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Abstract — Silicon (Si) is a promising anode material for next-generation lithium ion batteries (LIBs) because of its
high capacity of 4,200 mAh/g (Li44Si phase). However, the large volume expansion of Si during lithiation leads to elec-
trical failure of electrode and rapid capacity decrease. Generally, a binder is homogeneously mixed with active materials
to maintain electrical contact, so that Si needs a particular binding system due to its large volume expansion. Polyvinyl
alcohol (PVA) is known to form a hydrogen bond with partially hydrolyzed silicon oxide layer on Si nanoparticles. How-
ever, the decrease of its cohesiveness followed by the repeated volume change of Si still remains unsolved. To overcome this
problem, we have introduced the electrospinning method to weave active materials in a stable nanofibrous PVA structure,
where stresses from the large volume change of Si can be contained. We have confirmed that the capacity retention of
Si-based LIBs using electrospun PVA matrix is higher compared to the conservative method (only dissolving in the
slurry); the 25" cycle capacity retention ratio based on the 2™ cycle was 37% for the electrode with electrospun PVA
matrix, compared to 27% and 8% for the electrodes with PVdF and PVA binders.
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1. Introduction

There is an increasing need for high-capacity lithium-ion batteries
(LIBs) due to their applications to electrically powered vehicles and
grid energy storage systems. In their most conventional structure,
LIBs contain graphite anodes (e.g., mesocarbon microbeads, MCMB)
[1-3]. Various metals such as Al, Sn, Bi and Si have been known to
alloy with large amounts of Li [4,5]. Silicon (Si) has thus been pre-
sented as an alternative anode material because the theoretical spe-
cific capacity of Si (4,200 mAh/g) is an order of magnitude higher
than that of conventional graphite anodes (372 mAh/g). But the large
volume changes of Si during lithium insertion and desertion have pre-
vented its commercial application [6,7]. Pulverization and the result-
ing electrical failure have been recognized as one of the major causes
of poor cycle retention of Si-based anodes [8-12].

Recent researches have reported a size-dependent fracture of Si
nanoparticles during lithiation; that is, there exists a critical particle
diameter of ~150 nm, below which the particles neither crack nor
fracture upon the first lithiation, and above which the particles initially
form surface cracks and then fractur due to the lithiation-induced
swelling [13-15]. Even when the Si particles did not crack during lith-
ium insertion and desertion, a rapid capacity loss resulted from the
poor electrical contact between the particles attributed to the depreci-
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ated mechanical properties (i.e., poor adhesion) of the binder during
the great volume expansion of Si [16-19].

Polyvinyl alcohol (PVA) containing numerous hydroxyl groups
could be a good choice as a binder for high capacity Si anodes since
the hydroxy! groups form hydrogen bonds with both active materials
and the current collector [20]. Thus, PVA could replace existing bind-
ers, but the decrease of cohesiveness still remains unsolved upon the
charge-discharge cycle and the resulting large volume change of Si.

To overcome this problem, we introduced the electrospinning
method to weave active materials into a nanofibrous PVA structure.
Electrospun PVA nanofibers in the anode are expected to preserve the
electrical contact between the Si particles by sustaining overall struc-
ture of active materials stably despite their large volume change. A
schematic presents the underlying idea of this study in Fig. 1. Finally,
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Fig. 1. Schematic of the proposed mechanism for the electrospun
PVA anode.
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we compared the capacity retention of Si/graphite-based LIBs with
electrospun PVA electrode (hereafter, ESPVA-E) to those of the same
Si/graphite-based LIBs with electrodes using PVdF (hereafter, PVdF-
E) and PVA (hereafter, PVA-E) binders by electrochemical measure-
ments. Si/graphite based LIBs were prepared (not prepared only with
Si) because of the convenience in their preparation and performance
measurements by the presence of conductive materials (graphite).

2. Material and Methods

2-1. Materials

Polyvinyl alcohol (PVA, average Mw =30,000~50,000 and 130,000),
Triton X-100, and dimethy] sulfoxide (DMSO) were purchased from
Sigma-Aldrich and polyvinylidene fluoride (PVdF, average Mw =
600,000), N-Methyl-2-pyrrolidone (NMP), silicon nanopowder (99+%,
100 nm), mesocarbon microbeads graphite powder (MCMB, first
discharge capacity: 345.2 mAh/g), and TIMCAL Super P conductive
carbon black were purchased from MTI Korea. All the chemicals
were used as received with no further purification.

2-2. Electrode preparation

The anode slurries were prepared by mixing PVA (Mw =30,000-
50,000, 10 wt.%), Si nanopowder (25 wt%), MCMB (50 wt%), con-
ductive carbon black (15 wt%) and DMSO (solvent) using a magnetic
stirrer for 3 hrs to uniformity, and PVA and DMSO were replaced by
PVdF and NMP at the same mass ratio for the PVAF-E electrode. The
slurry was tape-casted onto a copper foil (10 mm thickness) current
collector using the doctor-blade technique. The gap of the doctor
blade was set to 150 mm. PVA-E and PVdF-E sheets were first dried
on the hot plate at 70 °C for an hour and then dried in a vacuum oven
at 140 °C overnight under vacuum condition.

2-3. Electrospinning process

PVA (Mw = 130,000, 10 wt%) was dissolved in distilled water by
heating at 80 °C for 2 hrs with magnetic stirring. The solution was
cooled to room temperature and then Triton X-100 was added as the
surfactant. In a typical electrospinning process, PVA solution was
transferred into a syringe and delivered to the tip of the syringe nee-
dle by the syringe pump at a constant feed rate (1.0 mL/h). A 20 kV
positive voltage was applied to the PVA solution via a stainless steel
syringe needle. The distance between the tip of the needle and the
electrode sheet was about 15 cm. PVA solution was electrospun on
the undried electrode sheet for an hour. ESPVA-E sheet was first
dried on the hot plate at 70 °C for 30 minutes and then in a vacuum
oven at 140 °C overnight under vacuum condition to ensure the com-
plete removal of residual moisture. The surface and cross-sectional
morphologies were observed on a scanning electron microscope (S-
2700, Hitachi, Japan).

2-4. Electrochemical characterization
The electrode was transferred into an argon-filled glove box with-
out being exposed to air. CR2032 coin half-cells were assembled in
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the glove box with a lithium-metal counter and reference electrode,
and a Celgard 2500 separator. 1 M LiPF dissolved in a 1:1:1 (v/v/v)
mixture of EC (ethylene carbonate)/DMC (dimethyl carbonate)/DEC
(diethyl carbonate) was used as the electrolyte. The coin half-cells
were galvanostatically discharged to 0.01 V and charged to 1.0 V ata
C/10 rate using a cycler (WBCS3000L, WonAtech Co.). Electrochemi-
cal impedance spectroscopy (EIS) was performed using an imped-
ance analyzer (ZIVE SP1, WonAtech Co.) after charging at a C/10
rate to 1.00 V or discharging at a C/10 rate to 0.01 V. EIS measure-
ments were carried out using a 30 mV of amplitude in the frequency
range of 0.01 Hzto 100 kHz.

3. Results and Discussion

Fig. 2 presents the cyclic performance of PVdF-E, PVA-E and
ESPVA-E at a C/10 rate in a voltage window of 0.01~1.0 V. In the 2™
cycle, the discharge capacities of PVdF-E, PVA-E and ESPVA-E
reached 485, 796 and 1,083 mAh/g, respectively. The theoretical capaci-
ties of Si and graphite (C) are 4,200 and 372 mAh/g [10], so that the
capacity of Si/C anode becomes 1,648 mAh/g by proportion. After
the 25" cycle, the specific discharge capacity of PVdF-E, PVA-E and
ESPVA-E were 132, 64 and 308 mAh/g, respectively. Considering
that the 1 cycle contributes to form solid electrolyte interface (SEI)
films, the capacity retention ratios at the 25" cycle based on the 2™
cycle were 27%, 8% and 37%, correspondingly.

Especially, PVdF-E showed the worst capacity retention com-
pared to PVA-E and ESPVA-E. 4s the charge-discharge cycle pro-
ceeded, cracks must have been formed in the Si/C materials. During
the lithiation step of electrochemical alloying, the Si nanoparticles are
growing in size, and the binder, which is coated on the particle sur-
face, also undergoes a morphological change induced by the volume
expansion of Si particles. During the delithiation step, the lithium is
extracted from the alloying and the particles shrink to the initial size.
However, the binder is not able to follow the volume change and elec-
trical contacts are lost [19].

As shown in Fig. 2, PVA-E showed better cyclic performance than
PVdF-E especially after the 5 cycle due to the higher adhesion strength
of PVA. Besides, the hydrogen bonding of hydroxyl groups in PVA
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Fig. 2. Cyclic performance of PVdF-E, PVA-E and ESPVA-E.
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with Si particles prevented the electrode from cracking. Some
researches proposed, on the basis of NMR (nuclear magnetic reso-
nance) studies, that hydroxyl groups in polymeric chains and Si
nanoparticles form hydrogen bonding. This hypothesis seems to be
the most favorable one, as the hydrogen bonding enables a self-heal-
ing process of the electrode upon the volume change [19-21]. How-
ever, after the fifth cycle, PVA-E showed a rapid capacity decrease
because it might have lost its restoring capacity. This type of curve
represents an increase of the resistance of the cell. Meanwhile, the
highest capacity retention of ESPVA-E verified its structural stability.
Electrospinning process formed PVA nanofibrous matrix in the elec-
trode. Because PVA nanofibers are also elastic, as suggested by the
macroscopic property of PVA [22], the mechanical strain during the
lithiation is effectively released through the overall PVA nanofibrous
structure. Thus, the PVA nanofibrous matrix did not only prevent
damages from the volume expansion, but also effectively assigned
the self-healing to the electrode during the volume contraction, as
confirmed by the comparison of cyclic performance between PVA-E
and ESPVA-E in Fig. 2.

Fig. 3 shows the impedance spectra of PVdF-E, PVA-E and
ESPVA-E electrodes at the second cycle. In the Nyquist plots of EIS
measurements, the left end value means the inductive behavior caused
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Fig. 3. EIS results of PVDF-E (a), PVA-E (b), and ESPVA-E (c) at
the charged and discharged state.
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Fig. 4. SEM image of the surface of ESPVA-E.

by inductive reactance of metallic elements in the cell and wire. The
semi-circle represents the complex impedance: the SEI and double
layer capacity are related to the charge transfer. A high frequency of
the semicircle is possibly assigned to the charge transfer resistance,
related to the electrochemical reactions between the particles or
between the electrode and the electrolyte. The line with an angle of
45° shows diffusion processes in active materials of the electrodes at
very low frequencies [23]. First, the charge transfer resistances are
generally higher for the charged state than for the discharged state in
Fig. 3. It is because of the loss of electrical contact of Si nanoparticles
ensuing their contraction by the delithiation at the charged state. Then,
the charge transfer resistances of PVdF-E, PVA-E and ESPVA-E
electrodes for the charged state (Z,, values for the relative maxima of
the semi-circles) were 328, 122 and 240 €, respectively. The higher
resistance of PVdF-E is due to the inferior binding capacity of PVdF
compared to PVA; thus, the PVdF binder does not contain the expan-
sion and contraction of Si nanoparticles as well as does the PVA.
Then, the higher resistance of ESPVA-E compared to PVA-E is prob-
ably attributed to the presence of extra non-conducting constituents,
that is, electrospun PVA nanofibers. It might assign electrical conduc-
tivity to nanofibers by using conducting polymers [24,25] or carbon-
ization [26], metallic doping [27], and modification [28] of electrospun
nanofibers.

The PVA nanofibrous structure fabricated by electrospinning is
also confirmed through the SEM images shown in Fig. 4. The PVA
nanofiber has a thickness of < 1 mm. Good elasticity of PVA nanofi-
bers is expected to let the mechanical stress to be released throughout
the overall structure.

4. Conclusions

Si/C anodes with electrospun PVA nanofibers exhibited enhanced
cycling stability (55% capacity retention ratio) compared to electrodes
with PVdF and PVA binders (38% and 23%, respectively). The result
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probably comes from the combined effect of the hydrogen bonding of
PVA binder and structural stability of the electrospun PVA nanofi-
brous matrix. Further studies are required to decrease the impedance

by introducing some conductivity to the electrospun nanofibers.
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