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Abstract Si/C composite nanofibers were prepared by elec-
trospinning and carbonization using polyacrylonitrile as the
spinning medium and carbon precursor. The effect of elec-
trolyte additive succinic anhydride (SA) on the electrochem-
ical performance of Si/C composite nanofiber anodes was
investigated. Results show that after 50 cycles, the discharge
capacity of Si/C composite nanofiber anode with the SA-
added electrolyte is 34 % higher than that with additive-free
electrolyte. At 150th cycle, the capacity retention of Si/C
composite nanofiber anode with SA-added electrolyte is
82 % under 70 % state-of-charge. It is demonstrated that
adding additive SA in the electrolyte is an effective and
economic way to improve the cyclability of high-capacity
Si/C composite nanofibers for next-generation high-energy
lithium-ion batteries.

Keywords Electrospinning - Carbon nanofiber -
Sinanoparticle - Succinic anhydride - Lithium-ion batteries

Introduction

Commercial lithium-ion batteries use graphite (theoretical
capacity, 372 mAhg ') as the anode material [1]. To devel-
op rechargeable lithium-ion batteries with high energy den-
sities, Si has been studied extensively due to its extremely
large capacity of 3,579 mAhg ', corresponding to the for-
mation of Li;sSiy [2-4]. However, the relatively low electric
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conductivity and large volume change of Si particles limit
the use of Si anodes in practical batteries. A rapid capacity
fading is often observed for Si anodes during charge/di-
scharge cycling due to the mechanical failure and loss of
effective electronic contacts, which were caused by the large
volume changes of active Si particles.

Several approaches have been developed to improve the
cyclability of Si anodes, such as using nanosized Si particles
and nanowires, dispersing Si into inactive/active matrix,
controlling the cycling conditions of the battery, etc. [4-9].
Recently, a new Si/C composite nanofiber anode was devel-
oped by embedding Si nanoparticles in electrospun carbon
nanofibers [10—13]. The carbon nanofiber matrix can ac-
commodate the volume change of Si during cycling, and
hence, Si/C composite nanofiber anode has the potential to
combine the advantages of carbon (long cycle life) and
silicon (high storage capacity) materials. Results show that
the initial capacity of Si/C composite nanofibers is around
1,000 mAhg™'; however, the capacity retention is not satis-
factory yet and more work is needed to improve the
cyclability of the Si/C composite nanofiber anode[14—16].

To improve the cyclability of Si/C composite nanofibers,
it is important to control the interfacial properties. The use
of electrolyte additive is a relatively economic and effective
way to achieve high performance for Si/C composite nano-
fiber anodes by improving the interfacial stability. The elec-
trolyte additive can facilitate the formation of a stable solid
electrolyte interface (SEI) film on the surface of the elec-
trode material, which could help prevent the further reaction
between the electrolyte and active material during cycling.
Various spectroscopic measurements have identified that the
SEI film is mainly formed by the decomposed products of
electrolyte solvents and salts, such as hydrocarbons, lithium
alkyl carbonates, LiOH, Li,COs, and other salt moieties like

@ Springer



1394

J Solid State Electrochem (2013) 17:1393—-1399

LiF for LiPF¢-based electrolytes [17, 18]. Up till now, only a
few additives have been studied, such as fluoroethylene
carbonate (FEC), vinylene carbonate (VC), polyether mod-
ified siloxanes, succinic anhydride (SA), etc. [19-23].
Recently, McArthur and his co-workers investigated the
SEI growth by using an in situ spectroscopic ellipsometry
method [24]. It was found that the SEI film became thicker
by the introduction of FEC or VC additive. The electrode—
electrolyte interphases play an important role in determining
the performance of LIBs. The electrode—electrolyte inter-
phases formed by carbon-based anode materials are solvent
sensitive due to the weak Van der Waals interactions of
the layer structure [25]. For Si-based materials, the
mechanism of interphase formation is different from that
of carbon materials. Hence, it is important to investigate
the behavior of SEI in Si/C composite systems.
However, most current SEI work focuses on the Si thin
film, which behaves differently from anodes that contain
Si nanoparticles.

In this work, we investigated the effect of SA as an
electrolyte additive on the electrochemical performance of
Si/C composite nanofiber anodes. The chemical structure of
SA is shown in Fig. 1. The use of additive SA helped
preserve the integrity of the electrode structure, and as a
result, the capacities and cycling performance of Si/C com-
posite nanofiber anodes for high-energy lithium-ion bat-
teries have been improved significantly.

Experimental
Electrode preparation

Electrospun Si/C composite nanofibers were prepared as an
anode material for lithium-ion batteries. Polyacrylonitrile
(PAN, Pfaltz & Bauer Inc., 150,000 gmol ') was used
as the spinning media and carbon source. Si nanopar-
ticles with a diameter of 30—50 nm were received from
Nanostructured & Amorphous Materials, Inc without
further purification.

Si nanoparticles (15 wt%) were added into a PAN solu-
tion (8 wt%) in N,N-dimethylformamide (Aldrich) and were
stirred at 60 °C for 24 h, followed by ultrasonic treatment
for 1 h to obtain a homogenous dispersion. A variable high-
voltage power supply (Gamma ES40P-20 W/DAM) was

0 O 0

Fig. 1 Chemical structure of succinic anhydride
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used to provide a high voltage (18 kV) for electrospinning.
The flow rate used was 0.75 mLh ™', and the needle-to-
collector distance was 15 cm. Electrospun fibers were col-
lected on an aluminum foil.

Electrospun Si/PAN precursor nanofibers were stabilized
in air environment at 280 °C for 5 h (heating rate, 5 °C/min),
and then they were carbonized at 800 °C for 2 h in argon
atmosphere (heating rate, 2 °C/min) to form Si/C composite
nanofibers.

Nanofiber characterization

The morphology of composite nanofibers was examined by
field emission scanning electron microscope (FESEM-JEOL
6400F SEM at 5 kV). The structure of composite nanofibers
was also investigated by wide-angle X-ray diffraction
(Philips X’Pert PRO MRD HR X-Ray Diffraction
System). Composition analysis of the SEI layer on compos-
ite nanofiber surface was performed using X-ray photoelec-
tron spectroscopy (XPS) after the first cycle.

Electrochemical measurements

Two electrolytes were prepared: (1) 1 M LiPFg in ethylene
carbonate (EC)/diethyl carbonate (DEC)/dimethyl carbonate
(DMC; 1/1/1, v/v/v) without SA, and (2) 1 M LiPFy in
EC/DEC/DMC (1/1/1, v/v/v) with 3 wt% additive SA.
These two electrolytes are denoted as 1 M LiPF¢/EC+
DEC+DMC and 1 M LiPF¢/SA/EC+DEC+DMC,
respectively.

Anodes were prepared by two methods. In the first meth-
od, the Si/C nanofiber mat was directly used as the anode
without adding polymer binder or carbon black. In the
second method, the anode was prepared by mixing 80 %
ground Si/C nanofibers with 10 % polyamide imide (PAI)
binder and 10 % carbon black. Si/C composite nanofiber
anodes were then assembled into CR2032-type coin cells
with the above-mentioned electrolytes. The mass loadings
of the active material were in the range of 2-3 mg/cm?’.
Lithium metal was used as the counter electrode and
Celgard 2400 membrane as the separator.

Cyclic voltammetry (CV) measurements were performed on
a Gamry Reference 600 Potentiostat/Galvanostat/ZR A with the
voltage ranging from 0.05 to 3.0 V at a scan rate of 0.05 mV/s.
Electrochemical impedance spectra (EIS) were obtained using
the Gamry Reference 600 Potentiostat/Galvanostat/ZRA in a
10.0-mV AC voltage signal in the 10°-10"2Hz frequency
range. Before each EIS measurement, the electrodes were first
charged galvanostatically at 50 mAg ™' to 0.05 V, and then
remained at open circuit for 5.0 h to allow their potential to
stabilize. Galvanostatic charge—discharge experiments were
carried out using an Arbin automatic battery cycler at a current
density of 50 or 100 mAg ' between 0.01 and 1.5 V.
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Results and discussion
Morphology and structure of Si/C composite nanofibers

Figure 2 shows typical SEM images of 15 wt% Si/PAN
precursor nanofibers. All nanofibers are continuous and
uniform with Si nanoparticles distributed along the fiber
direction. It is also seen that some Si nanoparticles form
clusters on the fiber surface.

After carbonization, the PAN matrix was converted to
carbon and Si/C nanofibers were formed. Figure 3 shows
SEM images of the resultant Si/C nanofibers, which were
carbonized at 800 °C. Compared with the corresponding
Si/PAN precursor shown in Fig. 2, Si/C nanofibers have more
Si nanoparticles exposed on the surface. The diameters of all
composite nanofibers are in the range of 150 to 250 nm.

WAXRD measurement was conducted to evaluate the
structure evolution of Si/C composite nanofibers (Fig. 4).
It is seen that Si nanoparticles show clear diffractions at

Fig. 3 SEM images of Si/C composite nanofibers prepared from
15 wt% Si/PAN precursor

28.4°, 47.4°, 56.2°, 69.2°, 76.5°, and 88.1° [5, 26]. After
incorporating Si nanoparticles into the carbon matrix, the
resultant Si/C nanofibers still exhibit the same peaks, but
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Fig. 4 XRD patterns of (a) Si nanoparticles and (b) Si/C composite
Fig. 2 SEM images of 15 wt% Si/PAN precursor nanofibers nanofibers prepared from 15 wt% Si/PAN precursor
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with lower intensities. No peaks can be found for SiO, or Si-
C alloy, indicating that Si was not oxidized and did not react
with carbon during the carbonization process.

Electrochemical performance of Si/C nanofiber mat anode

The formation of SEI is a result of the reduction of both
solvents and salts. Figure 5 shows the CV curves of the Si/C
nanofiber mat anode (without binder and carbon black) in
two electrolytes: 1 M LiPF¢/EC+DEC+DMC and 1 M
LiPF4/SA/EC+DEC+DMC. The potential window used
was 0.05-3 V, and the scan rate was 0.05 mV/S. In both
electrolytes, a broad cathodic peak appears at the first cycle.
This cathodic peak is resulted from the decomposition of the
electrolyte and the formation of SEI film, which cause the
initial irreversible capacity [28-30]. After the introduction
of additive SA in the liquid electrolyte, the cathodic peak
shifts from 0.52 to 0.40 V and the peak intensity decreases
slightly, which indicate that the SEI film property has been
changed by introducing additive SA [27, 30, 31].

Figure 6 shows the XPS spectra for Si/C composite
nanofiber anodes after the first cycle. The F 1 s spectra
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Fig. 5 Cyclic voltammetry profiles of Si/C nanofiber mat anode with
two different electrolytes: a 1 M LiPF(/EC+DEC+DMC and b 1 M
LiPF4/SA/EC+DEC+DMC. Scan rate, 0.05 mV/S
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Fig. 6 XPS spectra of Si/C composite nanofiber anodes: F 1 s after the
first cycle

show a strong peak at around 685 eV, corresponding to
LiF, and a small peak at around 688 eV, corresponding to
LiPF¢ and LiP,F, [32, 33]. It can be seen that the intensities
of both peaks are reduced after the introduction of additive
SA, which implies that the decomposition of LiPF4 on the
surface of composite nanofiber anodes is reduced. SA
changes the SEI film property by promoting the formation
of Li,COj3 and hydrocarbons and prohibiting the decompo-
sition of LiPF4 during cycling [32-34]. From Fig. 5, it is
also seen that in both electrolytes, no new SEI formation can
be observed at the second cycle.

Figure 7 displays the impedance spectra of the Si/C
nanofiber mat anode in two electrolytes. In both electrolytes,
the nanofiber anode shows one high and intermediate fre-
quency semicircle and a straight line in the low-frequency
range, corresponding to the migration within the surface
layer, the interfacial charge-transfer impedance, and lithium
diffusion in the electrode, respectively [35, 36]. Zhang et al.
has studied the SEI formation process on the graphite elec-
trode and found that the compactness and stability of the
SEI film could be evaluated by measuring the ionic conduc-
tivity of SEI [27, 37]. The ionic conduction of the SEI film
is a result of the migration of solvated Li ions through the
micro-pores of SEI since the dried SEI itself is neither
electronic conductive nor ionic conductive [27, 28, 37].
Hence, higher resistance corresponds to a more compact
and more stable SEI. As shown in Fig. 7, with the introduc-
tion of additive SA, the diameter of the depressed semicircle
is increased, which indicates the increase in charge transfer
resistance. The interfacial resistance of the Si/C composite
nanofiber anode in 1 M LiPFs/SA/EC+DEC+DMC is larg-
er than that in 1 M LiPF¢/EC+DEC+DMC, which means
the SEI structure has become more compact and less con-
ductive by the introduction of additive SA in the electrolyte.
In Fig. 7, the intersection in the real axis in high frequency
region represents the electrolyte resistance, more strictly
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Fig. 7 Nyquist plots of Si/C nanofiber mat anode with two different
electrolytes: a 1 M LiPF¢/EC+DEC+DMC and b 1 M LiPF¢/SA/EC+
DEC+DMC. Insets are the enlarged Nyquist plots at high frequencies

including all ohmic resistances. The introduction of SA
moves the intersection to the right, indicating that the elec-
trolyte resistance has been increased by SA.

Galvanostatic charge—discharge curves of the Si/C nano-
fiber mat anode were obtained in two electrolytes, and the
results are shown in Fig. 8. The tests were conducted at
50 mAg ' under the 100 % state-of-charge condition by
using cutoff voltages of 0.01 and 1.5 V. At the first cycle, the
Si/C nanofiber mat anode shows a charge capacity of ap-
proximately 1,410 mAhg ' and discharge capacity of
950 mAhg ', respectively, in 1 M LiPF¢/EC+DEC+DMC
(Fig. 8a). The corresponding Coulombic efficiency is
67.3 %. In 1 M LiPF¢/SA/EC+DEC+DMC, the first-cycle
charge and discharge capacities of the Si/C nanofiber mat
anode change to 1,370 and 970 mAhg ', respectively,
corresponding to a higher Coulombic efficiency of 71.5 %
(Fig. 8b). The formation of SEI occurs in the range of 0.3—
0.9 V vs Li"/Li, and this SEI voltage is sensitive to the
current density applied. The galvanostatic charge—discharge

a
1.5
S 1.0k
o
o
S
S
05 — 15t cycle
-2 cycle
....sth Cycle
00 1 1 S 1
0 300 600 900 1200 1500
Capacity mAh g™')
b
15
s 1.0 3
o
o
S
S
05 — 15t cycle
-.-2M cycle
— ---- 5t cycle
0.0 L LR
0 300 600 900 1200 1500

Capacity mAh g)

Fig. 8 Galvanostatic charge-discharge curves of Si/C nanofiber mat
anode with two different electrolytes: a 1 M LiPF¢/EC+DEC+DMC,
and b 1 M LiPF¢/SA/EC+DEC+DMC. Current density: 50 mA g~

curves were measured at a current density of 50 mAg ',
while the cyclic voltammetry data were obtained at a scan
rate of 0.05 mV/S. Since the data were obtained at different
conditions, the SEI formation voltages are slightly different.

Figure 9a compares the cycling performance of the Si/C
nanofiber mat anode in two different electrolytes. It is seen
that in the first 10 cycles, the Si/C nanofiber mat anode has
comparable capacities in both electrolytes. However, after
10 cycles, the Si/C nanofiber mat anode has higher capacities
in 1 M LiPF¢/SA/EC+DEC+DMC. For example, at the 50th
cycle, the discharge capacity of the Si/C nanofiber mat anode
is 598 mAhgf1 in 1 M LiPF¢/EC+DEC+DMC, and the
capacity increases to 802 mAhg ' in 1 M LiPF¢/SA/EC+
DEC+DMC. The corresponding capacity retentions are 63.0
and 82.8 %, respectively, in these two electrolytes. Results
indicate that, at the 50th cycle, the discharge capacity of Si/C
composite nanofiber mat anode in 1 M LiPF¢/SA/EC+DEC+
DMC is 34 % higher than that in 1 M LiPF¢/EC+DEC+DMC
and more than 2.2 times larger than the theoretical capacity
(372 mAhg ") of graphite, which is the standard anode mate-
rial for current commercial lithium-ion batteries [1].

The Coulombic efficiencies of the Si/C nanofiber mat
anode in two different electrolytes are shown in Fig. 9b.
The low Coulombic efficiency in the initial cycle is mainly
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Fig. 9 Cycling performance (a) and Coulombic efficiency (b) of Si/C
nanofiber mat anode with two different electrolytes: 1 M LiPFs/EC+
DEC+DMC and 1 M LiPF¢/SA/EC+DEC+DMC. Current density,
50 mAg"

caused by the consumption of lithium ions during the SEI
formation. It is seen that after 5 cycles, the Coulombic
efficiency of the Si/C nanofiber mat anode reaches 97 %
in both electrolytes. However, after 10 cycles, the
Coulombic efficiency in 1 M LiPFs/EC+DEC+DMC
decreases to around 96 %, but that in 1 M LiPF¢/SA/EC+
DEC+DMC increases to around 98 %. This indicates that
the SEI film formed on the Si/C nanofiber mat anode in 1 M
LiPFs/EC+DEC+DMC is less stable than that in 1 M
LiPF¢/SA/EC+DEC+DMC.

From Figs. 8 and 9, it can be concluded that both the
Coulombic efficiency and cycling performance of Si/C
nanofiber mat anode have been improved by the introduc-
tion of SA as an electrolyte additive. The improvement of
the electrochemical performance is mainly caused by the
formation of a stable SEI film on the surface of Si/C nano-
fiber mat anode.

Electrochemical performance of PAl-bound Si/C nanofiber
anode

In practical lithium-ion batteries, anodes are often pre-
pared by using a polymer binder. Therefore, in order to
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further investigate the cycling performance in the SA-
added electrolyte, Si/C nanofiber anodes were prepared
by using PAI as a polymer binder. The electrochemical
performance of the PAI-bound Si/C nanofiber anode
prepared from 15 wt% Si/PAN precursor was investigat-
ed by carrying out galvanostatic charge—discharge cycles
under 100 and 70 % state-of-charge conditions at a
current density of 100 mAg ', and the results are
shown in Fig. 10. It is seen that at 100 % state-of-
charge, the Si/C nanofiber anode shows a specific
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discharge capacity of 1,057 mAhg ' at the first cycle.
However, at 70 % state-of-charge cycle, the Si/C nano-
fiber anode shows a first-cycle discharge capacity of
770 mAhg™', ie., about 70 % of the capacity at
100 % state-of-charge.

Figure 11 shows the comparison of the cycling per-
formance of the PAI-bound Si/C nanofiber anode under
two state-of-charge conditions. The capacity fading at
70 % state-of-charge condition is much slower than that
at 100 % state-of-charge. It is seen that during first
57 cycles, the discharge capacity at 100 % state-of-
charge is higher than that at 70 % state-of-charge.
However, the capacity at 100 % state-of-charge
decreases significantly and becomes lower than that at
70 % state-of-charge after 60 cycles. At the 100th and
150th cycles, the discharge capacities at 100 % state-of-
charge are only 575.4 and 484 mAhg ', respectively.
However, the discharge capacities at 70 % state-of-
charge condition are still 650 and 629 mAhg ', respec-
tively, at 100th and 150th cycles, indicating slower
capacity fading. The capacity retention of the PAI-
bound Si/C nanofiber anode under 70 % state-of-
charge is 82 % at the 150th cycle, compared to 46 %
for 100 % state-of-charge at the same cycle. The results
show that the cyclability of the Si/C nanofiber anode
has been improved by using SA-added electrolyte and
by carefully controlling the state-of-charge condition.

Conclusions

In this work, the effect of additive SA on the electrochem-
ical performance of Si/C nanofiber anodes made from elec-
trospun Si/PAN precursor was investigated. The use of
additive SA could help improve the interfacial properties
by preventing the decomposition of LiPFg salt and preserv-
ing the integrity of the electrode structure which are benefi-
cial to improve the electrochemical behavior. The cyclability
of Si/C nanofiber anodes could be further improved by
careful control of the state-of-charge condition. Results
show that the capacity retention of the PAI-bound Si/C
nanofiber anode under 70 % state-of-charge is 82 % at the
150th cycle. Therefore, the Coulombic efficiency and cy-
cling performance of Si/C composite nanofiber anodes have
both been improved. This indicates that employing additive
SA is an effective and economic method to improve the
overall electrochemical performance of Si/C composite
nanofiber anodes for high-energy lithium-ion batteries.
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