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ABSTRACT: Because of their combined eﬀects of outstanding mechanical stability, high electrical conductivity, and
high theoretical capacity, silicon (Si) nanoparticles embedded
in carbon are a promising candidate as electrode material for
practical utilization in Li-ion batteries (LIBs) to replace the
conventional graphite. However, because of the poor ionic
diﬀusion of electrode materials, the low-grade ultrafast cycling
performance at high current densities remains a considerable
challenge. In the present study, seeking to improve the ionic
diﬀusion, we propose a novel design of mesoporous carbon
skin on the Si nanoparticles embedded in carbon by hydrothermal reaction, poly(methyl methacrylate) coating process, and
carbonization. The resultant electrode oﬀers a high speciﬁc discharge capacity with excellent cycling stability (1140 mA h g−1 at
100 mA g−1 after 100 cycles), superb high-rate performance (969 mA h g−1 at 2000 mA g−1), and outstanding ultrafast cycling
stability (532 mA h g−1 at 2000 mA g−1 after 500 cycles). The battery performances are surpassing the previously reported results
for carbon and Si composite-based electrodes on LIBs. Therefore, this novel approach provides multiple beneﬁts in terms of the
eﬀective accommodation of large volume expansions of the Si nanoparticles, a shorter Li-ion diﬀusion pathway, and stable
electrochemical conditions from a faster ionic diﬀusion during cycling.
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INTRODUCTION
In recent years, due to eco-friendliness without carbon dioxide
emissions and low fuel prices, electric vehicles have become the
next-generation transportation to replace the conventional
vehicles using fossil fuels. However, electric vehicles still face
critical challenges, such as low mileage (e.g., model 3, Tesla:
215 miles). Therefore, much eﬀort has been invested to
increase the mileage using diverse approaches, including
decrease of car body, improvement of electric motor, and
enhancement of batteries.1−5 Batteries, the principal power
source for electric vehicles, are almost prepared using Li-ion
batteries (LIBs) having a high energy density, excellent cycling
stability, eco-compatibility, low memory loss, and low selfdischarge rate.6−8 However, the improvement of the LIB
capacity is very diﬃcult due to limitations such as theoretical
capacity. Therefore, we need a new way to improve the user
environment of electric vehicles. In this context, the ultrafast
charge ability of LIBs (called ultrafast LIBs) is a potential
candidate to redeem the challenge of the short mileage.
However, the low capacity of the anode electrode, which is
commonly made of graphite, is a more important limitation
than the cathode electrode during the ultrafast cycling with
rapid volume expansion and faster ionic diﬀusion.9−11 To
overcome these problems, carbon-coating engineering on the
© 2018 American Chemical Society

electrode materials with thin skin has been eﬀectively
employed, therefore accepting the rapid volume expansion.12−15 However, despite these eﬀorts, the anode electrode
still indicates a low ultrafast cycling performance arising from its
poor ionic diﬀusion.
In the present study, we suggest a unique nanoarchitecture of
mesoporous carbon skin on silicon (Si) nanoparticles
embedded in carbon nanoﬁber (Meso-C/Si-CNF composites),
where Si has a high theoretical capacity (∼4200 mA h g−1) and
a low electrochemical working voltage of <0.5 V.3,4,16 First, an
extra carbon skin as the physical buﬀer layer was introduced on
the skin of Si nanoparticles embedded in carbon nanoﬁber to
accommodate the rapid volume expansion. In addition, the
spotlight of this study is the development of a mesoporous
carbon skin (pore size: >2 nm) to achieve faster ionic diﬀusion,
which is an opener to obtain excellent ultrafast cycling
performance at high current densities. Moreover, networked
electrodes with a one-dimensional structure, such as CNF, can
provide an eﬀective electron transfer, leading to an improved
ultrafast cycling performance.17,18
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Figure 1. Schematic illustration of the synthesis process for (a) PAN nanoﬁbers with embedded Si nanoparticles, (b) carbon skin-covered PAN
nanoﬁbers with embedded Si nanoparticles, and (c) Meso-C/Si-CNF composites.

Figure 2. (a−c) Low-magniﬁcation and (d−f) high-magniﬁcation SEM images of Si-CNF composites, Micro-C/Si-CNF composites, and Meso-C/
Si-CNF composites.

■

Therefore, the unique nanoarchitecture of Meso-C/Si-CNF
composites has critical beneﬁts, such as a carbon skin for high
capacity with a superb cycling stability and a mesoporous
carbon skin to permit ultrafast cycling performance. For
comparison, Si nanoparticles embedded in CNF (referred to
as Si-CNF composites) without the extra carbon skin on the
surface and the microporous carbon skin on Si nanoparticles
embedded in CNF (referred to as Micro-C/Si-CNF
composites) were used.

RESULTS AND DISCUSSION

The synthesis process of the novel structure of Meso-C/SiCNF composites via the hydrothermal reaction and the
poly(methyl methacrylate) (PMMA, Mw = ∼120 000) coating
process is shown in Figure 1. First, Si nanoparticles embedded
in polyacrylonitrile (PAN, Mw = 150 000) nanoﬁber (Figure
1a) were prepared by electrospinning. Next, the carbon skin on
Si nanoparticles embedded in PAN nanoﬁber (Figure 1b) was
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Figure 3. (a−c) Low-magniﬁcation and (d−f) high-magniﬁcation TEM images of Si-CNF composites, Micro-C/Si-CNF composites, and Meso-C/
Si-CNF composites. (g) TEM−EDS spectra of Meso-C/Si-CNF composites.

fabricated using a hydrothermal reaction by glucose. Finally, the
novel structure of a mesoporous carbon skin of Meso-C/SiCNF composites (Figure 1c) was synthesized by the PMMA
coating process using a homogenizer through carbonization. As
PMMA plays the key role in forming the mesoporous carbon
skin, PMMA resulting from the formation of the mesopore was
decomposed during the carbonization process.
Figure S1 shows the scanning electron microscopy (SEM)
and transmission electron microscopy (TEM, Gwangju Center,
Korea Basic Science Institute) images of Si nanoparticles. The
particle size distribution of pure Si nanoparticles is 20−110 nm,
as shown in Figure S1c. Figure 2 shows low-magniﬁcation
(Figure 2a−c) and high-magniﬁcation (Figure 2d−f) SEM
images of Si-CNF composites, Micro-C/Si-CNF composites,
and Meso-C/Si-CNF composites. All nanoﬁbers had an
interlinked network structure, which can be expected to
achieve eﬃcient electron transfer.17,18 Therefore, Si-CNF
composites (Figure 2a,d) had the average diameter of 251−
293 nm with protruded Si nanoparticles, implying the
insuﬃcient encapsulation of the Si nanoparticles in the CNF
matrix. On the other hand, Micro-C/Si-CNF composites
(Figure 2b,e) displayed the average diameter of 273−295 nm.
Besides, Meso-C/Si-CNF composites (Figure 2c,f) indicated
the average diameter of 272−299 nm without protruded Si
nanoparticles, signifying a successful encapsulation of Si-CNF
composites by the mesoporous carbon skin. Thus, the

mesoporous carbon skin of Meso-C/Si-CNF composites was
developed.
To further explore the nanostructural features, TEM analysis
was performed. TEM images of Si-CNF composites, Micro-C/
Si-CNF composites, and Meso-C/Si-CNF composites before
carbonization showed well-dispersed Si nanoparticles in the
nanoﬁber (see Figure S2). Figure 3 shows low-magniﬁcation
(Figure 3a−c) and high-magniﬁcation (Figure 3d−f) TEM
images of Si-CNF composites, Micro-C/Si-CNF composites,
and Meso-C/Si-CNF composites. The Si nanoparticles of SiCNF composites (Figure 3a,d) were protruded on the surface.
Therefore, a carbon layer on the surface was investigated with
the thickness of 1−3 nm. Owing to the large volume expansion
of Si, resulting in a quick capacity fading, the Si nanoparticles
can easily crack the thin carbon layer during the lithiation/
delithiation process. The Si nanoparticles of Micro-C/Si-CNF
composites (Figure 3b,e) were almost wrapped using a carbon
skin. Interestingly, Meso-C/Si-CNF composites (Figure 3c,f)
showed the encapsulation of the Si nanoparticles by the
mesoporous carbon skin with the thickness of 19−25 nm. This
could physically provide a strong buﬀer skin. In addition, the Si
nanoparticles were uniformly dispersed in the CNF matrix,
leading to an improved cycling stability due to the eﬃcient
accommodation of the volume expansion of the Si nanoparticles during the lithiation/delithiation process. Furthermore, the Si nanoparticle of Meso-C/Si-CNF composites
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Figure 4. (a) N2 adsorption/desorption isotherms and (b) BJH pore size distributions of Si-CNF composites, Micro-C/Si-CNF composites, and
Meso-C/Si-CNF composites. (c) Schematic illustration of the pore-forming process using PMMA for Meso-C/Si-CNF composites.

Table 1. Speciﬁc Surface Area, Total Pore Volume, Average Pore Diameter, and Pore Volume Fraction of Si-CNF Composites,
Micro-C/Si-CNF Composites, and Meso-C/Si-CNF Composites
pore volume fraction
2

−1

3

−1

samples

SBET (m g )

total pore volume (P/P0 = 0.990) (cm g )

average pore diameter (nm)

Vmicro (%)

Vmeso (%)

Si-CNF composites
Micro-C/Si-CNF composites
Meso-C/Si-CNF composites

60.1
80.5
123.8

0.02
0.04
0.14

1.3
1.9
4.5

84.8
85.2
52.1

15.2
14.8
47.9

(Figure 3f) had a lattice spacing of 0.31 nm, corresponding to
the (111) plane of Si.4,19 To verify the distribution of carbon
and Si, TEM−energy-dispersive spectrometry (EDS) mapping
measurements were performed (Figure 3g for the results). The
EDS consequence demonstrates that carbon and Si atoms are
evenly dispersed, suggesting that highly dispersed Si nanoparticles are consistently wrapped by a mesoporous carbon
skin.
To examine the pore structures, N2 adsorption/desorption
isotherms were investigated using the Brunauer−Emmett−
Teller (BET) measurements (see Figure 4a). Isotherms of the
Si-CNF and Micro-C/Si-CNF composites indicate type I
features, signifying the presence of micropores (pore width, <2

nm) by the International Union of Pure and Applied
Chemistry.20,21 The isotherm of Meso-C/Si-CNF composites
shows type IV characteristics, implying the existence of
mesopores (pore width, 2−50 nm) at high pressures (P/P0 >
0.4).20,21 These results suggest that the mesoporous carbon
skin is formed by the thermal decomposition of PMMA at 410
°C during carbonization, as demonstrated by the results of the
diﬀerential scanning calorimetry (DSC) analysis (see Figure
S3). Detailed BET consequences, including the speciﬁc surface
area, average pore diameter, total pore volume, and pore
volume fraction, are provided in Table 1. The speciﬁc surface
area of Meso-C/Si-CNF composites (123.8 m2 g−1) is higher
than that of Si-CNF composites (60.1 m2 g−1) and Micro-C/Si6238
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Figure 5. (a) TGA curves of Si-CNF composites, Micro-C/Si-CNF composites, and Meso-C/Si-CNF composites from 200 to 800 °C at a heating
rate of 10 °C min−1 in air. (b) XRD patterns of Si-CNF composites, Micro-C/Si-CNF composites, and Meso-C/Si-CNF composites.

Figure 6. XPS images of Si 2p of (a) Si-CNF composites, (b) Micro-C/Si-CNF composites, and (c) Meso-C/Si-CNF composites. (d) Percentage of
the Si and SiO2 phases in the XPS images of Si 2p.

CNF composites (80.5 m2 g−1). Speciﬁcally, the mesopore
distribution of Meso-C/Si-CNF composites was increased by
the pore-forming process using PMMA. Meso-C/Si-CNF
composites show the highest mesopore volume fraction of
47.9%. Thus, PMMA was decomposed during carbonization,
leading to the formation of mesopores. In addition, the poreforming process to obtain the high mesopore volume fraction
was optimized using 30 wt % PMMA (see Table S1). Figure 4b
displays the pore volume and pore diameter obtained using the
Barrett−Joyner−Halenda (BJH) measurements. Meso-C/SiCNF composites indicated a high pore volume in the mesopore

size range of 2−3 nm. These consequences show that Meso-C/
Si-CNF composites having a high mesopore volume fraction
are successfully synthesized by the pore-forming process using
PMMA (see Figure 4c). The high mesopore volume fraction of
Meso-C/Si-CNF composites is known to be signiﬁcant for a
shorter Li-ion diﬀusion pathway during the ultrafast lithiation/
delithiation process.
To explore the content of Si-CNF composites, Micro-C/SiCNF composites, and Meso-C/Si-CNF composites, thermogravimetric analysis (TGA) measurements were conducted, as
shown in Figure 5a. For all samples, weight loss occurred
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Figure 7. (a) Nyquist plots in the frequency of 105−10−2 Hz before charge−discharge tests; (b) Coulombic eﬃciencies; and (c) cycling stabilities of
Si, Si-CNF composites, Micro-C/Si-CNF composites, and Meso-C/Si-CNF composites electrodes at a current density of 100 mA g−1 over 100
cycles. TEM images of (d) Si-CNF composites; (e) Micro-C/Si-CNF composites, and (f) Meso-C/Si-CNF composites after 100 cycles.

between 450 and 630 °C, signifying the decomposition of the
CNF matrix in air. In addition, the weight loss consecutively
increased with increasing temperature, implying the oxidation
of the Si nanoparticles. Si-CNF composites showed a weight
loss of 47.6%, indicating the existence of the Si nanoparticles in
the CNFs. However, compared to Si-CNF composites, because
of the formation of a carbon skin on the surface, Micro-C/SiCNF composites revealed an increased weight loss of 57.3%.
On the other hand, compared to Micro-C/Si-CNF composites,
because of the developed mesoporous carbon skin, the weight
loss of Meso-C/Si-CNF composites was slightly reduced to
53.5%. These results demonstrate that mesoporous carbon skin
is formed by the thermal decomposition of PMMA and
surrounding carbon. Figure 5b shows the X-ray diﬀraction
(XRD) patterns of Si-CNF composites, Micro-C/Si-CNF
composites, and Meso-C/Si-CNF composites used to examine
the crystal structures. The diﬀraction data of pure Si are
exhibited for comparison. The diﬀraction peaks of all samples
were observed at 28.5, 47.4, 56.2, 69.3, 76.6, and 88.3°, which
correspond to (111), (220), (311), (400), (331), and (422)
planes of crystalline Si, with the face-centered structure (JCPDS
card no. 77-2111). This means that there was no crystallinity
change of the Si nanoparticles during the pore-forming process.
To further investigate the chemical states, X-ray photoelectron spectroscopy (XPS) measurements were conducted
(see Figure 6). High-resolution photoelectrons of Si 2p corelevel peaks were observed at 99.6 and 103.2 eV, corresponding
to Si and SiO2, respectively.3,4 Because of the stabilization
process at 200 °C in air before carbonization, Si-CNF
composites (Figure 6a) showed a large amount of SiO2 phase
(Si4+). The stabilization process in air is a necessary condition
to obtain high-quality carbon using dehydrogenation and
cyclization of PAN.6,12,17,18 Therefore, the Si nanoparticles of
Si-CNF composites are slightly oxidized on the surface because

of a thin carbon layer on the surface. As is widely known, SiO2
shows poor capacities in LIBs due to its low electrical
conductivity.3,4,16,19 Thus, antioxidation of the Si nanoparticles
is crucial to obtain high capacities for LIBs. Micro-C/Si-CNF
(Figure 6b) and Meso-C/Si-CNF composites (Figure 6c)
exhibited a small amount of the SiO2 phase (Si4+), indicating
that an extra carbon skin on the surface could eﬃciently
prevent the oxidation of Si nanoparticles during the
stabilization process in air, as shown in Figure S4. Therefore,
introduction of an extra carbon skin on the Si-CNF composites
could reduce the SiO2 content from 49% (Si-CNF composites)
to 8% (Micro-C/Si-CNF composites) and 9% (Meso-C/SiCNF composites) (see Figure 6d).
To examine the electrochemical kinetics of the prepared
electrodes, electrochemical impedance spectroscopy (EIS)
measurements were conducted using fresh cells. Figure 7a
shows Nyquist plots of the prepared electrodes at open-circuit
potential. The semicircle in the high-frequency region is
imputed to the charge-transfer resistance (Rct) between the
electrode and the electrolyte interface.6−8 The slant line in the
low-frequency region is ascribed to the Li-ion diﬀusion
performance in the electrode, referred to as the Warburg
impedance.6−8 Meso-C/Si-CNF composites presented the
lowest Rct and the lowest Warburg impedance, manifesting
enhanced charge-transfer kinetics and improved ionic diﬀusion
related to a shorter Li-ion diﬀusion pathway. Therefore, the
mesoporous carbon skin of Meso-C/Si-CNF composites could
reduce the Warburg impedance, leading to an enhanced highrate performance in LIBs. In addition, the Li-ion diﬀusion
coeﬃcient could be acquired from the low-frequency plots
according to the following equation13
Zreal = R e + R ct + σwω−1/2
6240

(1)

DOI: 10.1021/acsami.7b15950
ACS Appl. Mater. Interfaces 2018, 10, 6235−6244

Research Article

ACS Applied Materials & Interfaces
D = R2T 2/2A2 n 4F 4C 2σw 2

structural and morphological variations of electrode materials
after 100 cycles, the decomposed electrode materials were
analyzed using the TEM measurement. The highly concentrated Si nanoparticles of Si-CNF composites (see Figure 7d)
were detached from CNF due to a thin carbon layer on the
surface. By contrast, the Si nanoparticles of Micro-C/Si-CNF
composites (Figure 7e) and Meso-C/Si-CNF composites
(Figure 7f) still encapsulated in CNF, suggesting that the
extra carbon skin on the surface could accept a large volume
expansion of the Si nanoparticles, leading to a high speciﬁc
capacity and an excellent cycling stability for LIBs. Moreover,
the charge−discharge curves of the Meso-C/Si-CNF composites electrode manifested typical electrochemical reactions of
carbon and Si (see Figure 8). A low scan rate was applied to

(2)

where σw is the Warburg impedance coeﬃcient, D is the Li
diﬀusion coeﬃcient, R is the gas constant, T is the temperature,
F is the Faraday constant, A is the area of the electrode, n is the
number of electrons per molecule, and C is the molar
concentration of Li ions. Figure S5 presents the relationship
between Zreal and fω−1/2 in the low-frequency region. The
values of σw of Si, Si-CNF composites, Micro-C/Si-CNF
composites, and Meso-C/Si-CNF composites are 26.5, 15.9,
13.4, and 8.5 Ω cm2 s−1/2, respectively. The Li diﬀusion is
reckoned by σw. The Li diﬀusion values of Si, Si-CNF
composites, Micro-C/Si-CNF composites, and Meso-C/SiCNF composites are 4.7 × 10−13, 1.3 × 10−12, 1.8 × 10−12, and
4.5 × 10−12 cm2 s−1, respectively, indicating that mesoporous
skin could eﬃciently improve the ionic diﬀusion performance
during cycling owing to shorter Li-ion diﬀusion pathway. Figure
7b shows the Coulombic eﬃciency of electrodes at the current
density of 100 mA g−1 over 100 cycles. Because of the
development of solid electrolyte interface (SEI) layers on the
electrode surface, all electrodes showed a low Coulombic
eﬃciency during the ﬁrst cycle. As is widely known, the SEI
layers are commonly shaped owing to the reductive
disintegration of electrolytes on an electrode surface, which
leads to a high initial irreversible capacity. Nevertheless, the
Meso-C/Si-CNF composites electrode exhibited the highest
Coulombic eﬃciency of 67.7% compared to the Si (49.2%), SiCNF composites (60.1%), and Micro-C/Si-CNF composites
(65.5%) electrodes. This suggests that the well-dispersed Si
nanoparticles can play a signiﬁcant role in the enhancement of
Coulombic eﬃciency during the ﬁrst cycle.6,12,16 Moreover, the
Coulombic eﬃciency of all electrodes reached almost 100%
after ﬁve cycles, implying a highly reversible reaction. Figure 7c
shows the discharge capacities with the cycling stabilities of the
Si, Si-CNF composites, Micro-C/Si-CNF composites, and
Meso-C/Si-CNF composites electrodes at the current density
of 100 mA g−1. For the Si electrode, a low speciﬁc discharge
capacity of 59 mA h g−1 after 100 cycles with a poor cycling
stability stayed uniformly between 30 and 100 cycles,
suggesting a structural collapse of Si owing to the large volume
expansion during cycling. The Si-CNF composites electrode
indicated a low speciﬁc capacity of 414 mA h g−1 after 100
cycles with an insuﬃcient cycling stability, indicating that the
thin carbon layer of Si-CNF composites suﬀers from a large
volume expansion of the Si nanoparticles. This result tends to
be like those reported previously using Si and carbon
composites without extra carbon skin.11,16 Thus, we introduced
uniquely the extra carbon skin as the physical buﬀer layer and
mesoporous carbon skin to achieve faster ionic diﬀusion.
Especially, the extra carbon skin on the Si-CNF composites
surface is essential to reconcile the volume expansion. The
Micro-C/Si-CNF composites electrode presented a high
speciﬁc discharge capacity of 1047 mA h g−1 after 100 cycles
with an excellent cycling stability. These results demonstrate
that improved electrochemical performance with capacity and
cycling stability may be primarily ascribed to the eﬃcient
accommodation of the volume expansion for the Si nanoparticles using an extra carbon skin on the surface. Of note, the
Meso-C/Si-CNF composites electrode showed a higher speciﬁc
discharge capacity of 1140 mA h g−1 after 100 cycles with an
outstanding cycling stability compared to other electrodes and
previously reported results for carbon and Si composites-based
electrodes, as shown in Table S2.22−39 To investigate the

Figure 8. CV curves of Meso-C/Si-CNF composites electrode in the
potential range of 0.05−3.00 V at a scan rate of 0.1 mV s−1.

inquire the detailed electrochemical reaction during insertion/
extraction of Li ions. In the ﬁrst cathodic process, the reduction
peak at around 0.8 V can be attributed to the irreversible
formation of SEI layers on the surface.6,14 The reduction peaks
at 0.4 and below 0.1 V are monitored related to the formation
of Li−Si alloys.22,30,31,33 In the ﬁrst anodic process, the
oxidation peaks at 0.3 and 0.5 V are ascribed to the dealloying
of Li−Si alloys.22,30,31,33 Also, cyclic voltammetry (CV) curves
during the ﬁve cycles almost overlapped, implying the
outstanding electrochemical reversibility. In addition, these
results are in concurrence with the charge−discharge curves
(Figure S6).
Because of the rapid development of the LIB industry and
widening of its application areas, the high-rate performance and
ultrafast cycling stability are substantial issues. Figure 9a shows
the high-rate performance of electrodes at current densities of
100−2000 mA g−1. The speciﬁc discharge capacities decreased
owing to the reduced Li-ion diﬀusion time with increasing
current densities during cycling. The Si-CNF composites
electrode displayed a poor high-rate performance, similar to
the one observed at a low-rate current density. Furthermore,
the Micro-C/Si-CNF composites electrode also showed a
relatively poor high-rate performance, indicating that a
microspore structure on the skin had diﬃculties in accepting
fast ions at a high-rate current density. To overcome these
problems, we introduced the novel mesoporous carbon skin.
Surprisingly, the Meso-C/Si-CNF composites electrode displayed a remarkable high-rate performance of 1230−969 mA h
g−1 with current densities of 100 and 2000 mA g−1. To
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Figure 9. (a) High-rate performance at current densities of 100, 300, 700, 1000, 1500, and 2000 mA g−1; (b) detailed speciﬁc capacities and capacity
retentions of Meso-C/Si-CNF composites electrode with increasing current densities; (c) comparison of high-rate performance with the previously
reported results for carbon and Si composite-based electrodes in LIBs; (d) ultrafast cycling stability at the current density of 2000 mA g−1 over 500
cycles; (e) schematic illustration of the ionic diﬀusion process in Micro-C/Si-CNF composites and Meso-C/Si-CNF composites.

illustrate, the speciﬁc capacities and the capacity retentions at
high-rate current densities of the Meso-C/Si-CNF composites
electrode are summarized in Figure 9b. After high-rate tests, the
Meso-C/Si-CNF composites electrode exhibited an outstanding capacity retention of 97% when the current density mended
to 100 mA g−1. This is the highest performance at high-rate
current densities compared to previously that reported for
carbon and Si composite-based electrodes (see Figure
9c).28,30−32,38 The improved high-rate performance of MesoC/Si-CNF composites is ascribed to the increased mesopore
volume at the carbon skin, leading to a shorter Li-ion diﬀusion
pathway at high-rate current densities. In addition, the
application of LIBs can potentially expand to the areas of
ultrafast cycling at high current densities. Figure 9d shows the
ultrafast cycling stability of the Micro-C/Si-CNF composites
and Meso-C/Si-CNF composites electrodes at a high current
density of 2000 mA g−1 over 500 cycles. Compared to the
Micro-C/Si-CNF composites electrode (159 mA h g−1), the
Meso-C/Si-CNF composites electrode displayed outstanding
performance for ultrafast cycling stability with 532 mA h g−1
after 500 cycles. The improved ultrafast cycling stability of the
Meso-C/Si-CNF composites electrode is mainly attributed to
the favorable ionic diﬀusion using a mesoporous carbon skin,
suggesting that mesopores were more stable than micropores
from faster ionic diﬀusion during cycling (see Figure 9e).
To test the inﬂuence of a mesoporous carbon skin on an
ultrafast cycling stability at a high current density of 2000 mA
g −1 , SEM and TEM analyses were performed using
decomposed electrode materials (see Figure 10). Micro-C/SiCNF composites (Figure 10a,c) showed the aggregated Si
nanoparticles on the surface, implying that, because of the low
ionic diﬀusion performance, the microporous structure on the
carbon skin could not accommodate the rapid large volume
expansion of the Si nanoparticles. On the other hand, the
morphology and structure of Meso-C/Si-CNF composites
(Figure 10b,d) were satisfactorily maintained after the ultrafast
cycling test, which showed that the mesoporous carbon skin

Figure 10. SEM images of (a) Micro-C/Si-CNF composites and (b)
Meso-C/Si-CNF composites after 500 cycles at the current density of
2000 mA g−1. TEM images of (c) Micro-C/Si-CNF composites and
(d) Meso-C/Si-CNF composites after 500 cycles at the current density
of 2000 mA g−1.

with improved ionic diﬀusion performance is helpful in a rapid
large volume expansion of the Si nanoparticles.
Therefore, in the present study, outstanding electrochemical
properties of Meso-C/Si-CNF composites electrode were
achieved by introducing a unique structure. The enhanced
performance can be attributed to two eﬀects. First, the
introduction of an extra carbon skin on the surface enables
an eﬃcient accommodation of volume expansion of the Si
nanoparticles, leading to enhanced capacities with a superb
6242
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cycling stability. Second, the mesoporous carbon skin could
decrease the Li-ion diﬀusion pathway, leading to an improved
ionic diﬀusion performance with the highest Li diﬀusion value
of 4.5 × 10−12 cm2 s−1 among other electrodes. These results
led to an outstanding high-rate performance at ultrahigh
current density.

■

CONCLUSIONS

■
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In the present study, Meso-C/Si-CNF composites as an anode
material for LIBs were successfully synthesized by hydrothermal
reaction, PMMA coating process, and carbonization process.
Speciﬁcally, we proposed a unique concept of mesoporous
carbon skin. The optimized Meso-C/Si-CNF composites
indicated novel features for the high mesopore volume fraction
of 47.9% with the mesopore sizes ranging from 2 to 3 nm. The
remarkably enhanced electrochemical performances of MesoC/Si-CNF composites electrode with a high speciﬁc discharge
capacity with a superb cycling stability (1140 mA h g−1 at 100
mA g−1 after 100 cycles), an excellent high-rate performance
(969 mA h g−1 at 2000 mA g−1), and an outstanding ultrafast
cycling stability (532 mA h g−1 at 2000 mA g−1 after 500
cycles) were clearly demonstrated by the following factors: (1)
the high speciﬁc discharge capacity with an excellent cycling
stability is related to an extra carbon skin on the surface, which
eﬀectively accommodates the large volume expansions of the Si
nanoparticles; (2) the improved high-rate performance and
outstanding ultrafast cycling stability can be attributed to novel
mesoporous skin, providing a shorter Li-ion diﬀusion pathway.
Taken together, these ﬁndings indicate that the skin engineering of electrode materials based on a mesoporous structure
might be a promising approach not only for fundamental
studies related to an ionic diﬀusion, but also for the practical
utilization of ultrafast energy-storage devices.
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