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ABSTRACT

A FeSi,; thin film is deposited on a copper substrate by RF magnetron sputtering of a Fe-Si alloy target.
The electrochemical behavior of the FeSi,; electrode in ionic liquid electrolyte based on 1-butyl-1-
methylpyrrolidinium bis(trifluoromethanesulfonyl) imide is investigated and compared with that of a
FeSi, 7 electrode in conventional liquid electrolyte. The FeSi,; electrode in the ionic liquid electrolyte
delivers an initial discharge capacity of 756 mAhg-! at room temperature, and its discharge capacity
is maintained to be 92% of the initial discharge capacity after the 100th cycle. AC impedance and FTIR

ﬁfg lvcv?lr:ljjl d analysis reveal that the formation of a stable solid electrolyte interphase (SEI) layer on the FeSi, ; elec-
Si-based anode trode in the ionic liquid electrolyte leads to a good capacity retention. This study demonstrates that the
Si-Fe alloy FeSi, 7 electrode exhibits stable cycling behavior and good interfacial characteristics in the ionic liquid
Lithium-ion battery electrolyte without any solvents and additives.

SEI layer © 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Silicon is an attractive anode material owing to its large the-
oretical charge capacity, particularly when compared to that of
graphite, which is an active anode material currently used in
lithium-ion batteries. However, silicon undergoes a substantial vol-
ume change during Li insertion and extraction reactions, which
causes a mechanical failure of the active material, and thus results
in poor cycling stability of the electrode [1-4]. Many attempts have
been made to overcome this problem. Among them, the use of
Si-transition metal alloy electrodes has attracted much attention
because of their high volumetric capacity and good capacity reten-
tion [5-13]. The silicon alloys consist of an active Si phase in an
inactive matrix, in which the Si phase with small volume changes
should be uniformly distributed in the inactive matrix, thereby
accommodating the volume change and improving the cycling sta-
bility.

Recently, ionicliquids have been intensively studied as safe elec-
trolytes for lithium-ion batteries because of their non-flammability
as well as their high electrochemical and thermal stabilities
[14,15]. Among the various ionic liquid systems, those based
on pyrrolidinium cations and bis(trifluoromethanesulfonyl) imide
anions are considered promising for battery application, owing
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to their wide electrochemical stability and high ionic conductiv-
ity [16,17]. Accordingly, several electrochemical investigations of
pyrrolidinium-based ionic liquids have been reported in the litera-
ture [16-23]. However, to our knowledge, there are few reports on
the studies of the electrochemical behavior of silicon alloy elec-
trodes in pyrrolidinium-based ionic liquid electrolytes [23]. The
complicated and inscrutable interfacial reactions between the Si-
based anode and the ionic liquid electrolyte are likely the cause
of this limited attention. Surface characterization of silicon alloy-
based thin film electrodes using infrared (IR) spectroscopy can
provide direct information on the functional groups of the solid
electrolyte interphase (SEI) without interfering signals from carbon
and polymer binder additives, which could provide insight into the
electrode-electrolyte interfacial behavior.

For this work, we prepared thin film FeSi, ; electrodes via RF
magnetron sputtering of Si-Fe alloy target. The electrochemical
performance of a FeSi, 7 electrode in ionic liquid electrolyte based
on 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)
imide (BMP-TFSI) was evaluated and compared with the perfor-
mance of a FeSi, 7 electrode in conventional liquid electrolyte by
using galvanostatic cycling tests and AC impedance spectroscopy.
The FeSi, 7 electrode showed better capacity retention in both con-
ventional liquid electrolyte and ionic liquid electrolyte than the
Si-Cuelectrode that exhibited a rapid capacity fade within 10 cycles
in conventional electrolyte [23]. The SEI layer formed on the FeSi5 7
film electrode during cycling was also investigated by ex-situ atten-
uated total reflection (ATR) FTIR spectroscopy.
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2. Experimental

2.1. Preparation and characterization of the thin film FeSi; 7
electrode

AFe-Si thin film was deposited on a copper substrate by RF mag-
netron sputtering of an alloy target. The surface of the Cu substrate
was modified by etching it with an aqueous solution of FeCl3 and
HCI (5 g FeCl3/15 ml HCI/60 ml H,0) for 1 min. The Fe-Si alloy tar-
get was prepared by mechanical alloying of the elemental powders
of Fe and Si, followed by cold compaction and sintering at 1100°C
for 2 h under an argon atmosphere. The mechanical alloying was
performed using a SPEX-8000 high energy ball mill with stainless
steel balls and vial inside an argon-filled glove box. The deposi-
tion chamber was pumped down to a base pressure of 2 x 10~6 Torr
and the working pressure was kept at 5 mTorr. The thickness of the
film electrode was about 180 nm. Composition analysis for the thin
film electrode was carried out by energy-dispersive spectroscopy
(EDS). The structural identification of the Si-Fe alloy was performed
by X-ray diffraction (XRD) and transmission electron microscopy
(TEM).

2.2. Cell assembly and measurements

The BMP-TFSI was purchased from Chem Tech Research Incor-
poration and dried under a vacuum at 100°C for 24 h before use.
The water content in BMP-TFSI after drying was determined to be
8 ppm by Karl Fischer titration. An ionic liquid electrolyte was pre-
pared by dissolving 1.0 M of lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI) in BMP-TFSI. LiTFSI was used as a lithium salt, since
it was suitable for ionic liquid containing TFSI anion. The liquid
electrolyte used for comparative purposes (henceforth referred to
as the conventional liquid electrolyte) was 1.0 M LiPFg in ethylene
carbonate (EC)/diethyl carbonate (DEC) (1:1 by volume, Techno
Semichem Co., Ltd., battery grade), which has been one of the most
common electrolyte systems used in lithium-ion batteries. The coin
cell (CR2032) composed of a lithium metal, a polypropylene sep-
arator (Celgard 2400) and a FeSi, 7 electrode was assembled with
the ionic liquid electrolyte or the conventional liquid electrolyte
in a dry box filled with argon gas. Charge and discharge cycling
tests of the cells were conducted at a current density of 20 A cm—2
(0.3C rate) over a voltage range of 0-1.2 V with battery test equip-
ment. The AC impedance measurements were performed using an
impedance analyzer over the frequency range of 1 mHz to 100 kHz
with an amplitude of 10 mV.

2.3. Surface characterization

Changes in the surface morphology of FeSi, 7 electrodes before
and after cycling were characterized using a scanning electron
microscope (SEM, JEOL JSM-6300). Surface characterization of
the cycled FeSi,; electrodes was conducted via ex-situ ATR-
FTIR spectroscopy using an IR spectrometer equipped with a
mercury—-cadmium-telluride detector. The residual electrolyte was
removed from the cycled electrode by washing thoroughly in
dimethyl carbonate (DMC) prior to collecting the IR spectrum.
Note that soluble species could be removed by the DMC washing.
Since the electrodes were directly mounted on the closed single-
reflection ATR unit with a Ge optic in the Ar-filled glove box, there
was no moment of atmospheric contamination for the samples
during transportation to the IR instrument as well as during the
IR measurement. A total of 512 scans were co-added with a spec-
tral resolution of 4cm~1. The spectra were corrected for the light
penetration depth as a function of wavelength.

Fig. 1. EDS results of (a) the Fe-Si alloy target and (b) the as-deposited Fe-Si thin
film electrode.

3. Results and discussion

The EDS data for the alloy target and the as-deposited Fe-Si
thin film electrode are compared in Fig. 1. Additional Cu peaks
from the substrate are observed in the as-deposited Fe-Si thin film
electrode. The composition of the as-deposited Fe-Si thin film was
estimated to be FeSiy 7, from the EDS analysis, which is similar
to that of the sputtering alloy target (FeSi; 7). XRD pattern of the
FeSi, 7 film deposited on the Cu substrate was compared with that
of the target, as shown in Fig. 2. The pattern for the thin film shows a
significantly broad feature of reflections, compared to that of target
corresponding to the orthorhombic (Cmca) structure of FeSi;, [24]
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Fig. 2. XRD patterns of (a) the Fe-Si alloy target and (b) the as-deposited Fe-Si thin
film.
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Fig. 3. High resolution TEM image of the as-deposited Fe-Si film.

and the cubic Si. The peak broadening observed for the film may be
associated with amorphous-like structure of the film. Fig. 3 shows
the high resolution TEM image of the as-deposited FeSi, 7 film. A
featureless modulated contrast without appreciable periodicity
is observed, indicating that the as-deposited film consists of
amorphous structure, which is consistent with the XRD result. The
selected area diffraction pattern also consists of only amorphous
like halo.

Fig. 4 shows the charge and discharge curves of the thin film
FeSi, ;7 electrode in different electrolytes for the first and second
cycles. The two electrolyte systems exhibit typical charge and
discharge profiles corresponding to the lithiation of Si (forming
Li,Si) and the delithiation of LixS (regenerating Si), respectively.
For the conventional liquid electrolyte, the initial charge and
discharge capacities were 1442 and 1073 mAhg-! based on the
FeSi, 7 electrode (this mass includes both Si and Fe), respectively,
with an efficiency of 74.4%. The discharge capacity decreased to
1060mAhg-! and the efficiency increases 89.3% during the sec-
ond cycle. On the other hand, the initial discharge capacity of the
FeSi, 7 electrode in the ionic liquid electrolyte was 756 mAhg~!
with an efficiency of 65.8%. The lower initial discharge capacity of
the FeSi,; electrode in ionic liquid electrolyte can be explained
by considering that the use of an ionic liquid electrolyte causes an
increase in viscosity, which results in an increase of the resistance
for ion migration in the electrolyte and charge transfer reaction
on the FeSi, 7 electrode. Both the discharge capacity and the effi-
ciency increased to 766 mAh g~! and 91.8% during the second cycle.
Higher efficiency at the second cycle as compared to that of cell with
liquid electrolyte (89.3%) indicates that the reductive decomposi-
tion of ionic liquid electrolyte was suppressed by SEI layer formed
at the first cycle. Differential capacity plots shown in Fig. 5 give
a better peak resolution for Si reaction and electrolyte decomposi-
tion, respectively. In the liquid electrolyte, the first cathodic process
shows a small peak ranged from 0.65 to 0.32 V, which is associated
with reductive decomposition of electrolyte components, as pre-
viously reported in Si electrodes [25,26]. Significant cathodic peak
below 0.2 Vis due to the lithiation of Si. At the second cycle, the peak
observed near 0.43 V disappeared, but the reductive decomposition
occurred around 0.35V. This might be caused by reductive elec-
trolyte decomposition due to the ineffective coverage of the thin
film electrode with SEI formed at the first cycle. The first charge
process in ionic liquid electrolyte shows a similar feature to the
electrode in conventional liquid electrolyte with a rather broad
reductive peak ranged from 0.70 to 0.30V, which is attributable
to the reductive decomposition of ionic liquid electrolyte. It should
be noted that the reductive decomposition below 0.30V at the sec-
ond cycle was significantly reduced in ionic liquid electrolyte. This
result indicates the effective formation of an SEI layer on the FeSi; 7
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Fig. 4. Charge and discharge curves of the thin film FeSi,; electrode in different
electrolytes during the first and second cycles: (a) conventional liquid electrolyte
and (b) ionic liquid electrolyte. Cycling was carried out between 0 and 1.2V at a
current density of 20 pA cm~2 (0.3C rate).

electrode during first cycle, which prevents the reductive decom-
position of the ionic liquid electrolyte for consecutive cycling.

Fig. 6 shows the discharge capacities of the FeSi, ; electrode in
the conventional liquid electrolyte and the ionic liquid electrolyte
as a function of cycle number. The discharge capacity of the FeSi, 7
electrode in the ionic liquid electrolyte declined to 694 mAhg~!
after the 100th cycle, which corresponds to 92% of the initial
discharge capacity, whereas the capacity retention of the FeSi; 7
electrode in the conventional liquid electrolyte was 73%. The dif-
ference in the capacity retention behaviors of the two electrolyte
systems may have arisen from the different interfacial characteris-
tics of the FeSi, 7 electrode during cycling.

In order to investigate the interfacial behavior of the FeSi;;
electrode during cycling, the AC impedance of the cells was mea-
sured while the cell was in the discharged state after 1st and 100th
cycles, respectively. The resultant AC impedance spectra are shown
in Fig. 7. All the spectra are composed of a semicircle in a high-
frequency range and a straight line with a slope of approximately
45° in a low-frequency region. These spectra can be analyzed by
using the equivalent circuit given in Fig. 7b. The high frequency
semicircle is associated with the overall interfacial resistance (R;),
which consists of the resistance of the SEI film formed on the elec-
trode surface and the charge transfer resistance, and the straight
line with the 45° slope at low frequencies can be ascribed to the
Warburg diffusion of lithium ions in the thin FeSi,; electrode.
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Fig. 5. Differential capacity vs. potential curves of the thin film FeSi,; electrode

in different electrolytes during the first and second cycles: (a) conventional liquid
electrolyte and (b) ionic liquid electrolyte.
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Fig. 7. AC impedance spectra of the FeSi,; electrode in (a) the conventional liquid
electrolyte and (b) the ionic liquid electrolyte, obtained at the fully discharged state
after the first and 100th cycles. The inset shows the equivalent circuit.

[27,28]. The electrolyte resistances (Rs) could be also estimated
from the high frequency intercepts of the real axis. As expected,
the electrolyte resistance of ionic liquid electrolyte (15.9 2) was
higher than that of conventional liquid electrolyte (3.1 2), due to
the viscous nature of ionic liquid electrolyte. In the conventional
liquid electrolyte, the interfacial resistance significantly increased
from 55.2 to 149.4 Q2 after 100 cycles. On the contrary, the interfa-
cial resistance was little changed after the 100th cycle in the ionic
liquid electrolyte (from 192.5 to 213.4 2), even though the abso-
lute value of the interfacial resistance was slightly higher than that
in the conventional liquid electrolyte. This result suggests that a
highly stable SEI film on the FeSi, ; electrode formed in the early
stages of cycling in the ionic liquid electrolyte, thereby inhibiting a
further irreversible reaction of the electrolyte and resulting in the
stable cycling behavior shown in Fig. 6.

Fig. 8 shows the surface morphology of the FeSi,; electrode
before and after cycled (100 cycles) in different electrolyte sys-
tems. The surface of the as-deposited film was covered with small
particles in part of the film, as shown in Fig. 8a. After cycling in
conventional liquid electrolyte, the surface of the film was rough
and covered with deposits of SEI products. The deposits look more
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Fig.8. SEMimages of the FeSi, 7 electrode surface before and after cycled in different
electrolyte systems: (a) before cycling, (b) after 100 cycling in the conventional
liquid electrolyte and (c) the ionic liquid electrolyte.
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Fig. 9. IR spectral comparison of the surface of the FeSi,; electrodes obtained after
100 cycles in (a) the conventional liquid electrolyte and (b) the ionic liquid elec-
trolyte.

separated each other and appear to have less connectivity among
them. In contrast, the SEI layer formed on the electrode cycled
in ionic liquid electrolyte almost completely covered the film
electrode. The deposits look connected each other. The effective
coverage of the electrode prevents the reductive decomposition of
the ionic liquid electrolyte for consecutive cycling, as explained in
Fig. 5, and thus leads to good capacity retention, as shown in Fig. 6.

The surface of the cycled FeSi, 7 electrode was analyzed using
ex-situ ATR FTIR spectroscopy. Fig. 9 compares the IR spectra of the
surface of the FeSi, 7 electrodes obtained in different electrolytes
after 100 cycles. The surface of the electrode in the conventional lig-
uid electrolyte (Fig. 9a) exhibits mainly multiple peaks in the region
0f 920-730cm™!, which can be attributed to the P-F group and the
M-F group (M=Si/Fe). The peaks observed at 913 and 873 cm™!
can be assigned to the Si-F group [29]. Tiny peaks at 1269, below
1100, and at 833cm™! can be attributed to the P=0, the P-O-C
and the P-F groups, respectively, and are from O=PF-OR com-
pounds. In fact, they may have originated from the decomposition
of PFg~-derived species. The peaks appearing at 2950-2840 cm™!
are characteristic of the CH3CH;-alkyl group, which are the decom-
position products of ethylene carbonate (EC), diethyl carbonate
(DEC) and their derivatives. In Fig. 9b, the electrode surface after
cycling in the ionic liquid electrolyte shows weak absorbance peaks
near 1705-1662 cm~! owing to the C=0 group of ester —-CO,-R or
alkyl carbonate salt R-OCO,~M™ (M =Li/Si), together with finger-
prints at 1423, 1352, 1201, 1132 and 796 cm~!. Very tiny peaks at
1565 cm~! indicate the trace of carboxylate metal salt R-CO,~M™,
These organic species are the BMP decomposition products, per-
haps coupled with oxygen from the TFSI anion and surface oxygen
of the electrode. Other tiny peaks near 1201 cm~! can be attributed
to the C-F group, while those at 1065 and 796 cm~! may be asso-
ciated with the SNS group, and the one at 746cm~! with the
-CS- group from the TFSI decomposition. Overlapping peaks of
—CF, -SNS-, SO32~ and M-F below 900cm~! appear to enhance
the peaks’ absorbance. The above IR data analysis shows that the
surface of the FeSiy; electrode cycled in the conventional liquid
electrolyte was mostly composed of PFs~ decomposition products.
Continued capacity loss (see Fig. 6) and an increase in interfacial
resistance (see Fig. 7a) indicate that the uncovered part of the elec-
trode surface was subjected to either further irreversible reactions
[30] or the deactivation of the Si by PFg~ decomposition products
[31]. On the other hand, the electrode in the ionic liquid electrolyte
contained a relatively low concentration level of the decomposi-
tion products of both the BMP cation and the TFSI anion, which
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may be correlated with an improved capacity retention and little
change in the interfacial resistance when using an ionic liquid elec-
trolyte for more than 100 cycles. Thus, an ionic liquid electrolyte
seems to effectively passivate the electrode surface in the early
stages of cycling despite a very thin or low concentration level of SEI
species.

4. Conclusions

The thin film FeSi, ; electrode was prepared by RF magnetron
sputtering of a Si-Fe alloy target. The electrochemical behavior
of the FeSi,; electrode was investigated in an ionic liquid elec-
trolyte (1.0M in BMP-TFSI) without any solvent molecules. The
electrode in the ionic liquid electrolyte exhibited a stable and
reversible cycling behavior, which was comparable to that observed
in a common liquid electrolyte. AC impedance and FTIR analysis
demonstrated that a very stable SEI layer effectively passivated the
FeSi, 7 electrode surface in the early stages of cycling, inhibiting
further decomposition of the electrolyte at the electrode surface. It
is thus expected that the combination of the ionic liquid electrolyte
and the Si-based anode can facilitate a safe lithium-ion battery with
high capacity and good capacity retention.
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