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Abstract

We investigated the influence of the anions inadiquid electrolytes on the electrochemical
performance of a silicon (Si) negative electrode dolithium-ion battery. While the electrode
exhibited poor cycle stability in tetrafluorobordiased and propylene carbonate-based electrolytes,
better cycle performance was achieved in bis(fleolfonyl)amide (FSA- and
bis(trifluoromethanesulfonyl)amide (TFSPRbased electrolytes, in which the discharge capadia
Si electrode was more than 1000 mAH at the 100th cycle. It is considered that a serfiin
derived from FSA and TFSA-based electrolytes effectively suppressed contiaudecomposition
of the electrolyte. In a capacity limitation testflischarge capacity of 1000 mA t gzas maintained
even after about the 1600th cycle in the FBAsed electrolyte, which corresponds to a cyfe i
almost twice as long as that in TFSBased electrolyte. This result should be explaimgthe high
structural stability of FSAderived surface film. In addition, better rate abihity with a discharge
capacity of 700 mA h g was obtained at a high current rate o€621 A g% in FSA-based
electrolyte, which was 7-fold higher than that IRSA-based electrolyte. These results clarified that

FSA-based ionic liquid electrolyte is the most promgscandidate for Si-based negative electrodes.



1. Introduction

Lithium-ion batteries (LIBs) have been widely usadoortable devices such as smartphones
and laptops due to their high energy density. Algto an additional increase in energy density is
needed before LIBs can be used as a power soustedtnic vehicles and stationary supply systems,
the capacity of a graphite negative electrode, wh& used currently, is insufficienEince Lai
reported solid lithium—silicon electrode could agterat 400C [1], silicon (Si) is a promising active
material as a negative electrode material for gexteration LIBs because it has a remarkably high
theoretical capacity of 3580 mA I'g(Li1sSis) [2,3]. However, Si undergoes a huge change in
volume during alloying/dealloying reactions with [4i,5], and this generates high stress and stmain i
the active material. The accumulation of strainmyrepeated charge-discharge cycling brings about
disintegration of the active material layer, whigsults in poor cyclability for a Si electrod&n
overcome this issue, a nano-sized silicon has btmlied as one of the promising approaches. Wu et
al. demonstrated that nano-sized Si-coated grapétiéened a relatively high reversible capacity of
567 mA h g* over 20 cycles [6]. It was reported that vacuumpadited Si films on rough Ni and Cu
substrates exhibited excellent cyclability, and tifien consisted of nano-particles with
polycrystalline kept structure stable against vatna change during Li-insertion/extraction [7].

The electrolyte is one of the most important congmig that determines battery performance
and safety. A non-flammable electrolyte is needed rfext-generation LIBs with a high energy

density to enhance their safety since the riskgoftion should increase with the energy density.



Thus, we have focused on identifying an ionic legqwiith excellent physicochemical properties, such
as incombustibility, negligible vapor pressure, andide electrochemical window. We previously
reported that the cycling stability of a Si-alorec&rode in a certain ionic liquid electrolyte was
superior to that in a conventional organic elegte[8-10]. However, the initial reversible capwgcit
in the former electrolyte is lower than that in faéer electrolyte becauseLéxhibits very strong
electrostatic interaction with the anion of the iootiquid, and thus Li undergoes very slow
desolvation from the anion. To overcome this probleve introduced an ether group, i.e., a
2-methoxyethoxymethyl group, into the side chaithef cation of the ionic liquid, and revealed that
this significantly increased the initial capacitiyaoSi electrode [11]. It is considered that thetiph
negative charge of the oxygen atom in the ethemgmeakens the electrostatic interaction between
Li* and the anion of the ionic liquid and promotesdieolvation of Li, which leads to smooth Li
transport at the interface between the electrodkethe electrolyte. These results suggest that the
structure of the cation in the ionic liquid eledyte strongly influences the electrochemical
performance of a Si negative electrode.

The anion of an ionic liquid electrolyte is alsoiamportant factor because it should affect the
solvation structure of Lj ionic conductivity, viscosity and so on [12—1Bpr example, the solvation
structure of Li in a bis(fluorosulfonyl)amide (FSAbased ionic liquid electrolyte is different from
that in a bis(trifluoromethanesulfonyl)amide (TF$Aased electrolyte, even though FSand

TFSA™ are based on the same amide’ fdrms [Li(TFSAY]™ and [Li(FSA}]? ion clusters in



TFSA™- and FSA-based ionic liquid electrolytes, respectively [13} While the relationship
between the structure of the anion in an ionicitigglectrolyte and the electrochemical performance
of a negative electrode other than a Si-basedretiet(e.g., graphite) has been reported [18-20],
there have been no systematic studies for Si-balsetrodes. In this study, we investigated theceffe
of the structure of the anion in an ionic liqui@&lolyte on the electrochemical performance of a S
negative electrode for use in a LIB. Notably, wedisonic liquid electrolytes with a single anion

species; i.e. the anion of the Li salt was the same asdh#te ionic liquid.

2. Experimental

Si powder (Wako Pure Chemical Industries, Ltd.998. was used as an active material. A Si
electrode was prepared by the gas-deposition metitbdut any conducting additive or binder. The
detailed conditions have been described in ouripusvwpapers [10,11]. The weight of the deposited
active materials and the deposition area on theubstrate were ca. 3@ and 0.80 cHj respectively.
We assembled a 2032-type coin cell consisting efShelectrode as a working electrode, Li metal
foil (Rare Metallic Co., Ltd., 99.90%) as a countdectrode, and a glass fiber filter (Whatman
GF/A) as a separator. The ionic liquid wused in thistudy consisted of
1-((2-methoxyethoxy)methyl)-1-methylpiperidinium RPMEM") cation and three types of anion,
i.e., FSA, TFSA, or tetrafluoroborate (BF), as shown in Figure S1. The electrolyte solutisad

was 1 mol dm? LiX-dissolved in PP1IMEMK (X: FSA, TFSA, or BR). 1 mol dn?® LiTFSA in



propylene carbonate (PC4HsOs, Kishida Chemical Co., Ltd.) was also used as rventional
organic electrolyte. The preparation of electrolgtdution and cell assembly were performed in an
Ar-filled glove box (Miwa MFG, DBO-2.5LNKP-TS) witla dew point below —108C and oxygen
content below 1 ppm. A galvanostatic charge-digghaest was conducted using an electrochemical
measurement system (HJ-1001SD8, Hokuto Denko @Ga.) in a potential range between 0.005 and
2.000 V vs. LI/Li at 303 K under a current density of 0.427A .12C). The high-rate performance
of the electrodes was investigated at a curreetfrain 0.12C to 12C. The ionic conductivity of
ionic liquid electrolytes was also investigated &g electrochemical impedance spectroscopic

analysis in the frequency range from 100 kHz to B@Qvith a potential amplitude of 10 mV.

3. Resultsand discussion

Figure 1(a) shows the dependence of the dischdmgex{raction) capacity of a Si-alone
negative electrode on the cycle number in variongiliquid electrolyte solutions. For comparison,
the result in an organic electrolyte (1 mol drhiTFSA/PC) is also shown. While the discharge
capacity of a Si electrode was as high as 3000 rg& n the first cycle in the PC-based electrolyte
solution, it rapidly decayed; the Si electrode showed poor cycling stability in the PC-based
electrolyte. The rapid capacity-fading resultedrrdisintegration of the active material layer dae t
the large change in the volume of Si during Li-mis& and extraction [5]. The volumetric change

brought about the cracking and pulverization ofa8il followed by electrolyte decomposition on the



exposed surface of the electrode. This phenomeswiola drop in Coulombic efficiency at around

the 30th cycle in the PC-based electrolyte, as shawrigure 1(b). The initial discharge capacity of

a Si electrode was less than 800 mA # ip the BR-based electrolyte solution. The cycle

performance of the electrode in the s-BBased electrolyte was almost the same as thahen t

PC-based electrolyte¢he discharge capacity was less than 200 mAlraigthe 80th cycle in both
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Figure 1Dependence of (a) discharge capacity and (b)
coulombic efficiency on cycle number for a Si
electrode in 1 mol dm LiX’PPIMEMX. (X: FSA,
TFSA, or BR) For comparison, the performance in 1
mol dnT LiTFSA/PC is also shown.
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electrolytes. Figure S2 shows the first chargekdisge profiles of a Si electrode in various
electrolytes. A potential plateau was observed raurad 0.1 V vs. LiLi during the charge
(Li-insertion) process in all electrolytes, whicbreesponds to the Li-Si alloying reaction [4,5]. A
huge irreversible capacity was confirmed at arodr2dV vs. Li/Li on the charge curve in only the
BF4-based electrolyte; an unfavorable reaction appears to occur on the Si electrode. The maximum
Coulombic efficiency of the Si electrode in thesBbased electrolyte was 70%, which was much
lower than that in the other electrolytes, as shawfkigure 1(b). Generally, an ideal surface film
formed on a negative electrode has very low elaatrconductivity and high Liconductivity, which
suppresses continuous electrolyte decompositioatefbre, the Coulombic efficiency increases after
formation of the surface film. However, the Si étlede maintained low efficiency in the BFbased
electrolyte. This result suggests that thesBferived surface film did not function suitably as
protective film to prevent continuous electrolygcdmposition.

On the other hand, in the FSAand TFSA-based electrolytes, the Si negative electrode
exhibited a high initial discharge capacity of 2708 h g?, which is almost the same as that in the
PC-based electrolyte. This result indicates thabbation of Li from anions occurred more readily
in the FSA- and TFSA-based electrolytes than in the Blbased electrolyte. To confirm this
assumption, cyclic voltammetry for a simple redeaation of Li was performed using a Ni electrode
as a working electrode, as shown in Figure 2. AvNirking electrode was used because it does not

change during the Li oxidation/reduction process.all of the ionic liquid electrolytes, peaks



assigned to the deposition and dissolution of Lien@bserved at around —0.2 V and 0.1 V v&/LLj
respectively [21-23]. These peaks were large irothder FSA- > TFSA- > BR-based electrolytes,
which corresponds to the ionic association tenderidire Li salt [24]. This result indicates thaéth

desolvation of Li from the anion most easily occurs in the FhAsed electrolyte, whereas the
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desolvation from BEF does not occur as easily because of the strorgetrastatic interaction
between Li and BR". Therefore, the above assumption should be vhiidhe first cycle, broad
reduction peaks were observed at ca. 1.4 V and/Iv8. Li*/Li in the FSA- and TFSA-/ BF4~
-based electrolytes, respectively. Although thedtre of the cation in all of the ionic liquids sva
the same, they had different reduction potentidlsis suggests that the anion species in the
electrolytes decomposed at each potential [25], #m& surface film that consisted of the
decomposition products should affect the cyclindggrenance of the Si electrode.

The initial Coulombic efficiency in the FSAand TFSA-based electrolytes was about 70% at
the initial cycle and increased to almost 100%hm subsequent cycle. On the other hand, in the BF
-based electrolyte, the efficiency was lower incgitles. This indicates that the surface films fedm
in the FSA- and TFSA-based electrolytes have much better insulatiopgnees. Therefore, the
FSA™- and TFSA-derived surface films would act as a protectiienfito effectively prevent
continuous decomposition of the electrolytes.

As shown in Figure 1(a), the electrode retainedsah@rge capacity of 2000 mA hieafter
100 cycles in the FSAbased electrolyte, which is twice that in the TF®Ased electrolytet is
considered that cycling stability is attributedte difference of composition of the surface filhine
surface film on Li electrode is composed of LiFp@j Li2SQu, Li2S0a4, Li2NSOCFs, LiyCoFx,
LiSO2CFs and others in TESA-based electrolyte [26, 27]tanother hand, the FSA-derived surface
film is composed of LiF, LiOH, O, LSOy, SQF etc. [28, 29]. These insoluble Li salts on the
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surface of the electrodes are probably responfibléne passivation of the electrodes. Howevas it
unclear that which component contributes to imprthes cycling stabilityPiper et al. investigated
the decomposition mechanism of the FS&nd TFSA anions based on molecular dynamics
simulations [29]. They reported that the S-F bam&$A" is broken preferentially, and ks rapidly
released to form LiF, whereas LiF is not formedreadily in TFSA. It is well known that LiF
improves the structural stability of the surfadenf{30]. Hence, the FSAderived surface film is
more stable and should contribute to better cyghedgormance.

Although the FSAbased ionic liquid electrolyte improved the cygliperformance of the Si
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Figure 3 \Variation in discharge capacity of a Si electrode in @&l mnT3
LIFSA/PP1IMEM-FSA or LITFSA/PP1IMEM-TFSA versus number of egclat a fixed
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electrode, gradual capacity-fading still occurredle have demonstrated that the cycle
performancecan be remarkably enhanced by confgdlininsertion/extraction, in moderation [10].A
charge-discharge cycling was performed with a ltration capacity limitation of 1000 mA hgn

the FSA- and TFSA-based electrolytes, as shown in Figure 3. In tA8A-based electrolyte, the
Si electrode maintained a reversible capacity Gf01MA h g* until about the 800th cycle. On the
other hand, the Si electrode in the F®ased electrolyte exhibited better cycle perforoeawith a
discharge capacity of 1000 mA h'g@venafter ca. 1600 cycles. Capacity limitation dranelic
improved the cycling stability, since the accumiolatof severe stress was suppressed by moderation
of the change in the volume of Si. Notably, theleylife of the electrode in the FSAased
electrolyte was twice as long as that in the TFBAsed electrolyte. Hence, the superiority of the
FSA™-based electrolyte became clear when the capaeiylimited.

Rate performance is one of the most important cbariatics of LIBs, especially when used in
an electric vehicle. Thus, the rate capability obiaelectrode in the ionic liquid electrolytes was
investigated, as shown in Figure 4. The electretiesved reversible capacities of 700 mAh ¢00
mA h g?, and 1000 mA h g at a high current rate of & (21 A g?) in the FSA-, TFSA-, and
PC-based electrolytes, respectively. As shown iblelfd, the PC-based electrolyte exhibited the
highest ionic conductivity of 5.51 mS chn In addition, the conductivity of the FSAased
electrolyte (2.06 mS cm was three times that of the TFSBased electrolyte (0.66 mS T Since
there are no electroneutral molecules in an iaaqigid, electrostatic interaction between the cation

12
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Figure 4. Rate capability for a Si electrode in 1 mol UniFSA/PP1IMEM-FSA,

LITFSA/PP1IMEM-TFSA, and LITFSA/PC at various current rates from .12 12C.

and anion immensely influences on the viscosity mmic conductivity of the ionic liquid. The

electrostatic interaction between'land FSA is weaker compared with it betweer' land TFSA.

In addition, it has been confirmed that FSA-basexici liquid shows a lower viscosity than
TFSA-based one [31]. This is one of the reasons WBYA-based electrolyte has higher ionic

conductivity compared to TFSA-based electrolyte.

Table 1 lonic conductivity of electrolytes usedhis study at 303 K.

Electrolyte
Conductivity / mS cm
Li-salt Solvent
LiIFSA PP1MEM-FSA 2.06
LITFSA PP1MEM-TFSA 0.66
LITFSA PC 551
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Li-insertion into a Si negative electrode proceeidsseveral steps: (1) Ltransport in the electrolyte
bulk, (2) desolvation of Lifrom ionic liquid anions or organic molecules, (3) transport in an
electric double layer and/or a solid electrolyteeiphase, and (4) an alloying reaction of Si with L
[32].anions or organic molecules, (3)*Liransport in an electric double layer and/or adsol
electrolyte interphase, and (4) an alloying reacté Si with Li [32]. Under a high rate of G, Li*
transport, i.e. ionic conductivity in the electri@ybulk, dominantly affects the rate capability.
Consequently, a good high-rate performance wasaetionly in the FSAbased electrolyte, even
though FSA and TFSA are based on the same amide. When the currenvaatdéack to the initial
value of 0.12C, the Si electrode showed a reversible capacity260 mA h g* at the 36th cycle in
the PC-based electrolyte. In contrast, the diseéhagpacity of the electrode recovered to 2500 and
2000 mA h g* at the 36th cycle in the FSAand TFSA-based electrolytes, respectively, which are
both higher than the capacity in the PC-basedrelgtt. These results indicate that the Si ele@rod
was disintegrated in the PC-based electrolytetagla current rate of €, whereas deterioration of
the electrode was almost negligible in the FSAnd TFSA-based electrolytes. In addition, it is
considered that the discharge capacity-fading eWmRBA- and TFSA-based electrolytes at® is

mainly caused by limitation of the rate of ldiffusion in the electrolyte bulk.

4. Conclusions
The effect of the structure of the anion iniamic liquid electrolyte on the electrochemical
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performance of a Si-alone negative electrode ferind.IBs was investigated. The electrode showed
better cycle performance in FSAand TFSA-based electrolytes than in a Bbased electrolyte; the
performance of the Si electrode is improved in somé not all, ionic liquid electrolytes. The
electric conductivities of the surface films formedhe FSA- and TFSA-based electrolytes would
be lower than those in BF and PC-based electrolytes. A Si-alone negatigetelde also exhibited
excellent cycle performance with a discharge capaxfi1000 mA h g! beyond 1600 cycles in the
FSA-based electrolyte under Li-extraction capacityitition, which results from the structural
stability of the surface film with LiF. A high ratperformance was achieved with a reversible
capacity of 700 mA hg even at 6 in the FSA-based electrolyte due to the high conductivity of
the electrolyte. Consequently, the FS#ased ionic liquid electrolyte is the most promgsi

electrolyte solution for next-generation LIBs wélSi-based negative electrode.
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Figure captions

Figure 1Dependence of (a) discharge capacity and (b) Cduitoefficiency on cycle number for a
Si electrode in 1 mol dm LiXIPPIMEMX. (X: FSA, TFSA, or BR) For comparison, the

performance in 1 mol dMLITFSA/PC is also shown.

Figure 2 Cyclic voltammogram for Li deposition/digtion on/from a Ni electrode in 1 mol din
LiXIPPIMEMX. (X: (a) FSA, (b) TFSA and (c) BF Solid and dotted lines show the first and

second cycles, respectively. Scan rate : 1 MV s

Figure 3 Variation in discharge capacity of a Qicédode in 1 mol dni LIFSA/PPIMEM-FSA or

LITFSA/PP1IMEM-TFSA versus number of cycles at afix i-extraction level of 1000 mA hy

For comparison, performance without capacity litiotais also plotted.

Figure 4 Rate capabilty for a Si electrode in 1 Imdm3 LiIFSA/PPIMEM-FSA,

LITFSA/PP1IMEM-TESA, and LITFSA/PC at various curreates from 0.1Z to 12C.

Table 1 lonic conductivity of electrolytes usedhis study at 303 K.
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