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This paper reports on Si core/C shell nanofibers as an anode material for Li-ion batteries. The Si core/C shell
nanofibers are synthesized using co-axial electrospinning of Si nanoparticles in styrene-co-acrylonitrile
core solution and poly(acrylonitrile) shell solution combined with subsequent thermal treatments. The
microstructure and elemental composition of the nanofibers are systematically examined using FE-SEM,
TEM and WAXD for confirmation of the crystalline Si core/turbostratic C shell structure. In situ observa-
tion of contact-lithiation of the Si core/C shell nanofibers is carried out to investigate their mechanical
durability during the electrochemical reactions. The electrochemical performances of the nanofibers as
an anode are characterized by galvanostatic charge—discharge test. Due to simple processing but a well-
developed core/shell structure and good electrochemical performance, the Si core/C shell nanofibers
fabricated in this study offer the potential to develop enhanced Si/C nanostructured composite anodes.
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1. Introduction

Since the early 1990s, lithium-ion batteries (LIB) have been most
widely utilized as power sources for various commodities, ranging
from portable electronic devices to electric (or hybrid) vehicles.
There is a growing demand on advanced LIBs with higher specific
capacity and longer cycling performance. Commercialized anodes
(graphitic carbon), however, have been obstacles to achieving this
because of their low specific capacity (i.e., 372 mAh g-1), promot-
ing various and vast research towards advanced LIBs, in particular
anode materials [1].

Silicon has emerged as a promising anode material due to its
huge theoretical specific capacity (4200 mAh g-!) and low working
potential (about 0.5V vs Li/Li*) [2]. Si anodes have shown, how-
ever, critical limitations due to large volume expansion (400%) and
thus pulverization and electrical contact loss during lithiation and
delithiation processes[3].In order to overcome the aforementioned
demerits, many research have been dedicated to understanding the
lithiation behavior of silicon anodes using various methods such
as ab initio calculation [4], critical size determination of silicon
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anodes [5], in situ lithiation observation of single nanowire fila-
ments in HR-TEM [6,7], ex situ observation of single crystalline
nanowires [8], and ex situ microstructural analyses on silicon par-
ticles [2]. Now it is the common knowledge that the crystalline
Si nanomaterials undergo anisotropic volume expansion along the
preferential direction (i.e., (110)) and amorphization during the
lithiation. Then, they are finally transformed to amorphous lithium
silicide with significant volume expansion compared to their pris-
tine form.

Many researchers have developed novel structured sili-
con anodes: three-dimensional porous particles [9,10], hollow
nanospheres [11], nanowire arrays [12,13], nanotube arrays
[1,14], crystalline core/amorphous shell nanowires [15], combi-
nation with various types of carbonaceous materials [16-21],
and silicon oxide compounds [22]. Among these efforts, the
combination of silicon and carbon is regarded as a very
fascinating method because of the mutual compensation of
their weaknesses, i.e., the low specific capacity of carbon
and the mechanical instability and electrical contact loss
of silicon. Thus, a great number of carbonaceous materials have
been composited with silicon for advanced anode materials.
Related previous works can be classified mainly by the types of
carbon (soft [21,23] and hard [17,20,24] carbon) and structural
dimensions such as particles (zero or three-dimensional) [19],
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wires (one-dimensional) [25-27], and films (two-dimensional)
[21]. They can be also classified by compositing types: simple
mixture [20,25,26,28] and core/shell types [16,27]. The simple mix-
tures offer relatively simple processing methods and thus improve
the feasibility of mass-production; however their electrochemi-
cal performances (low specific capacity and retention) need to be
improved. Recently, poly(acrylonitrile) (PAN)-based electrospun
silicon/carbon mixed nanofibers have been studied because of
processing convenience as well as better specific capacities than
commercial graphite [26,28-32].

Meanwhile, the core/shell types have shown excellent electro-
chemical performances, yet productivity is generally not feasible
due to the complex processing. The co-axial electrospinning pro-
cess has been frequently employed to fabricate the core/shell
structured nanofibers [33-35], for example, Sn core/C shell
nanofibers and soft carbon core/hard carbon shell nanofibers
[33,35]. In this work, Si core/C shell nanofibers are prepared using
a simple processing method to investigate their contact-lithiation
behavior, to assess their electrochemical performances, and finally
to demonstrate that the Si core/C shell nanofibers are promising
anode materials satisfying both productivity and electrochemical
performances.

2. Experimental
2.1. Precursor nanofibers preparation

PAN (M., =200,000 g mol~!, Misui chemical) is used as a car-
bonizing precursor in the shell solution. Styrene-co-acrylonitrile
(SAN, AN 28.5 mol%, My, = 120,000 g mol~1, Cheil industries) is used
as the sacrificial core material carrying Si nanoparticles. SAN and
PAN are commonly dissolved in N,N-dimethylformamide (DMF,
purity 99.5%, Daejung chemical) and their concentrations are set
to be 30 and 20 wt.%, respectively. Each solution is then ultrason-
icated for 5h, and further stirred at 80°C for 5 h. Si nanoparticles
(0.5g, D<100 nm, Aldrich) are added to SAN solution (10 g), which
is further stirred at 80°C for 5 h.

A co-axial nozzle with two concentric cylinders has been
designed to make core/shell precursor nanofibers. The gauge num-
bers of the needles are 17 and 22 for outer and inner cylinders,
respectively. The co-axial electrospinning conditions are set up as
follows: applied voltage — 18 kV, tip-to-collector distance - 15 cm,
the flow rates of the inner and outer solutions — 0.5 and 1 mlh-1,
respectively. SAN core/PAN shell co-axial electrospun nanofibers
without Si nanoparticles was also prepared using the same electro-
spinning conditions to make pure hollow carbon nanofibers [36].

2.2. Thermal treatment

Core (SAN +Si)/shell (PAN) precursor nanofibers are then ther-
mally treated for the stabilization and carbonization of the PAN
shell. The thermal treatment is mainly concentrated on the con-
version of raw PAN into the turbostratic carbon, during which the
sacrificial core (SAN) is burnt out, leaving Si nanoparticles in the
core. The stabilization of the PAN shell is carried out at 270-300°C
for 1 hunder the air atmosphere, and the subsequent carbonization
iscarried outat 1000 °C for 1 hunder the nitrogen atmosphere. Here
the temperature is increased at a rate of 10°C min—1.

2.3. Characterizations

The morphologies and atomic composition of the Si core/C shell
nanofibers are investigated using a field emission scanning elec-
tron microscope (FE-SEM) (SUPRA 55VP, Carl Zeiss). The Si core/C
shell structure is investigated using a high resolution transmis-
sion electron microscope (HR-TEM, JEM-3000F). Wide angle X-ray

diffraction (WAXD) (wave length: 0.154nm, New D8 Advance,
Bruker) are employed to characterize the carbonized samples.

2.4. In situ contact-lithiation

The contact-lithiation behavior of a Si core/C shell nanofiber
when contacted on the fresh Li metal is conducted and recorded
by using Focused Ion Beam (FIB, QANTA3D, FEI Co.). The Si core/C
shell nanofiber is attached to the tungsten tip of the nanomanipu-
lator (MM3A, Kleindiek). The nanofiber is cut by FIB at the middle of
the bead into a bell-shaped pouch for observing Si-rich part. The Li
metal is cut in the glove box under Ar gas and moved to FIB without
oxidation. The expansions of Si and C during contact-lithiation are
calculated by using Image ] software.

2.5. Electrochemical characterization

A two-electrode 2032-type coin capsule is employed to
assess the electrochemical performances of the Si core/C shell
nanofibers [37]. The anode slurry is prepared by mixing Si core/C
shell nanofibers (60 wt.%), acetylene black (20 wt.%, Alfa Aesar),
and poly(vinylidene floride) (20 wt.%, Alfa Aesar) in 1-methyl-
2-pyrrolidinone (Alfa Aesar). The slurry is then screen-printed
onto a copper foil (Alfa Aesar) and dried. The mass of Si core/C
shell nanofibers in anode is 0.990 mg, while the surface area is
0.01889m2, which is indirectly calculated based on the BET sur-
face area of 19.077 m? g~!. The actual amount of anode materials
in this test is small, and thus the results may not be extrapolated
for scale-up, e.g., commercialized cell sized sample. The results,
however, can be interpreted as the maximum performance of the
electrode materials because the current test cell excludes any size
effects involved in mass manufacturing. A lithium foil (Alfa Aesar) is
used as the counter and reference electrode for a half-cell configu-
ration. Glass fibers (Whatman) are used as the separator, while 1 M
LiPFg in a mixed solution of propylene carbonate and diethyl car-
bonate (volume ratio 1:1, TSC Michigan) is used for the electrolyte.
The coin-capsule is assembled, crimped, and closed in an Ar-filled
glove box. The electrochemical performance is then investigated at
a current density of 50 mA g~ for lithium insertion and extraction
between 0.01 and 1.5V.

3. Results and discussion
3.1. Fabrication of Si core/C shell nanofibers

Fig. 1(a) shows a schematic illustration of the co-axial elec-
trospinning setup. The Si nanoparticles dispersed SAN solution
(core) is vertically supplied, while the PAN solution (shell) is
horizontally fed. The co-axial electrospinning process is much
more complicated than single solid nozzle electrospinning, because
the differences between core and shell properties (for exam-
ple, conductivities and viscosities of each fluids and miscibility
between/among fluids) allow very narrow processing window
for stable electrospinning. In the authors’ previous work, it was
found that a SAN core/PAN shell combination is highly suitable
to make hollow carbon nanofibers for several reasons: the non-
precipitation between core and shell solutions by a common
solvent (DMF), immiscibility between the two solutions, the large
conductivity difference between core (lower) and shell (higher)
solutions, and the different metamorphoses during thermal treat-
ment [36]. In this work, the aforementioned system is employed
to make Si core/C shell nanofibers. Fig. 1(b) schematically shows
the transformation of Si nanoparticles dispersed SAN core/PAN
shell nanofibers to Si core/C shell nanofibers by thermal treatment.
During the stabilization process in the air atmosphere, SAN core
carrying Si nanoparticles becomes molten, while PAN in the shell
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Fig. 1. Schematic illustrations of: (a) co-axial electrospinning system and (b) structural change during thermal treatment. ‘NF’ represents nanofibers.

is transformed to the stabilized structure via cyclization and dehy-
drogenation [38]. Further thermal treatment burns out the molten
SAN and carbonizes the stabilized PAN, leaving Si nanoparticles
in hollow carbon nanofibers. Note that Si nanoparticles remain
intact without any chemical transformation during the thermal
treatment.

Fig. 2(a) shows the Si core/C shell nanofibers prepared by the
aforementioned process. The nanofibers consist of smooth strings
and repeated beads like “beads on string”. The average diameters of
the string and bead are 930 nm (£82 nm) and 1287 nm (£245 nm),
respectively, and this difference in the diameter clearly represents
the incorporated Si nanoparticles. Note that the beads are much less
conspicuous than those in previous works [25,28], because molten
and burnt-out SAN give mobility to the lumps of Si nanoparticles
during the thermal treatment. The high resolution SEM image in
Fig. 2(b) shows Si nanoparticle core and carbonized PAN shell in a
cross-section of Si core/C shell nanofibers. Fig. 3(a) also supports
the discrete Si nanoparticles core/carbonized PAN shell (Si core/C
shell) structure. The energy dispersive X-ray spectroscopy (EDX)
profile in Fig. 3(b) clearly demonstrates that the nanofibers mainly
consist of C and Si. The miscellaneous peaks for O and Cu can be
observed: O atoms are included during the stabilization process,
while Cu comes from the observation grid. The quantitative weight
ratio of C and Si in the uniform nanofibers is found out to be 9.1:1
according to the EDX profile from FE-SEM (see Fig. 4). The intended
ratio of C and Si is 5.36:1 in the solution preparation, implying that
the Si proportion is lowered during the electrospinning process by
drop formations.

Fig. 5 shows that the Si core remains in a crystalline phase
after the thermal treatment, while the PAN shell is transformed
into a carbonized structure. WAXD curve shows two broad and
seven sharp peaks: (002)and (10 1) for the turbostratic carbon and
(111),(220),(311),(400),(331),(422),and (511) for the crys-
talline Si[28,39]. The dg ¢ value of the carbonized shell is calculated

to be 0.369 nm, which is greater than that of graphite (0.335 nm).
It implies that the microstructure of the shell is transformed to
carbonaceous structure with a slightly mismatched layer-sequence
[36,40]. Meanwhile, the sharp peaks in Fig. 5 demonstrate that the
crystalline phase of Siis maintained without any chemical reactions
during thermal treatment. Thus, it can be claimed that the crys-
talline Si core/turbostratic C shell nanofibers have been successfully
fabricated.

3.2. In situ observation of contact-lithiation

In situ deformation behavior of the Si core/C shell nanofibers
during the lithiation process has been investigated using a novel
contact-lithiation method. Fig. 6(a) shows the morphological
images of the Si core/C shell nanofibers before and after the
contact-lithiation. The bell-shaped pouch and the small particles
in the images represent the C shell and the Si core nanoparticles,
respectively. The schematic sequence of in situ contact-lithiation
behavior of a Si core/C shell nanofiber is described in Fig. 7(a)
(see a supplementary movie S1 for actual experiment). When the
nanofiber contacts on the Li metal, the contact-lithiation starts, i.e.,
Li atoms inter-diffuse into both the C shell and Si core nanoparticles
due to its chemical potential gradient. Li atoms in the C shell then
intercalate into among turbostratic carbon layers, while Li atoms in
the Si core nanoparticles ionize to minimize their potential energy
in Si matrix, thereby they alloy with the crystalline Si (see Fig. 7(b)
for the schematic explanation) [41]. The Li-ion moves into the Si
matrix because of the concentration gradient, while the electron
is injected to the conduction band of Si because of the electron
poverty of Si matrix [42].

The length change of the C shell in the circumferential direc-
tion is measured to be 1.49%. No mechanical failure is observed
because the PAN-derived carbon nanofibers show improved mod-
ulus and strength with their breaking elongation (~2%) being
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Fig. 2. FE-SEM images of Si core/C shell nanofibers: (a) low and (b) high magnifica-
tions.

almost the same as that of micro/macro carbonaceous materials
[43,44]. Therefore, the current deformation of the C shell during the
contact-lithiation is within the affordable range. There are two pos-
sible reasons for such C shell expansion: intercalation of Li atoms
and volume expansion of the Si core. It is well known that the inter-
calation of Li atoms into graphite increases the distance between
the graphitic layers, for example, 10% extension in the c-axis for
perfect graphite and only 3% volume expansion for polycrystalline
graphite [45]. Since the C shell in the nanofibers features the tur-
bostratic carbon layers with enlarged d-space (dgg2 =0.369 nm), Li
atoms can intercalate into the carbon layers without inducing fur-
ther expansion. Furthermore, it is reported that Li intercalation into
carbon layers does not bring about any volume or layer expansion
[46]. As a result, the expansion of the C shell results most likely
from the Si core expansion.

The coarsening of Si core nanoparticles is clearly observable
upon the contact-lithiation (see Fig. 6(b)). Their expansions (78%
in lengthwise) are bigger than that of the C shell observed above.
They are also large compared to theoretically calculated lengthwise
change (58.7%) of a Si nanoparticle by assuming isotropic volume
expansion (300%) of fully lithiated crystalline Si (Li»,Sis) [6,13,47].
This phenomenon probably results from the anisotropic expansion
of Si nanoparticles [6]. The C shell is mechanically stable without
failure, even though its expansion is not large enough to accommo-
date such huge expansion of Si nanoparticles. This can be explained
by the sparse arrangement of the Si-lumps in Fig. 3(a), which alle-
viates the stress transferred to the C shell by the expansion of Si
nanoparticle. It can be concluded that the C shell accommodates

2 4 ]
ull Scale 3518 cts Cursor: 3.583 (6 cis)

Fig. 3. (a) TEM image of Si core/C shell nanofibers and (b) their EDX profile.

the expansion of Si core nanoparticles caused by lithiation and thus
minimize the pulverization and electrical contact loss of Si.

3.3. Electrochemical performance

Galvanostatic charge-discharge tests are conducted to evaluate
the electrochemical performance of the Si core/C shell nanofibers.
Fig. 8 shows the differential capacity curves of the compos-
ite nanofiber anode for the first five cycles between 0.01 and
1.5V at a current of 50mAg-!. Hysteresis is not observed dur-
ing these initial stages of the cycling test except the first one.
The Si core nanoparticles are encapsulated at only 9.9wt.% in
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Fig. 4. EDX profile of Si core/C shell nanofibers from FE-SEM.
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Fig. 5. WAXD pattern of Si core/C shell nanofibers.

the Si core/C shell nanofibers as mentioned in Section 3.1, how-
ever their contribution to the overall capacity is considerable.
On the first charging, a broad peak is developed at around
0.75V, which is related to the formation of SEI layers. Note
that carbon and Si are known to form SEI at 0.75 and 0.62V,
respectively. The duplicated peak below 0.2V indicates both the
amorphization of the crystalline Si core by the lithiation and the
reversible lithiation of the turbostratic C shell [36,48,49]. From
the second charging, several peaks related to the lithiation of
amorphous Si are significantly developed: 0.24 and 0.09V during
charging and 0.33V (only for first cycle), 0.27 and 0.44V during
discharging [48]. The reversible charge and discharge behavior of
the C shell are shown at below 0.1 and 0.09V, respectively [36].

All these electrochemical behavior in Fig. 8 supports independent
electrochemical reaction of the Si core and C shell.

Fig. 9 shows the cycling electrochemical performance of the Si
core/C shell nanofibers. Fig. 9(a) displays the voltage profiles after
1st, 5th, 10th, 15th, and 30th cycles. As expected from Fig. 8, they
show no hysteresis throughout the 30 repeated cycles. It can be also
seen clearly that the Si core and the C shell independently react to
Li-ions without any chemical reaction between Si and C. The ini-
tial charge capacity (967 mAhg-1) is higher than the theoretical
one (752mAhg-1), while the reversible capacity is 596 mAhg~!.
The reversible capacity of only Si core can be calculated to be
2817 mAhg-! based on the measured reversible capacity of the
Si core/C shell nanofibers (596 mAhg~1), the measured reversible
capacity of pure hollow carbon nanofibers (352mAhg-! [36]),
and its weight fraction (9.9 wt.%). The huge capacity of only Si
core advocates that increased Si nanoparticles outcome naturally
higher specific capacity. Meanwhile, the initial coulombic effi-
ciency is improved from 53.9% (pure hollow carbon nanofibers
[36]) to 61.6%. Fig. 9 shows the stable cycling performance of the
Si core/C shell nanofibers. Their capacity is maintained at around
590mAhg~! upto 50 cycles with little degradation. The capacity
retention is as high as 92% after 50 cycles, and the coulombic effi-
ciency reaches 97.3% at the 5th cycle and is maintained at 98%
after the 10th cycle. It can be concluded that the electrochemical
performances of the composite anode are significantly improved
by incorporating Si nanoparticles in the core of hollow carbon
nanofibers, i.e., by fabricating Si core/C shell nanofibers.

Although the previous reports on core/shell structured Si-C
anodes have demonstrated the outstanding performances (e.g.,
Cui et al. demonstrated overwhelmingly electrochemical per-
formances with a specific capacity and a columbic efficiency
of ~2000mAhg-! and 98%, respectively, by using vapor grown
method and amorphous silicon phase [27], while Huang et al. made
a super anode with the first discharge capacity of 3344 mAhg-! by

500 nm

Fig. 6. SEM images of a Si core/C shell nanofiber before (left) and after (right) in situ contact-lithiation: (a) low and (b) high magnification.
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Fig. 7. Schematic diagrams of: (a) volume expansion behavior during contact-lithiation and (b) ionization of Li atom in Si matrix.

etching silicon wafers catalytically and pyrolyzing carbon aerogel
[16]), their anodes were not prepared using slurry casting (the con-
ventional method to evaluate the electrochemical performance),
which is probably due to low productivity. The massive produc-
tivity is, however, embodied in this work. Therefore, the co-axial
electrospinning and subsequent thermal treatment is more fasci-
nate in the commercialization point of view. Meanwhile, Sn core/C
shell nanofibers were reported with their reversible specific capac-
ity of ~800 mAh g~! where the ratio of Sn and C was 7:3 [33]. Even
though the Sn fraction is high, the specific capacity of the nanofibers
is not comparable to Si related anodes above, which is mainly due
to low capacity (990 mAhg-1) of Sn itself. Here this work aims
to utilize huge capacity (4200mAhg-1) of Si being incorporated
into the carbon shell. The current Si core/C shell nanofibers show
lower capacity than Sn core/C shell nanofibers do, in particular due
to low fraction of Si. Increased Si fraction, however, is expected
to enhance the electrochemical performance of the Si core/C shell
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Fig. 8. Differential capacity curve of Si core/C shell nanofibers for the first 5 cycles.
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Fig. 9. Cycling performances of Si core/C shell nanofibers: (a) Voltage profiles of Si
core/C shell nanofibers after 1st, 5th, 10th, 15th, and 30th cycles and (b) capacity-
coulombic efficiency-cycle number curve.

nanofibers, which will be reported in a future study. Furthermore,
comprehensive research efforts should be driven toward develop-
ing energy efficient process to facilitate commercialization of the
current material.
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4. Conclusions

Si core/C shell nanofibers have been successfully fabricated
using co-axial electrospinning and subsequent thermal treatment.
The morphological and crystallographic analyses confirm that
the nanofibers have definite Si core and C shell layers with-
out any chemical reaction between these components. In situ
observation of the contact-lithiation shows that the mechanical
durability of the C shell and Si nanoparticle is ensured dur-
ing the lithiation, enabling stable electrochemical performance
of the Si core/C shell nanofibers. The Si core and C shell com-
ponents react to Li-ions in a stable and independent manner
during the charge-discharge cycles. A considerable improvement
(244mAhg-1) in the reversible capacity is achieved by encapsu-
lating Si of 9.9wt.% into hollow carbon nanofibers. The capacity
retention is 92% after 50 cycles and the coulombic efficiency is
converged to 98% after 10 cycles.
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