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A B S T R A C T

Due to their excellent mechanical durability and high electrical conductivity, carbon and silicon
composites are potentially suitable anode materials for Li-ion batteries with high capacity and long
lifespan. Nevertheless, the limitations of the composites include their poor ionic diffusion at high current
densities during cycling, which leads to low ultrafast performance. In the present study, seeking to
improve the ionic diffusion using hydrothermal method, electrospinning, and carbonization, we
demonstrate the unique design of excavated carbon and silicon composites (EC/Si). The outstanding
energy storage performance of EC/Si electrode provides a discharge speciﬁc capacity, impressive rate
performance, and ultrafast cycling stability.
© 2018 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights
reserved.

Introduction
Further advances in the ﬁeld of portable electronics largely
depends on the development of Li ion batteries (LIBs) characterized by high energy density, long lifespan, lower memory loss, and
environmental friendliness [1–3]. However, due to the long
charging time, LIBs do not demonstrated performance sufﬁcient
for their use in electric vehicles and robotics [4–6]. For instance,
the LIBs of Tesla Model 3 need a long charging time (20–30 h at
home or 5–6 h at a home charging point) [5,6]. In view of these
restrictions, to meet the requirements for fully electric vehicles, an
ideal LIB with high capacity and excellent ultrafast performance
should be at least one order higher than the currently available
LIBs. Therefore, the diverse approaches have been applied to
achieve the high capacity and excellent ultrafast performance LIBs
(called ultrafast LIBs) by the improvement of electrode materials,
the interface management between the electrode materials and
current collector, and the development of electrolyte [7–9]. Among
these strategies, the ultrafast LIB performance is almost entirely
decided by anode materials using electrochemical reactions with Li
ions [7–9].
Among the anode materials, silicon (Si) with low working
voltage and high theoretical capacity (4200 mA h g1) has been
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mainly recollected for the anode. However, as is well known, the
signiﬁcant challenge of Si is the structural deterioration from the
large volume expansion of 300%, which results in an electrical
connection loss [5,10–13]. Therefore, due to their excellent
mechanical durability and high electrical conductivity, leading
to high capacity and notable cycling stability, the carbon and
silicon composites as anode materials are promising candidates for
ultrafast LIBs [10–13]. Nevertheless, the carbon and silicon
composites have a high barrier with the low ultrafast performance
that results from a long ionic diffusion way at high current
densities during cycling [10–13]. It is found that the ultrafast
performance of LIBs is signiﬁcantly decreased when the ionic and
electronic transport properties are not optimized within the anode
materials [14–16]. Therefore, the improved ionic and electronic
behaver of carbon and silicon composites also needs to be
deliberated by the advanced material structure.
In the present paper, we suggest a unique design of excavated
carbon and silicon composites (EC/Si) that have the critical
advantages of having an excavated structure with craters to
guarantee ultrafast performance and mesopores for excellent
cycling stability. EC/Si was fabricated by electrospinning and the
carbonization process. In addition, the excavated structure was
developed using the dissolution process of 10 wt.% zinc oxide
(ZnO) nanoparticles during carbonization. In order to investigate
the detailed structure effect, carbon and silicon composites (C/Si)
without the usage of the ZnO nanoparticles and the mesoporous
carbon and silicon composites (MC/Si) using 5 wt.% ZnO nanoparticles were also prepared.
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Results and discussion
As illustrated in Fig. 1, the unique architecture of EC/Si was
synthesized via a dissolution process of ZnO nanoparticles by
electrospinning and the carbonization process. For the electrospinning solution, PAN, the carbon-coated Si nanoparticle (C@Si),
and ZnO particles were dispersed in N,N-Dimethylformamide by
magnetic string for 5 h. In general, the Si nanoparticles are easy
aggregated using the solution-based process and oxidized during
the stabilization process of polymer before carbonization process,
which leads to poor energy storage performance. Therefore, in this
study, the carbon-coated Si nanoparticles and ZnO nanoparticles
were combined in polyacrylonitrile (PAN) nanoﬁbres (see Fig. 1a).
At more than 419.5  C during the carbonization process at 800  C in
nitrogen atmosphere, ZnO was reduced to Zn and then dissolved to
reach thermodynamic stability, leading to the formation of
mesoporous structure (see Fig. 1b). Of note, due to the partially
oxidation–reduction reaction between the carbon and oxygen in
ZnO (Fig. 1c), the craters formed onto the surface. Thus, the
mesoporous structure was fabricated using the molten of ZnO.
Finally, EC/Si (Fig. 1d) was successfully prepared by a removal of
residual Zn using hydrochloric acid.
To improve the dispersion of the Si nanoparticles into the
carbon matrix, the Si nanoparticle with the 23–51 nm was coated
by carbon layer with the thickness of 7–10 nm (see Fig. S1 in
Supporting information (SI)). Thus, by an effective use of the
carbon matrix, we demonstrated that the well-dispersed Si
nanoparticles into carbon matrix could provide an excellent
cycling stability [5,10,12]. The morphological properties were
proved using low-resolution (Fig. 2a–c) and high-resolution
(Fig. 2d–f) micrographs of the C/Si, MC/Si, and EC/Si by scanning
electron microscopy (SEM). All samples indicated the ﬁbre
networks with the diameter of 291–305 nm, which led to an
excellent electron transfer during the charging and discharging. C/
Si (Fig. 2a and d) and MC/Si (Fig. 2b and e) showed a ﬂat surface
without aggregated nanoparticles on the surface, signifying the
embedded Si nanoparticles into the carbon matrix. Using an
effective accommodation of volume expansion for the Si nanoparticles, the carbon matrix could improve the capacity and cycling
stability [14–20]. On the other hand, EC/Si (Fig. 2c and f) presented
a novel architecture of an excavated structure with craters (16–
53 nm). The formation of craters at the edge surface of EC/Si can be
attributed to the carbon decomposition that depends on the
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partially oxidation-reduction reaction between the carbon and
oxygen in ZnO during carbonization. The novel architecture with
craters can effectively reduce a diffusion Li-ion pathway during the
charging and discharging, leading to an outstanding ultrafast
performance in lithium storage [5,7]. However, for an increased
amount of the ZnO nanoparticles (see Fig. S2), nanoparticle
structures are formed due to the excessive decomposition of
carbon. Therefore, EC/Si was optimized using 15 wt.% ZnO nanoparticles in an electrospinning solution.
Transmission electron microscopy (TEM, Gwangju Center,
Korea Basic Science Institute) was further performed to probe
the nanostructure properties using low-resolution (Fig. 3a–c) and
high-resolution (Fig. 3d–f) micrographs of C/Si, MC/Si, and EC/Si,
respectively. As shown in Fig. S3, after electrospinning, the C@Si
and ZnO nanoparticles were combined in the PAN nanoﬁbers
without any aggregation. The Si nanoparticles of C/Si (Fig. 3a and d)
were completely embedded into the carbon matrix. MC/Si (Fig. 3b
and e) showed mesopores and embedded Si nanoparticles (the
dark region) in the carbon matrix. Interestingly, EC/Si (Fig. 3c and f)
showed a distinct excavated structure composed of mesopores and
craters generated by the dissolution process of the ZnO particles
during carbonization. Thus, the ZnO nanoparticles are promising
candidates for the formation of mesopores and craters during
carbonization. In addition, to investigate the localized structural
information of carbon and Si nanoparticles, selected-area electron
diffraction (SAED) pattern was performed, as shown in Fig. S4 [20].
The carbon spots of all samples exhibited the broad diffuse ring
patterns, implying the amorphous structure. On the other hand,
the Si spots displayed the sharp diffuse ring patterns, signifying a
polycrystalline characteristic structure.
Fig. 4a shows the X-ray diffractometry (XRD) pattern of C/Si,
MC/Si, and EC/Si conducted to inspect the crystal features. All
architectures showed broad peaks around 25 , which corresponds
to the (002) plane of graphite [21–23]. For comparison, the
diffraction pattern of pure Si is displayed. The main reﬂections of Si
were observed at 28.5 , 47.4 , and 56.3 , corresponding to the (111),
(220), and (311) planes with the face-centred structure [5,10,24].
Therefore, the XRD results indicate that the generation process of
the mesoporous structure during carbonization was not a
crystallinity transformation of Si. To further inspect the chemical
bonding states, X-ray photoelectron spectroscopy (XPS) was
performed. C 1s signals (Fig. 4b) of EC/Si were divided into four
peaks at 284.5, 286.3, 287.3, and 288.9 eV in connection with CC

Fig. 1. Schematic representation of the fabrication procedures for (a) PAN nanoﬁbers with embedded C@Si and ZnO particles; (b) carbon nanoﬁber with embedded C@Si and
dissolved Zn; (c) excavated carbon nanoﬁbers with embedded C@Si and Zn nanoparticles; and (d) excavated carbon nanoﬁbers with embedded Si (EC/Si).
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Fig. 2. (a–c) Low-resolution and (d–f) high-resolution SEM images of C/Si, MC/Si, and EC/Si.

Fig. 3. (a–c) Low-resolution and (d–f) high-resolution TEM images of C/Si, MC/Si, and EC/Si.

groups, CO groups, C¼O groups, and O
C¼O groups, respectively [25,26]. The chemical bonding on the surface of carbon and
Si composites is crucial owing to the Si oxide with low electrical
conductivity, leading to poor electrochemical performance. Si–2p

signals (Fig. 4c) of EC/Si monitored one signals at 99.6 eV, which
corresponds to Si (0), indicating that the carbon layer on the Si
nanoparticles could efﬁciently prevent the oxidation of Si and a
well-dispersed nanostructure in carbon matrix during
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Fig. 4. (a) The XRD patterns of C/Si, MC/Si, and EC/Si; XPS spectra of (b) C 1s, (c) Si 2p, and (d) Zn 2p of EC/Si.

carbonization [5]. Zn 2p signals (Fig. 4d) of EC/Si are not visible,
meaning that the residual Zn after carbonization was completely
removed by hydrochloric acid. In addition, C/Si, MC/Si, and EC/Si
demonstrated the existence of the Si nanoparticles in the carbon
matrix by the thermogravimetric analysis (see Fig. S5) using the
weight losses of 62, 55, and 53%.
In order to inspect the porous structure of C/Si, MC/Si, and EC/Si,
N2 adsorption/desorption isotherms were performed by the BET
analysis (Fig. 5a). According to the International Union of Pure and
Applied Chemistry [18,27], the pore structure can be classiﬁed by
micropore (pore width, <2 nm) and mesopore (pore width, 2–
50 nm). The isotherms of C/Si and MC/Si reveal Type I characteristics, meaning the micropores. In general, the carbon and Si
nanoparticle composites have been mostly studied for the volume
expansion of Si and electrical conductivity of carbon [10–13].
However, the ultrafast LIBs should be considered to be essential for
diffusion performance of the Li ions. Due to their small pore size,
the micropores are not suitable for ultrafast ion diffusion.
Therefore, ultrafast LIBs require the development of mesopores
for carbon and Si nanoparticle composites as electrode materials.
The isotherm of MC/Si, and EC/Si exhibit Type IV characteristics,

signifying the mesopores at high pressures (P/P0 > 0.4). Speciﬁcally, EC/Si shows the distinct interval of isotherm, meaning that the
excavated structure with craters was composed of a mesoporous
structure. The speciﬁc surface area, average pore diameter, total
pore volume, and pore volume fraction are summarized in Table S1.
EC/Si shows a higher mesopore distribution of 52.6% than the
previously studied values of carbon and Si nanoparticle composites
as anode electrodes. Barrett–Joyner–Halenda (Fig. 5b) was
measured to investigate the pore size distributions and pore
volumes. Agreeably with the SEM and TEM consequences, EC/Si
displays mesopore distribution from 15 to 45 nm. In addition, the
average mesopore diameter of C/Si, MC/Si, and EC/Si is summarized in Table S2. Therefore, the development of the mesoporous
structure of EC/Si is essential for a shorter diffusion way during the
ultrafast performance.
Electrochemical characterizations were analysed using the CR2032 coin cells (half–type) with the Li metal as the counter
electrode in a glove box. In addition, the C@Si was prepared for
comparison. Electrochemical impedance spectroscopy (EIS) was
performed using fresh cells to evaluate the effect of the excavated
structure on the energy storage performance in anodes. Fig. 6a

Fig. 5. (a) N2 adsorption/desorption isotherms and (b) BJH pore size distributions of C/Si, MC/Si, and EC/Si.
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Fig. 6. (a) Nyquist plots in the frequency range of 105–102 Hz; (b) The relationship between Zreal and v1/2 in the low frequency range; (c) Coulombic efﬁciency; and (d)
cycling stability of the C/Si, MC/Si, and EC/Si electrodes at current densities of 100 mA g1 over 100 cycles.

shows Nyquist plots in the frequency range of 105–102 Hz. The
semicircle in the medium-frequency region shows the charge
transfer resistance (Rct), and it can be observed that Rct of EC/Si
electrode is smaller than that of the C@Si NPs, C/Si, and MC/Si
electrodes. The lowest values of Rct indicates the faster reaction
kinetics between the electrolyte and the electrode interface. In the
low frequency region, the interfacial diffusion resistance of Li ions
corresponds to Warburg impedance. The straight sloping line of
EC/Si electrode means the lowest Warburg impedance related to a
shorter Li-ion diffusion pathway as compared to the C/Si and MC/Si
electrodes. Moreover, the Warburg impedance coefﬁcients (s w)
could be earned by the sloping line of Warburg impedance using
Zreal and the square root of the frequency (v1/2) (see Eqs. (1) and
(2)): [5,28]
Zreal = Re + Rct + s wv1/2

(1)

D = R2T2/2A2n4F4C2s w2

(2)

where D is the Li diffusion coefﬁcient, R is the constant of gas, T is
temperature, F is Faraday’s constant, A is the electrode area, n is the
number of electron/molecule, and C is a molar concentration of Li
ions. Fig. 6b displays the relationship between Zreal and v1/2. s w of
C@Si NPs, C/Si, MC/Si, and EC/Si electrodes amounted to 19.5, 16.4,
13.8, and 8.7 V cm2 s1/2, respectively. In addition, the Li diffusion
was calculated by s w. The Li diffusion value of C@Si NPs, C/Si, MC/
Si, and EC/Si electrodes was 8.9  1013, 1.2  1012, 1.7  1012, and
4.4  1012 cm2 s1, respectively. These results provide evidence for
an improved ionic diffusion performance based on the excavated
structure of the EC/Si electrode. To characterize the electrochemical performances of electrodes, galvanostatic cycling tests were
performed between 0.05 to 3.00 V at the current rate of 100 mA g1
over 100 cycles (see Fig. 6c and d). The initial Coulombic efﬁciency
(Fig. 6c) of the C@Si NPs, C/Si, MC/Si, and EC/Si electrodes was 60.0,
64.9, 68.0, and 70.4%, respectively. The initial irreversible capacities can be attributed to the formation of the solid-electrolyte

interphase (SEI) layers on the electrode surface due to the
reductive disintegration of the electrolyte [29,30]. Nevertheless,
the EC/Si electrode has a high initial Coulombic efﬁciency, implying
the novel mesoporous structure with craters for favourable ﬁrst
cycling. Additionally, the charging and discharging curves of all
electrodes revealed the typical electrochemical reactions of carbon
and Si (see Fig. S6). After 100 cycles, the C@Si NPs electrode had a
low discharge speciﬁc capacity of 543 mAh g1, which was mainly
due to the large volume expansion of the Si nanoparticles during
cycling. Therefore, the introduction of the carbon matrix is
indispensable for the excellent cycling stability. The C/Si electrode
showed a discharge speciﬁc capacity of 710 mAh g1 with a
relatively poor cycling retention of 61%. On the other hand, the MC/
Si and EC/Si electrodes indicated the high discharge speciﬁc
capacity of 1061 and 1151 Ah g1 with outstanding cycling
retentions of 91 and 95%, respectively. In addition, the EC/Si
electrode had a higher discharge speciﬁc capacity after 100 cycles
than the previously reported electrodes using carbon and Si
composites (see Table S3 for a summary) [30–47]. The improved
cycling retention can be ascribed to the mesoporous structure with
mesopores, which leads to an expeditious accommodation of Si
nanoparticles during cycling.
Owing to rapid expansion of application areas of LIBs, their rate
and ultrafast performance have recently attracted considerable
attention. The rate performance of the C@Si NPs, C/Si, MC/Si, and
EC/Si electrodes was performed at current densities ranging from
100 to 2000 mA g1 (see Fig. 7a). It is obvious that the discharge
speciﬁc capacities of all electrodes reduce with the increase of
current density due to the decreased time for the Li-ion diffusion.
The C@Si NPs, C/Si, and MC/Si electrodes showed a poor rate
performance, meaning that conventional design of electrode
materials makes it difﬁcult to receive fast ions at a high rate
current density. Therefore, the excavated structure with craters of
the EC/Si electrode has been devised to decrease a diffusion way. Of
note, at different current densities ranging from 100 to 2000 mA
g1, the EC/Si electrode showed the outstanding rate performance
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Fig. 7. (a) Rate performance at different current densities ranging from 100 to 2000 mA g1; (b) the detailed speciﬁc capacities and capacity retentions of the EC/Si electrode
with increasing current densities; (c) comparison of high-rate performance with the previously reported electrodes using carbon and Si composites in LIBs; (d) ultrafast
cycling stability at the current density of 2000 mA g1 over 500 cycles.

Fig. 8. The proposed design of the EC/Si electrode during the Li-ion insertion.

of 1180 to 894 mA h g1. Furthermore, the speciﬁc capacities and
the capacity retentions at current densities from 100 to 2000 mA
g1 of the EC/Si electrode are shown in Fig. 7b. After a rate test at
high-rate densities, the EC/Si electrode presented the excellent
capacity retention of 98% at 100 mA g1. The improved rate
performance was the highest as compared to the previously
reported electrodes using carbon and Si composites (see Fig. 7c)
[36,38–40,46]. In addition, the ultrafast cycling stability is crucial
for the use of LIBs in realistic applications. Fig. 7d shows the
ultrafast cycling stability of the MC/Si and EC/Si electrodes at the
high current density of 2000 mA g1. The EC/Si electrode exhibited
a long-life cycling stability over 500 cycles with the discharge
speciﬁc capacity of 790 mAh g1 without any structural changes
from the initial structure (see Fig. S7). The enhanced rate and
ultrafast cycling performance of EC/Si electrode is mainly due to
the excavated structure with craters, leading to a short ionic
diffusion way and a favourable ionic diffusion.
In sum, the impressive energy storage performance of the EC/Si
electrode was attained due to establishing a novel structure (see
Fig. 8). The mesoporous structure with mesopores enables the
excellent cycling stability using the competent accommodation of

volume change of the Si nanoparticles at a low current density. In
addition, the excavated structure with craters provides the short
ionic diffusion way, which results in the ultrafast performance.
Conclusion
In the present study, EC/Si, which was prepared by the
hydrothermal method, electrospinning, and carbonization, had a
unique excavated structure consisting of mesopores (mesopore
volume fraction of 52.6%) and craters (16–53 nm) as well as ﬁbre
networks. The outstanding energy storage performance of the EC/
Si electrode, as evidenced by a discharge speciﬁc capacity
(1151 mAh g1 after 100 cycles), impressive rate performance at
2000 mA g1 (894 mAh g1), and ultrafast cycling stability at
2000 mA g1 after 500 cycles (790 mAh g1), was obtained. The
mesoporous structure was used to enhance the high discharge
speciﬁc capacity with an excellent cycling stability. The excavated
structure with craters also helps to improve the rate and ultrafast
performance, enabling the improved ionic diffusion ability.
Therefore, our approach offers a new strategy to not only fabricate
the ultrafast lithium storage for fundamental research, but also to
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improve an ionic diffusion performance for realistic use of LIBs in
energy storage devices.
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