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ABSTRACT: We report the fabrication of a flexible and binder-

free metal fibril mat-supported Si anode (Si@SFM) by a simple =008 100
process. The fabricated Si@SFM anode showed a high discharge 2500 | @ 1000 mA g-! I_)
capacity, ~3000 mAh g™' at a current rate of 300 mA g, and
exhibited stable capacity retention, 90% at a 1 C rate (2000 mA
g™") after 200 cycles. The rate capability of the electrode was still
high even when both the charge and the discharge current rates
were markedly increased at the same time (1234 mAh g for
charge—discharge time of ~12 min). Moreover, owing to its
mechanical flexibility, the Si@SFM can be adopted as a key
component of flexible lithium-ion batteries (LIBs). After cell 0 30 60 90 120 150
packaging, the rechargeable flexible battery under bending stress Cycle Number

showed only a little capacity fading (86% of initial capacity) at 1000

mA g~' over 150 cycles. These results suggest that the Si@SFM electrode is readily suitable for use in rechargeable flexible LIBs.
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1. INTRODUCTION

As interest in flexible electronic devices, such as flexible liquid
crystalline displays (LCDs), organic light-emitting diodes
(OLEDs), wearable computers, and medical devices, grows,
development of flexible power sources, including lithium
batteries, superc 6pacitors, and solar cells, has become an
important goal.'~® Of these, rechargeable lithium-ion batteries
(LIBs) are particularly attractive owing to their wide
commercial use in mobile electronic devices given their high
energy densities.””® However, research on flexible LIBs is still
in the nascent stage; numerous challenges remain to be
overcome, and a number of phenomena remain unexplored.
Thus, it is important to consider the major differences between
conventional, rigid power sources and flexible ones.*'® To
begin with, flexible power sources should be able to withstand
mechanical stresses originating from external physical deforma-
tion, that is, the materials used to fabricate the flexible batteries
should also exhibit flexibility. The primary components of LIBs
are the electrodes fabricated by coating with active materials, a
binder, and a conducting agent in slurry form on a metallic foil
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as a current collector. Cu foil is used for the anode and Al foil
for the cathode."' Such conventionally fabricated electrodes are
quite rigid against external bending or rolling deformations.
Their poor mechanical flexibility limits their use in flexible LIBs.
Carbon-based films">™'* and conducting polymers'>'® have
been proposed as alternatives for fabricating mechanically
flexible electrodes. However, they exhibit low electric
conductivities compared to pure metallic foils, resulting in
relatively poor electrochemical performance. Recent reports
suggest that novel thin metallic layers deposited on porous
membranes not only exhibit the desired flexibility when used as
electrodes but also can act as templates for nanostructures that
allow use of high-energy-capacity silicon (Si) anodes in the
form of thin layers.'” This indicates that flexible current
collectors made from metallic materials should be used to form
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electrodes for low electrical conductance active materials in
flexible LIBs.

Recent research on LIBs has focused on the use of Si as a
high capacity anode material, as it can exhibit a theoretical
specific capacity that is over 10 times that of graphite."*™>* Two
major drawbacks of Si anodes, however, are the significant
volume change (up to 400%) durin§ charge—discharge cycling
and their low electrical conductivity.”*2 Herein, we report the
fabrication of a binder-free metal fibril mat-supported Si (Si@
SFM) anode by a one-step process using a sputtering method.
The Si@SFM anode possesses desirable LIB properties owing
to its uniform deposition and its interconnected structure. The
Si@SFM readily permits facile Li-ion and electron transport
and also accommodates large volume changes of Si. 22627
Moreover, we tested the suitability of the anode for use in
flexible LIBs by characterizing the electrochemical perform-
ances of flexible cells based on a Si@SFM anode, which had
high mechanical flexibility and electrical conductivity.

2. EXPERIMENTAL SECTION

Fabrication of the Si@SFM anode was carried out using the
radiofrequency (RF) magnetron sputtering method. The base vacuum
pressure of the stainless-steel chamber was 2.0 X 107 Torr, and the
working pressure was 7.0 X 107> Torr of Ar (99.999%). The Si target
(99.99%, Tasco) was used, and the distance between target and
substrate was 7 cm. Before Si was deposited on the stainless steel fibril
mat (SFM) current collectors (thickness, 100 ym; areal density, 10 mg
cm™? surface area, 0.05 m* g, Sfelt, Shine Co. Ltd.), the Si target was
presputtered for 60 min at SO W to remove the contaminants on its
surface. The sputtering was performed for 2 h at 25 °C and 50 W on
one side of the SFM. Si was also sputtered on a piece of copper foil
(Si@Cu), and the electrode was used for comparison purposes;
deposition conditions were the same as those for the Si@SFM
electrodes. The surface and cross-sectional morphologies of the
samples were examined using a field emission scanning electron
microscopy (MIRA LMH, Tescan and FE-SEM, S4800, Hitachi)
equipped with an energy-dispersive X-ray spectroscopy (EDX)
detector (GENESIS XM2, EDAX Inc.). In order to observe the
cross-sectional morphology of the Si@SFM electrode, we cut it using
an argon-ion beam polisher (E3500, Hitachi) at a constant power of
2.1 W (6 kV and 0.35 mA) under vacuum (<2.0 X 10~* Pa).

To evaluate the basic electrochemical properties, 2032 coin-type
half-cells were prepared by assembling the electrodes (Si@SFM or
Si@Cu), Li metal, and polyethylene (PE) separator (ND420, Asahi-
Kasai E-Materials) that was soaked with the liquid electrolyte (1.15 M
LiPF; in EC/EMC (30/70 by vol %)) containing S wt %
fluoroethylene carbonate (FEC, PANAX ETEC) in an Ar-filled
glovebox. The loading density of the active material, Si, was 0.2 mg
cm™2 Since the areal density of SEM is 10 mg cm™2, the mass ratio of
Si to SEM is around 1:50. The specific capacity (mAh g™') of cells was
calculated based on the sputtered Si mass only. In addition, pouch-type
cells (electrode dimension 4 cm X 4 cm) consisting of the Si@SFM
electrode, the PE separator soaked with the above-mentioned
electrolyte, and Li metal for analyses of flexible battery were fabricated
in the glovebox. Full cells using a Si@SFM anode, PE separator soaked
with the same electrolyte, and a LiFePO, cathode (LiFePO,/
polyvinylidene fluoride/Super-P = 90/5/5 by wt %) were fabricated
to evaluate the suitability of the Si@SFM anode when paired with
conventional cathode materials in LIBs. The LiFePO, cathode was
prepared by casting the slurry consisting of LiFePO, active materials
(Life Power P2, Sud-Chemie), polyvinylidene fluoride (KF-1300)
binder, and Super-P (Timcal) conductor in N-methyl-2-pyrrolidone
solvent and followed by drying in an oven at 100 °C. The prepared
LiFePO, electrode has a thickness of 40 ym, a density of 2.0 g cm™,
and a capacity of 0.65 mAh cm™ The assembled unit cells were cycled
at constant current rates ranging from 300 to 12000 mA g~ over
potentials of 0.01—1.5 (vs Li/Li*) (in the case of the half-cells) and

2.0—4.2 V (vs Li/Li*) (in the case of the full-cells). A battery tester
(PEBC050.1, PNE Solutions) was employed for the purpose, and
measurements were performed at 25 °C. Electrochemical impedance
spectroscopy (EIS) measurements were conducted using the
impedance analyzer (Biologic, VSP) over frequencies ranging from
0.05 Hz to 1 MHz at a potential of 10 mV.

3. RESULTS AND DISCUSSIONS

The surface and cross-sectional morphologies of pristine SEM
and Si@SFM electrode materials were characterized by
scanning electron microscopy (SEM). The stainless steel fibrils
had a diameter of approximately 10 pm and formed an
interconnected mat-like structure (Figure 1). An SEM as a

Metal fibril
(~ 10 pm)

Figure 1. (a and b) SEM images of the pristine nonwoven-shaped 3D
stainless steel fibril mats (SFM). (c and d) SEM images of the Si
sputtered onto the SFM (Si@SFM). (e) EDX image of the Si (green)
coating on the surface of the Si@SFM anode. (f) Cross-sectional SEM
image of a single fibril of the Si@SFM anode.

current collector allows for fast electron transfer over the entire
anode. In addition, the open spaces between neighboring fibrils
improve electrolyte diffusion, resulting in higher ion-transfer
rates. Thus, it was expected that the fibril mat would improve
the electrochemical performance of LIBs when used to form
electrodes. Even though the Si@SFM electrode was fabricated
by radiofrequency (RF) magnetron sputtering of Si onto the
SEM, the coating process did not modify the interconnected
structure of the SFM (Figure 1c). The surfaces of the stainless
steel fibril were observed to have become smoother after being
coated with Si (Figure 1d). The presence of Si on the surface of
the stainless steel fibril was also confirmed by the EDX (energy-
dispersive X-ray spectroscopy) image shown in Figure le. The
thickness of the coated Si active layer was determined from
cross-sectional images of a single fibril in Si@SFM (Figure 1f).
Repeated measurements suggested that a Si coating approx-
imately 1 pm in thickness was formed after 120 min of

sputtering corresponding to a growth rate of ~8 nm min ",
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Figure 2. (a and b) Voltage profiles at the 1st, 3rd, and Sth cycle of 2032 coin-type half-cells based on Si@Cu and Si@SFM, respectively, at a current
rate of 300 mA g. (c and d) Cycle performance of a 2032 coin-type half-cell having Si@Cu and Si@SFM at a high current rate of 2000 mA g™".

The electrochemical properties of SI@SFM electrodes were
investigated using 2032 coin-type half-cells. As noted else-
where,'*' these cells generally employ Li metal as the
reference and counter electrode. In addition, a control cell
fabricated using Si@Cu was also investigated (with the other
fabrication conditions the same as for the Si@SFM cell). Its
performance was compared to that of a Si@SFM cell in order
to elucidate the effects of the 3D SFM current collector on cell
performance (Figure 2 and Figure S1, Supporting Information).
The voltage profiles of the unit cells with the Si@Cu and Si@
SFM anodes, which were determined at a current rate of 300
mA g~ over potentials ranging from 0.01 to 1.5 V (vs Li/Li"),
are shown in Figure 2a and 2b, respectively. Both cells exhibited
typical characteristic voltage profiles associated with the
lithiation and delithiation of Si. These results were consistent
with the results of previous studies on Si-based anode
materials.”*” The initial discharge capacities of SI@SFM and
Si@Cu cells were 3025 and 2505 mAh g™, respectively, which
indicates that Si@SFM is more electrochemically active under
the same Si loading level. The initial Coulombic efficiencies
(ICEs) of the cells were 65.8% and 68.4%, respectively. The
fact that the ICE of the Si@SFM cell was lower than for Si@Cu
can be attributed to the fact that the surface area of the Si@
SEM electrode was greater than for the Si@Cu electrode.
However, the Coulombic efficiency (CE) of the Si@SFM cell
reached 93% after 3 cycles and maintained its value until the
end of the preconditioning cycling experiment (the first S
cycles).

As expected, the interconnected and porous structure of the
SEM current collector is readily penetrated by Li ions and also
facilitates transportation of electrons. As a result, the Si@SFM
electrode exhibited a higher initial discharge capacity than that
of the Si@Cu electrode, even at a current density as low as 300
mA g~'. The cycling performances of the Si@SFM and Si@Cu
cells were measured at a higher rate, 2000 mA g~ ', which is a 1

11546

C rate. The Si@SFM cell exhibited stable cycling performance
(its capacity was greater than 1500 mAh g™') even at the high
C rate (Figure 2c and 2d). In contrast, the Si@Cu cell exhibited
rapid capacity fading after only 15 cycles (its capacity after 15
cycles, 390 mAh g~', was only 23% of its initial capacity) at the
1 C rate. This was owing to the relatively thick Si film of the
Si@Cu electrode. It is likely that the lack of free volume in the
Si@Cu electrodes caused the Si film to be pulverized and peel
off from the Cu foil current collector (Figure Slc, Supporting
Information). This is likely to be the main cause of the inferior
capacity retention and poor CE of Si@Cu electrodes. This
result indicates that Si@Cu electrodes consisting of a thick Si
film on planar Cu foil are not suited for use as anodes in LIBs.
In contrast, the Si@SFM cell exhibited a discharge capacity of
1739 mAh g™', retaining 90% of its initial discharge capacity
after 200 cycles. Moreover, its average CE was greater than 99%
for up to 200 cycles.

The Si@SFM cell also demonstrated excellent rate
capabilities at current densities ranging from 1000 to 12 000
mA g~ (Figure 3). Even when the charge—discharge current
rate was increased by a factor of 12, from 1000 to 12 000 mA
g~', the rate capability of the cell remained as high as 1234 mAh
g~ for a charge—discharge time as short as ~12 min. In
addition, as the current density recovered to 1000 mA g, the
cell capacity was maintained at 94.3% (2571 mAh g™') based
on its original capacity. The superior electrochemical character-
istics exhibited by the Si@SFM cell, including a high reversible
capacity, excellent cycling performance, high efliciencies during
prolonged cycling, and a high rate capability, are all evidence of
the positive effects of the open porous and interconnected SEM
current collector on LIB performance.**~*

In order to analyze the changes in morphology of the Si@
SEM electrodes after 200 charge—discharge cycles, the unit
cells were disassembled and the electrodes washed with
dimethylene carbonate (DMC) to remove residual electrolyte,

dx.doi.org/10.1021/am502221f | ACS Appl. Mater. Interfaces 2014, 6, 11544—11549
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Figure 3. (a and b) Rate capability characteristics of the half-cells
based on the Si@SFM anode for different charging and discharging
current rates: (dotted line) voltage profile at 1 A g™" rate after the 12 A

g™ cycling.

dried in a vacuum chamber for 24 h, and then imaged. It was
found from the surface morphology of the Si@SFM and the
corresponding EDX image that Si layer adhered well to the
surfaces of the stainless steel fibrils despite evident crack
generation (Figure 4a and 4b) and a 50% thickness increase
from 1 to 1.5 ym (Figure 4c and 4d). It should be noted the 3D
Si@SEM structure suppressed peeling of the thick Si layer
during electrochemical cycling, in contrast to what is generally
observed in the case of cycled Si@Cu film anode (Figure Slc,
Supporting Information).*?>

This remarkable improved adhesion property of the Si layer
on the stainless steel fibril could be explained by a different
geometric expansion mechanism during charging. The lithium
intercalation-related volume expansion of a Si layer coated on a
flat 2D surface probably occurs in only one direction, leading to
severe stress generation. In contrast, the volume of the Si layer
coated on the stainless fibrils changed in a radial direction,
lowering the stress. For example, as schematically presented in
Figure 5, Si on the planar foil current collector can expand by
300% if the coating thickness of Si is assumed to be 100%.
However, as for fibril-based current collector, only 90%
thickness of Si is needed to coat the same Si loading amount.
In addition, the expansion ratio could be suppressed by around
210%. This might be the reason for the well-adhered Si layer,
despite the evident crack formation. Excellent cycling perform-
ance of the SiI@SFM cell compared to that of the Si@Cu cell
also reflected advantages of the Si@SFM electrode structure.

Figure 4. (a) Surface morphology of the Si@SFM after 200 charge—
discharge cycles. (b) EDX image of a. (c) Image of Si layer on single
fibril. (d) Amplified image of Si layer showing the increased thickness
of Si after 200 cycles.

300%

Charged Si Layer
Pristine Si Layer
Cu Foil

SFM

Si@Cu Foil

SI@SFM

Figure S. Schematics illustrating the different manner in which the
volumes of the planar and the cylindrical Si anodes change.

Owing to the mechanical flexibility and high electrical
conductivity of the SFM substrate (Figure S2, Supporting
Information), application of Si@SFM electrodes could be
extended to next-generation flexible batteries. The suitability of
the Si@SFM anode for use in flexible LIBs was determined
using a pouch-type cell (dimension of electrode = 4 cm X 4 cm,
see Figure S3, Supporting Information). To examine the
flexibility of the LIB cell, we investigated whether the pouch-
type cell with the Si@SFM electrode could light up a red LED
when folded (Figure S4a, Supporting Information). To further
evaluate the electrochemical performance of the cell under
mechanical stress, it was rolled with a bending radius of 0.6 cm
(Figure S4b, Supporting Information) and cycled at a current
rate of 0.5 C (1000 mA g™'). The flexible cell exhibited a
discharge capacity of 1616 mAh g~' as shown in Figure 6.
Interestingly, its average CE was greater than 99% for up to 150
cycles. This implies that the mechanical flexibility and high
electrical conductivity of the SEM current collector allows it to
act as a pathway for electrons (with the interfibrillar pores
remaining open) even when rolled or subjected to bending
stress. Finally, we fabricated a flexible full cell using the Si@
SFM anode and a LiFePO, cathode and evaluated it for cell
performance.’” Even though the cell design parameters and
conditions (i.e, the electrode area ratio and the negative/
positive capacity ratio, or N/P ratio) were not optimized, the
full cell exhibited very stable capacity retention behavior at a
current rate of 1 C over 50 cycles, retaining 76% of its initial
capacity (Figure 7). When the full cell capacity is converted
into a Si-based value, it reaches 1300 mAh g™" at a current rate

dx.doi.org/10.1021/am502221f | ACS Appl. Mater. Interfaces 2014, 6, 11544—11549
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of 2000 mA g_l. In addition, the average CE of the cell was in
the range of 99.2%, indicating good reversibility even under full
cell conditions.>** Therefore, the Si@SFM electrode inves-
tigated in the present study shows great potential for use in
flexible LIBs.

4. CONCLUSION

We successfully fabricated a flexible LIB electrode consisting of
a Si coating layer on a 3D stainless steel fibril mat, which acts as
a current collector. The resulting Si@SFM electrode showed
excellent electrochemical performances both in coin-type and
in pouch-type cells, examples of rigid and flexible LIBs,
respectively. The high rate capability of the Si@SFM cells was
attributable to the 3D open-porous nature of the current
collector. Our approach of using a flexible 3D-structured
metallic mat as the current collector should aid development of

high energy density flexible LIBs.
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