table S1). Subse-
quently, a wet-coating process was employed to apply coal-tar pitch
onto the resulting n-Si@G composite, followed by heating at 1000 ◦C. A
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Fig. 1. (a) Synthesis process of n-Si@G-C composite by carbothermal shock through microwave induction. FESEM images of (b) a mixture of graphite and m-Si
powder, (c) n-Si@G composite, and (d) n-Si@G-C composite at different magnifications.

Fig. 2. (a) Bright-field TEM image and (b) HRTEM image of n-Si@G-C composite, and (c) d-spacing of n-Si particles anchored on the graphite surface within the n-
Si@G-C composite. (d) Dark-field TEM image of n-Si@G-C composite with EDS elemental mappings for carbon (red) and silicon (green).
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thin amorphous carbon shell can be formed onto the exterior of the n-
Si@G composite, indicating the successful synthesis of n-Si@G-C com-
posites covered with a durable carbon shell [26].

The morphological and microstructural investigations on the n-
Si@G-C composite were thoroughly performed. In Fig. 1b, FESEM image
shows a mixture of graphite and m-Si particles before the carbothermal
shock process. The carbothermal shock causes a fracturing of the m-Si
particles and integrates n-Si particles onto the graphite surface. The
graphite particle has a roughened surface caused by the anchoring of
abundant n-Si particles (~50 nm in size) in the n-Si@G composite
(Fig. 1c and Fig. S4). After a subsequent surface coating with coal-tar
pitch followed by heating at 1000 ◦C, a thin amorphous carbon shell
was integrated onto the n-Si@G composite as revealed by the smooth
surface morphology of the resulting n-Si@G-C composite (Fig. 1d).

A TEM observation confirmed that a thin carbon shell (~100 nm in
thickness) successfully covered the n-Si@G composite, preventing
external exposure of n-Si particles (Fig. 2a). A high-resolution TEM
image indicates that crystalline n-Si particles (~50 nm) are integrated
onto the graphite surface without agglomeration (Fig. 2b). Note that
they have a d-spacing of 0.31 nm, representing the interplanar distance
for (111) planes within Si crystals (Fig. 2c and S5) [27]. In addition, EDS
elemental mappings for C (red) and Si (green) also confirmed the
composition and microstructure of the n-Si@G-C composite, where n-Si

particles were embedded between graphite surface and an amorphous
carbon shell (Fig. 2d).

Fig. 3a compares powder XRD patterns obtained from both n-Si@G
and n-Si@G-C composites, where all Braggs reflections can be indexed to
the characteristic peaks of Si compounds (e.g. Si, SiOx, SiC) and
graphite. After the carbothermal shock process, the formation of an
additional SiC phase was detected at 35.6◦ and 41.3◦, maintaining the
crystalline peaks of Si (27.9◦ and 46.8◦) and graphite (26.0◦ and 54.1◦)
[27,28]. In addition, there was a small broad peak at low Braggs angle in
the pattern of the n-Si@G-C composite, corresponding to the outer
carbon shell (Fig. S6) [29].

In parallel, the n-Si@G-C composite was further characterized using
Raman spectroscopy as depicted in Fig. 3b. The graphite matrix and
amorphous carbon shell exhibited Raman spectra related to the vibra-
tions of the E2g symmetry (G-band) and the A1g symmetry (D-band) at
1580 and 1350 cm− 1, respectively [30]. We found a noticeable increase
in the intensity ratio (ID/IG) from 0.32 to 0.57 in the n-Si@G composite,
and further to 0.78 for the n-Si@G-C composite. The higher ID/IG ratio,
reflecting greater disorder in the carbon structures, was mainly caused
by the incorporation of the amorphous carbon shell on the outer surface.

On the other hand, both n-Si@G and n-Si@G-C composites have
similar particle size distributions, supporting that the carbonization
process with coal-tar pitch does not experience particle agglomerations

Fig. 3. (a) Powder XRD patterns and (b) Raman spectra of graphite, n-Si@G, and n-Si@G-C composites. XPS profiles of (c) C 1s and (d) Si 2p spectra for graphite and
n-Si@G-C composite. (e) TGA curves of graphite, n-Si@G, and n-Si@G-C composites measured under a flow of O2 gas with corresponding DTG profiles in the inset. (f)
Electrical conductivities of graphite, n-Si@G, and n-Si@G-C composites at various applied pressures.
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of the n-Si@G-C composites (Fig. S7a). From the N2 isotherms, we found
that the specific surface area of the n-Si@G-C composite is 7.0 m2 g− 1

with a total pore volume of 0.020 cm3 g− 1. These values surpass those of
the n-Si@G composite, which measured at 5.9 m2 g− 1 and 0.015 cm3

g− 1, respectively. It is because the incorporation of an amorphous car-
bon shell onto the n-Si@G composite enlarged its surface area and total
pore volume (Fig. S7b). Such increases are mainly attributed to the
formation of abundant free-space inside the n-Si@G-C composite, which
would be beneficial for accommodating the volume variations of n-Si
particles anchored on the graphite surface within the composite.
Furthermore, the tap densities of both n-Si@G and n-Si@G-C were
measured at 0.85 and 0.83 g cc⁻1, respectively, which are relatively
lower than that of graphite (0.90 g cc⁻1) due to the integration of n-Si
particles and the amorphous carbon shell (Fig. S8).

To examine the chemical composition of the n-Si@G-C composite,
XPS analyses were conducted. After deconvolution on the basis of C 1s
excitation (284.5 eV), we thoroughly investigated the surface chemistry
of the n-Si@G-C composite. In the C 1s spectra (Fig. 3c), the n-Si@G-C
composite exhibited additional signals of Si–C and Si–O–C bonding at
283.8 and 286.1 eV, respectively [31], in contrast to graphite.
Furthermore, it also presented notable signals for chemical bonding of
Si–C (100.4 eV), Si–O–C (101.5 eV), Si–O (103.8 eV), and Si (99.8 eV) in
Si 2p spectra (Fig. 3d) [32]. We suggest that additional Si–C and Si–O–C
bonding would strengthen the adhesion between n-Si particles and

graphite within the composite [26]. This is beneficial for preventing the
separation of n-Si particles from graphite during cycling enhancing the
structural integrity of n-Si particles in the composite.

The fractions of each component in the n-Si@G-C composite were
confirmed by TGA analyses (Fig. 3e). The ratio of pitch-derived amor-
phous carbon shell and graphite in the composites observed in the de-
rivative thermogravimetry (DTG) peaks were based on the TGA curves
(in the inset). The peak observed in the low-temperature range
(550–650 ◦C) represented the decomposition of the amorphous carbon
shell, while the decomposition of graphite was ascribed to the peak
observed in the high-temperature region (650–800 ◦C) [33]. On the
other hand, the oxidation of n-Si particles induces a weight increase
above 800 ◦C in the inset [34]. From the TGA curves, we found that the
n-Si@G-C composite consists of approximately 85.1 wt% graphite, 10.4
wt% n-Si particles and 4.5 wt% amorphous carbon shell (Fig. S9). The
fraction of amorphous carbon is well matched with yield (40.8 %) of the
coal-tar pitch (10 wt%) during the carbonization process (Fig. S10). As
presented in Fig. 3f, the electrical conductivity was measured under
various applied pressures after pelletizing the composite powders. The
n-Si@G-C composite exhibited superior electrical conductivity (~302.9
S cm− 1) than that of the n-Si@G composite (~214.8 S cm− 1) at a pres-
sure of 20 kN. This shows that the introduction of the amorphous carbon
shell was beneficial for enhancing the electrical conduction of the
composite.

Fig. 4. Electrochemical performances of half-cells assembled with graphite, n-Si@G, and n-Si@G-C anodes: (a) galvanostatic voltage profiles recorded at a charging
current density of 0.05C and (b) corresponding differential voltage (dQ/dV) profiles at the first cycle. Voltage profiles during the (c) charging and (d) discharging
process at various charging current densities from 1C to 3C, constant discharging current density of 0.5C, and (e) rate capabilities at various current densities of 0.2,
0.5, 1, 2, 3, 4, 5, 6, and 0.2C. (f) Cycle performance at 3C-charging and 1C-discharging for 100 cycles.
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To evaluate the electrochemical performance, galvanostatic voltage
profiles of the anodes were recorded during the first cycle as compared
in Fig. 4a. In comparison with the graphite anode, the n-Si@G anode
exhibited a superior charge and discharge capacities of 637.2 and 513.1
mAh g− 1, along with an initial coulombic efficiency of 80.5 %. This
enhanced reversible capacity is primarily associated with the incorpo-
ration of n-Si particles onto graphite surface within the composite as
evidenced at 0.43 V vs. Li/Li+ in the corresponding differential voltage
(dQ/dV) curves (Fig. 4b). According to the dQ/dV profiles in the voltage
range of 0.65–0.90 V vs. Li/Li+, the n-Si@G-C anode exhibited a rela-
tively smaller Li+ consumption associated with SEI formation compared
to the n-Si@G anode. It reveals that the amorphous carbon shell allows
the stable SEI formation on the n-Si@G-C anode during cycling
(Fig. S11). With amorphous carbon coating, the n-Si@G-C anode expe-
rienced slightly reductions in both charge capacity (594.0 mAh g− 1) and
discharge capacity (500.8 mAh g− 1), yet it achieved a relatively higher
coulombic efficiency (84.3 %) due to the decreased total fraction of n-Si
particles within the composite. While the total charge capacity of the n-
Si@G-C anode decreased, the constant current charge capacity increased
with effectively reduced overpotential and charging time after the car-
bon coating process. It is mainly responsible for the effective conduction
pathways onto the composite provided by the amorphous carbon shell
and the prevention of direct electrolyte exposure of n-Si particles.

The galvanostatic voltage profiles of the anodes were compared at
various charging current densities ranging from 1 to 3C (Fig. 4c), and a
constant discharging current density of 0.5C (Fig. 4d). Even at a fast-
charging condition of 3C, the n-Si@G-C anode exhibited superior
charge and discharge capacities, compared to the graphite and n-Si@G
anodes. It reveals that amorphous carbon shell suppressed undesirable
side reactions of the n-Si particles in the n-Si@G-C structural configu-
ration, contributing to enhanced reversible capacity during cycling.

The n-Si@G-C anode also demonstrated a superior rate capability,
showing a strong enhancement in capacity retentions, under various
current densities (0.2–6C) (Fig. 4e). In practice, the n-Si@G-C anode
showed a notable capacity retention of 73.0 % at 6C, in comparison to
0.2C, while the graphite anode retained only 62.7 %. Additional com-
parisons of the charge capacities retention contributed by constant-
current and constant-voltage charging modes are provided in
Fig. S12a. The n-Si@G-C anode showed higher capacity contributions
compared to the graphite anode in the CC mode over various charging
current densities (1–3C). It supports that the introduction of the amor-
phous carbon shell allows reductions in overpotential and interfacial
resistance by establishing sufficient electrical conducting pathways and
suppressing direct electrolyte exposure of n-Si particles. In Fig. 4f, both
n-Si@G and n-Si@G-C anodes exhibited notably higher reversible ca-
pacities than the graphite anode, showing stable cycling performance

Fig. 5. Top-view FESEM images with dark-field TEM images in the inset of (a) n-Si@G and (b) n-Si@G-C anodes after 100 cycles combined with magnified images in
the insets. XPS C 1s profiles of (c) n-Si@G and (d) n-Si@G-C anodes after 100 cycles. Nyquist plots of n-Si@G and n-Si@G-C anodes (e) before cycling and (f) after
100 cycles.
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upon charging at 3C and discharging at 1C over 100 cycles. Note that the
n-Si@G-C anodes retained more than 79.7 % of its initial capacity after
cycling, while 74.9 % for the n-Si@G anode (Fig. S12b).

To support the benefits of our material design, post-mortem in-
vestigations were carefully conducted on the cycled n-Si@G and n-
Si@G-C anodes. As expected, the n-Si@G anode exhibited a relatively
roughened surface with the formation of microcracks because the n-Si
particles were expanded, pulverized, and eventually stripped from the
graphite surface after 100 cycles (Fig. 5a). The continuously exposed n-
Si particles to the electrolyte facilitated additional SEI formation, lead-
ing to continuous irreversible Li+ consumption [35]. In contrast, the
n-Si@G-C anode maintained a relatively smooth surface with its initial
shape allowing the uniform SEI formation (Fig. 5b). It indicates that
undesirable side reactions could be effectively mitigated in the
n-Si@G-C anode upon repeated cycling [36,37].

In addition, we also investigated the chemical compositions of the
SEI layers on the cycled n-Si@G and n-Si@G-C anodes. From the XPS C
1s spectra, it should be noted that the SEI layer on the n-Si@G anode was
mainly composed of Li2CO3 and ROCO2Li, which are known to have an
insulative nature and poor mechanical stability (Fig. 5c) [38]. In
contrast, the SEI layer of the n-Si@G-C anode exhibited relatively low
fractions of Li2CO3 and ROCO2Li after cycling (Fig. 5d). This reveals that
the effective surface protection of the n-Si@G-C composite by an
amorphous carbon shell suppressed the formation of insulative

components (i.e. Li2CO3 and ROCO2Li). The different chemical compo-
sitions of the SEI layers may affect the Li+ transport in the anode thereby
affecting its fast-charging capability as well as long-term cycling
stability.

Fig. 5e and f displays Nyquist plots of both n-Si@G and n-Si@G-C
anodes obtained before and after cycling, respectively, aiming to explain
the effects of the composition of SEI layer during cycling. The plots were
carefully fitted with corresponding equivalent circuit models in the in-
sets (Table S2). Before cycling (Fig. 5e), both anodes exhibited one semi-
circle in the low-frequency, representing the charge-transfer resistance
(Rct) [39,40]. The n-Si@G-C anode has a relatively smaller value of Rct
(309.8 Ω) than that of the n-Si@G anode (204.6 Ω), indicating the
positive effect of the conductive amorphous carbon shell on the over-
potential for Li+ transport. After cycling (Fig. 5f), we found two
semi-circles corresponding to SEI resistance (RSEI) in the low-frequency,
and the Rct in the mid-to-high-frequency. Notably, both Rct and RSEI
values were significantly reduced in the n-Si@G-C anode by facilitating
a formation of more stable SEI layer after cycling.

To further examine the feasibility of the n-Si@G-C anode, full-cells
(areal capacity: 2.2 mAh cm− 2, N/P ratio: 1.1) assembled with a
commercial-grade LiNi0.8Co0.1Mn0.1O2 cathode were cycled by galva-
nostatic charging at 3C and then discharging at 1C for 300 cycles.
Although both full-cells exhibited similar charge capacities at 0.05C, the
full-cell containing the n-Si@G-C anode showed a higher charge

Fig. 6. Electrochemical performances of full-cells assembled with n-Si@G and n-Si@G-C anodes with an areal capacity of 2.2 mAh cm− 2: (a) galvanostatic voltage
profiles in a voltage range of 2.5–4.2 V at selected cycles. (b) Comparisons of specific capacity and coulombic efficiency at the first cycle. (c) Cycle performance at 3C-
charging and 1C-discharging over 600 cycles. (d) Charging time profiles as a function of state of charge (SOC). (e) Cross-sectional FESEM images of n-Si@G and n-
Si@G-C anodes after 100 cycles in full-cells.
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capacity at 3C as compared in Fig. 6a and b. This is again due to the
effective protection of n-Si particles from the amorphous carbon shell
which effectively enhanced the fast-charging capability of the n-Si@G-C
anode.

The full-cell containing the n-Si@G anode experienced rapid ca-
pacity fading accompanied by a significant loss in coulombic efficiency
during cycling, as depicted in Fig. 6c. This noticeable loss of coulombic
efficiency loss was induced by the continuous formation of an unstable
SEI layer throughout repeated cycling [41,42]. On the other hand, the
full-cell featuring the n-Si@G-C anode demonstrated an improved
reversible capacity, maintaining 71.3 % capacity retention after 300
cycles, and continued to exhibit stable performance even after 600 cy-
cles under fast-charging conditions. Furthermore, the utilization of the
n-Si@G-C anode resulted in a reduction of the charging time to 10.1 min
(80 % SOC) for the full-cell (Fig. 6d). To investigate the dimensional
stability, post-mortem analyses were conducted on the cycled anodes
disassembled from full-cells after 100 cycles. Fig. 6e shows
cross-sectional FESEM images of anodes, indicating that the thickness of
n-Si@G anode was measured to be 45.6 μm while 40.2 μm for the
n-Si@G-C anode after 100 cycles. These results support excessive SEI
formation and volume expansion of n-Si particles could be suppressed in
the n-Si@G-C anode.

4. Conclusions

We proposed a facile carbothermal shock through the utilization of
π-electrons in graphite by using a tunable-voltage-current technique and
microwave induction for a cost-effective and high-quality synthesis
process of Si-based materials. The n-Si@G-C composite was produced
through a carbothermal shock process using a mixture of m-Si and
graphite powder, followed by carbon coating with coal-tar pitch. We
demonstrated that the introduction of n-Si particles onto graphite sur-
face with an amorphous carbon shell was effective for enhancing the
reversible capacity and fast-charging capability. In practice, the n-Si@G-
C anode exhibited a high reversible capacity (500.8 mAh g− 1), showing
a notable capacity retention (79.7 %) after 100 cycles under the con-
dition of charging at 3C and discharging at 1C. Moreover, the applica-
tion of the n-Si@G-C anode into the full-cell was effective for reducing
the charging time to 10.1 min (80 % SOC), sustaining a noticeable ca-
pacity retention (71.3 %) after 300 cycles. Such improvements are
mainly attributed to the effective volume accommodation of n-Si par-
ticles and the enhancement of electrical conductivity. Our approach is a
facile, scalable, and cost-effective process for the n-Si@G-C anode ma-
terials in the development of advanced LIBs.
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