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Abstract

An applicability of a novel ionic liquid, consiisg of
1-methoxyethoxymethyl(tm-butyl)phosphonium cation and bis(trifluoromethariEnyl)amide
anion, was investigated as an electrolyte of Litiattery using a thick film electrode of Si premhre
by a gas-deposition method. The electrochemicageaties in the novel ionic liquid were compared
to those in a commercial ionic liquid and a typioedanic solvent of propylene carbonate. The ihitia
discharge capacity of 3450 mA h @nd excellent cycling performance were achievethénnovel
ionic liquid. The novel ionic liquid was confirmed effectively suppress a collapse and an elettrica
isolation of the Si thick film induced by pulvert&an during charge-discharge cycling. The excellent
performance is possibly attributed to more effextiesolvation of Li ions from the anions due to its

lower dielectric constant compared with the propglearbonate solvent.



1. Introduction

Silicon anode materials have attracted muchmtdie as alternative to a graphite anode in a
commercial Li-ion battery because its theoretigaacity of 4200 mA h-§is much larger than that
of graphite (372 mA h'§. The huge capacity is extremely attractive asxd-generation anode, and
is originated from an alloying reaction of Li-Si tgp a composition ratio of LkSi [1-3]. However,
Si anode has some disadvantages of a high eldaegiativity, a low diffusion coefficient of Li io
in Si [4], and a drastic change of specific voluthging the alloying/dealloying reactionghe
Li22Sis (Li4.4Si) has a cubic crystal structure with a latticestant of 1.875 nm [5]. The unit cell
volume is approximately 6.592 dnmHowever, there are 80 Si atoms in the unit cellie:Sis [5].
Thus, the volume per Si atom corresponds to be2@.08+. On the other hand, cubic Si has a lattice
constant of 0.5431 nm and the unit cell volume.a60 nni. The volume per Si atom is 0.020 hm
because the Si unit cell includes eight Si atonnerdfore, in the structure change from Si to48i,
the volumetric change ratio per Si atom correspdodse a 410%. The drastic volumetric change
causes a breakup of the electrode and an electiscédtion of the active material of Si.
Consequently, the electrode performance of Si amadelly fades away by repeating Li-insertion
and extraction. When a silicide instead of elemeBités utilized as the active material of anodhe t
capacity is drastically lost owing to smaller sggaamount of Li ions in the silicide. Therefore, we
believe that anodes for the next-generation Lifiattery should mainly consist of elemental Si to
derive an advantage of its larger theoretical cdéypac

A gas-deposition (GD) method is a suitable tégpi to form thick films. In this method, an
aerosol consisting of raw particles and a carré gushes from a nozzle to a substrate with a high
speed in the range of the sonic speed. For prapatecttrodes, we have demonstrated that the GD
method gives various advantages including (i) theng adhesion between the active material
particles as well as between the particles andubstrate, (ii) the nearly unchanged composition in

thick film formed without without atomization (e,gvaporization) of the particles such as



vaporization, and (iii) the formation of interstitispaces between the particles, which is a fal®rab
structure to release the stress induced by theanathic change of the active material particles][6,7
By using the gas-deposition of Si-based matene¢shave prepared GD-film electrodes with both a
large capacity and better cycling performance [B-11

An electrolyte is also one of the most importaamponents in Li-ion battery. Typical
electrolytes in commercialized Li-ion batteries sigh of an organic solvent based on ethylene
carbonate (€H4Os3; EC) and a lithium salt such as lithium hexaflygrosphate (LiP§. The
EC-based electrolytes have brought out a favoreleletrode performance and an excellent stability.
However, the electrolytes have been optimized fgragphite anode in existing Li-ion batteries. It is
necessary to develop new electrolyte suitable foex-generation anode using Si-based materials
because a mechanism of Li-storage in the Si-basedeais the alloying/dealloying reactions of Li-Si,
which is essentially different from a mechanismirdércalation/de-intercalation of Li ions in the
graphite anode. lonic liquids have recently recgigeovel attentions as a safer electrolyte with
higher thermal stability, wider potential windowydalower vapor pressure. Due to these excellent
properties, many researchers have studied appiicati ionic liquids to an electrolyte in Li-ion
battery of existing graphite-based anodes [12-0%].the other hand, there is no study on Si-based
anodes obtained by GD method in ionic liquids thoegme researchers have applied ionic liquids
to Si-based anodes prepared by sputtering [16] slody [17] methods. Therefore, we are
developing a novel ionic liquid which is applicalglectrolyte to our GD-film electrodes of Si-based
materials.

We have recently synthesized novel ionic liquidstaining quaternary phosphonium cations by
an organic synthetic method [18-20]. In this studg,investigated an applicability of the novel oni
liquid as an electrolyte of Li-ion battery usingtBick-film electrode prepared by the gas-depositio

comparing with a commercial ionic liquid.



2. Experimental

For gas-deposition, Cu foil substrates with thiekness of 2Qum were set up in a vacuum
chamber with a guide tube. An aerosol consistingrofAr gas (differential pressure 7%1®a) and
active material of a commercial Si powder was gateelr in the guide tube, and gushed from a
nozzle with a diameter of 0.8 mm to the Cu substnatthe chamber with a base pressure of 8 Pa.
The particle size of the Si powder (Wako pure clamindustries, Ltd., 9%) mainly ranges from
0.2 to 2um. Further detailed conditions of the gas-depasitiave been described in our previous
papers [6,7]. The weight of deposited Si on thessake was 30 ~ 6(g. The film thickness of the
active material was roughly estimated to be 3t by a cross-sectional observation using a
scanning electron microscope (SEM, JSM-5200; JE@L)L

Two kinds of ionic liquids were used as elegti@s in this study. The molecular structures are
compared in Fig. 1. One is 1-methoxyethoxymethyi{tbutyl)phosphonium
bis(trifluoromethanesulfonyl)amide [MEMBRB*][TFSA], a novel ionic liquid containing quaternary
phosphonium cation synthesized by our group [2@le DBther is 1-methyl-1-propylpiperidinium
bis(trifluoromethanesulfonyl)amide [PPIdFSA‘], a commercial ionic liquid (Kanto Chemical Co.,
Inc.). The anodic decomposition potentials of [MEMB'[TFSA] and [PP13[TFSA] were
determined to be 5.1 and 5.5 V vs. Li/by a linear sweep voltammetry with a sweep rate. bimV
st as our preliminary experiment. Electrolytes wemepared by dissolving a salt of lithium
bis(trifluoromethylsulfonyl)amide (LiTFSA, Kishid€hemical Co., Ltd.) in these ionic liquids with
a concentration of 1.0 mol/L (M). For comparisore used an electrolyte of 1.0 M LiCi@issolved
propylene carbonate (PCuldsOs, Kishida Chemical Co., Ltd.) as an existing elelyte based on
organic solvent.

A two-electrode coin-type cell with 2032 sizesnassembled in a glove box filled with Ar gas.
Working and counter electrodes were the GD-filnSofand a Li sheet with a thickness of 1.0 mm

(Rare Metallic, 99.9%). The areas of the Si film and the Li sheet are adall are 0.28 cfmnand



4.90 cm, respectively. A polypropylene film was soaked in the electrolyssd was used as a
separator.

Electrochemical measurements were carried 0803K using an electrochemical measurement
system (HZ-3000 Hokuto Denko Co., Ltd.). Constantent charge-discharge tests were performed
undera constant current of 0.42 Algcorresponding to a current rate of@,and cutoff potentials
of 0.005 V vs. Li/Lf for charge (Li-insertion) and 2.000 V vs. Liflfor discharge (Li-extraction)n
addition, a rate performance of the cell was akrened using a higher current density of 1.0°A g
(0.25C). The surface morphology was observed using a segnelectron microscope (SEM,
JSM-5200; JEOL Ltd.) for the electrodes before amitler the charge-discharge cycling.
Electrochemical impedance spectroscopic (EIS) amaklyas conducted at the potential of 0.005 V
vs. Li/Li* as the firstly Li-inserted state. The potentialplitnde was set to be 10 mV, and the
scanned frequency was ranged from 20 kHz to 10 nhidthe solutions of LiICI@PC and ionic
liquids without LITFSA, the conductivity was detamad by the EIS analysis in T-type cell with two
Pt electrodes. The viscosity of [MEMERI][TFSA] was measured with Brookfield cone and a plate

viscometer.

3. Results

The viscosity and conductivity of the electrelytused in this study were summarized in Table 1.
The physical data of [PPIBTFSAT] and PC were cited from Ref. 21 and 22. The idiguaids
exhibited very higher viscosities compared with 1LNLIO4/PC electrolyte. The higher viscosities
are attributed to a coulombic interaction betwedssatiated cations and anions. There is no
significant difference in the viscosity and condwity between two kinds of ionic liquids,
[MEMBU3sP*][TFSAT] and [PP13[TFSAT. The conductivity of the LICI@PC electrolyte is higher
in comparison with both the ionic liquids. It isggested that the higher conductivity of the

LiCIO4/PC electrolyte is caused by its lower viscosity.



Figure 2 depicts charge-discharge curves ohigkifilm electrodes at the first cycle in the ioni
liquids and PCunder the current density of @1 In this study, the charge/discharge means
insertion/extraction of Li ions. In every case, guatal plateaus appeared at approximately 0.1 and
0.4 V vs. Li/Li* in the charge and discharge reactions. The pateplateaus are originated from
alloying and de-alloying reactions of Si with Lih& potential difference between the charge and
discharge plateaus is attributed to a polarizatiotie cell. At the first cycle, the Si electrodesPC
and the ionic liquid containing [MEMBR'] cation exhibited large discharge capacities &#(Band
3450 mA h ¢. The first discharge capacity of 3450 mA H @ the ionic liquid containing
[MEMBuU3sP'] cation was much larger than that of 1900 mA *hig the ionic liquid containing
[PP13] cation.

The electrode in PC solvent exhibited the colienefficiency of 78% at the first cycle. For the
reason of the irreversible capacity in PC, it nefedther consideration. There is one possibilitgtth
the irreversible capacity arose from a reductiveodgosition of PC (€460s) forming lithium
carbonate and propylene gas as following equa#i@h [

CsHeOz + A4Li* +4e — 2LCOs + GHs (1)

The reductive decomposition reaction takes pladbeapotential of approximately 0.7 V vs. LifLi
However, no potential shoulder was observed atratal7 V in the charge curve. This result
indicates that the reductive decomposition doesootr in the electrolyte using PC. We should note
that higher coulombic efficiencies of 86% and 85%ravachieved in the cases of the ionic liquids
with [MEMBuUsP"] and [PP13] as described in Table 1. The electrode reactiofsthe
alloying/dealloying can proceed more efficientlytive ionic liquids. These results clearly revealth
the novel ionic liquid of [MEMBEP'][TFSAT acts as a promising solvent for Si anode in la-io
battery, like the commercial ionic liquid of [PPY3FSAT [16].

Figure 3 compares Nyquist plot&’ (vs. Z”) whereZ’ andZ” refer to the real and imaginary

parts of the cell impedance, which was obtainethkyelectrochemical impedance measurements for



the Si thick-film electrodes at the charged stat¢he frequency range of 20 kHz to 10 mHz. The
insets show enlarged views at higher frequencyssiltethe electrolyte using PC, the Nyquist plots
contain a small flattened semicircle in high fregmeregion and a large semicircle followed by a
slope of Warburg impedance in low frequency regagnshown in Fig. 3(a). The small flattened
semicircle corresponds to an impedance of Li iogration in an organic film layer on the electrode.
Thus, the small semicircle implies the formatiorthad organic film layer in PC. In contrast, no smal
semicircle was detected in the ionic liquids assshm the insets of Fig. 3(b) and 3(c). As suggeste
in the consideration with these high coulombicaédfncies, the ionic liquids are expected to promote
more efficiently electrochemical reduction/oxidatiof Li ions without the formation of the organic
film layer. The diameter of the larger semiciratelicates a faradaic charge-transfer resistatce
based on the electrochemical reduction/oxidatiohiabns on the electrode surface. TRe of 190
Q in the presence of [PP13s approximately one-and-a-half times as higlhas of about 12@ in
cases of PC and [MEMBH]. It is suggested that the smaller initial disgfeacapacity of 1900 mA
h gt is caused by a suppression of the charge-traimsfae ionic liquid with [PP13 in comparison
with other electrolytes.

At a higher current density, charge-discharge test® performed as an additional experiment.
In case ofPP13] cation, the initial discharge capacity was sligheduced from 1900 to 1620 mA
h g* with increasing the current density from O.tb 0.2%. The good rate performance is possibly
attributed to an excellent stability of [PP18ation against a reductive decomposition. Onatteer
hand, in the ionic liquid using [MEMBRE'] cation, we observed a drastic decay of the initia
capacity from 3450 to 640 mA hlgwith increasing theC rate. In both cases, smaller initial
capacities were obtained at higher current dessifiéis result indicates that the charge-transfer
resistance affects the discharge capacity.

Figure 4 represents a dependence of the disshaapgacity on the cycle number for the Si

electrodes in the ionic liquids with [MEMBRE'] and [PP13] cations. For comparison, the discharge



capacity of the electrode in PC is also plottethin figure. The discharge capacity in PC dradircal
dropped down with increasing the cycle number, eeathed 200 mA h-pat 60th cycle. The
significant capacity decay is attributed to a qula and an electrical isolation of Si induced By it
significant volumetric change. On the other hana, eiach case of the ionic liquids using
[MEMBuU3sP'] and [PP13], the capacity over 1500 mA higvas maintained throughout 100 cycles.
In particular, the ionic liquid with [PP1IBexhibited a high capacity retention of 84% at f@®th
cycle though its first discharge capacity of 1908 mg? is no so large. From these results, we can
see that two kinds of the ionic liquids used irsteiudy have a notable function as electrolytes to
alleviate effectively the collapse and electricallation.

Figure 5 displays SEM images of the Si electsaaeprepared and after charge-discharge cycling
in PC and the ionic liquid with [MEMB4#*]. The electrode before the cycling shows a smooth
surface of the thick film (Fig. 5(a)). After theatng in PC, a pulverized surface and large pasicl
with a size over 1(im were observed on the electrode (Fig. 5(b)). Weeassily deduce the collapse
and the electrical isolation in PC from the ima@e.the contrary, the surface was relatively smooth
after cycling in the ionic liquid with [MEMB#P'] though smaller particles were formed by the
volumetric changes as shown in Fig. 5(c). Theseltedave clearly demonstrated that the Si
electrode in the ionic liquid with [MEMB#P'] exhibits not only the large initial discharge aajty
but also the excellent cycling performance becatseionic liquid can effectively suppress the

collapse and the electrical isolation during theliag.

4. Discussion

The lower initial coulombic efficiency in caseRC can be explained in relation to a degree of a
desolvation in the electrolyte. A solvation of bins by polar molecules is more easily performed in
a solvent with increasing the dielectric constanthe solvent because the solvation is caused by a

coulombic interaction between Li ions and polar ecales. It has been reported that the dielectric



constant of PC is 64 at room temperature, andLihains are surrounded by PC molecules with the
solvation number of 2.2 to form a shell-like solwatconfiguration which is very stable [24]. On the
other hand, values of the dielectric constant hasteaccurately measured for the two kinds of the
ionic liquids used in this study. M. Gratzsl al. have measured the dielectric constants for various
ionic liquids such as 1-ethyl-2,3-dimethylimidazwh bis((trifluoromethyl)sulfonyl)amide, and
reported that the dielectric constants of ioniwility containing [TFSA anion exhibited are lower
than 10 [25]. In general, ionic liquids have muchaller dielectric constants in comparison with
polar organic solvents in spite of molecules of ithréc liquids are positively or negatively charged
[25], which is one of the most unique propertiesiafic liquids. We can suggest that the ionic
liquids used in this study have much smaller dielieconstants. Although Li ions are solvated by
two [TFSA] anions by the coulombic interaction [26], it Bnsidered that suggest the solvation can
easily dissociate owing to their smaller dielectdonstants. Therefore, the high coulombic
efficiencies were achieved in the ionic liquid. @ other hand, the stably solvated Li ions, which
can not contribute to the electrode reactions,am@imulated on the electrode in PC with much
higher dielectric constant.

The initial discharge capacity in the case oEfNBusP’] cation was much larger than that in the
case of [PP13 cation even though these ionic liquids consisth& same anion of [TFSA The
larger discharge capacity is presumably due to aofimcharge transfer of Liions at interface
between the electrode surface and the electralytieer than its slightly lower viscosity. The catso
of [MEMBuU3P'] and [PP13] accumulate on the surface of Si anode to comperiba charge, and
form Helmholtz layer. The Liions are solvated by two [TFSAanions in the electrolyte by the
coulombic interaction, which forms a layer of neggly charged clusters [Li(TFSA]) [26] on
surface of Helmholtz layer. In the electrode reawdi of Li" ions on the Si anode, an activation
energy of desolvation is required to dissociate fhi€TFSA)2]. We speculate that an easier

desolvation allows the electrode reaction to prdasféiciently because the activation energy can be



reduced due to its local negative charge of ethenms by a polar covalent bond in [MEMEI]
cations. In contrast, the desolvation of [Li(TFZAJs more difficult in the ionic liquid of [PPIB
which does not contain locally negative chargehm ¢ation. An insufficient supplement of Li ions
for the electrode reaction is supported by the drigbhharge-transfer resistance in the EIS
measurements. Thus, the initial discharge capacgyggested to be suppressed in the ionic liquid o
[PP13].

The origin of difference in the cycling perfornea is an electrical contact between the electrode
and the electrolyte. An active material of Si cat mtrinsically avoid to be pulverized in any
electrolytes owing to its volumetric change duriajoying/dealloying reactions of Li-Si. The
phenomenon leads to the electrode collapse andléatrical isolation between the active material
and the substrate, which significantly reducesogpg@rtion of Si contributing the alloying reactian t
the total amount of Si active material. For thigsen, the discharge capacity of Si anodes fadeg awa
by repeating the alloying/dealloying reactionsPi@ solvent, Li ions solvated by PC molecules are
not completely desolvated and accumulate to forendiganic film layer on the electrode, which
partially disturbs the electrode reaction. As tasult, the alloying/dealloying reactions occurhe t
limited area on the Si electrode. Therefore, théapse and the electrical isolation are enhanced,
resulting in the capacity decay being accelerdgdcontrast, we consider that the excellent cycling
performance was exhibited in the ionic liquids usedhis study because these electrolytes are
resistant to form the organic film layer and capgkéhe electrical contact good. These considerstion
are based on the results of EIS (Fig.3) and SENM.%FiThe [MEMBWP'] cation has two ether
groups with local negative charge by a polar caval®ond. We consider that the local negative
charges enable efficient electrode reaction, nesulh the very large initial capacity. However, we
should note that the very large capacity indicatesastic volume change during charge-discharge
reactions. Thus, it is suggested that the discheagacity and the capacity retention rapidly faded

away in case of [MEMB4P'] cation.
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5. Conclusion

The thick film electrodes of Si were preparedhy gas-deposition method as the anode, and, the
applicability of the novel ionic liquid consistiraj 1-methoxyethoxymethyl(tm-butyl)phosphonium
[MEMBuU3P'] cation and bis(trifluoromethanesulfonyl)amide BA] anion was investigated as the
electrolyte of Li-ion battery using the Si thicknfi electrode. For comparison, we also used the
commercial ionic liquid consisting of 1-methyl-lepylpiperidinium [PP1§ cation and the anion,
and the typical organic solvent of PC. The eledtemgical properties and electrode performance in
the solvents were studied by the constant curreatge-discharge test, the EIS measurements, and
the SEM observations. These ionic liquids contgrfiMEMBuU3P’] and [PP13] cations exhibited
notable coulombic efficiencies of 86% and 85% a flst charge-discharge cycle. The initial
discharge capacity of 3450 mA h gnd excellent cycling performance were achievethénionic
liquid with [MEMBU3P']. On the other hand, the commercial ionic liquidhwPP13] showed very
high capacity retention of 84% at the 100th cyhlmugh the initial discharge capacity of 1900 mA h
g?is not so large. The novel ionic liquid was comiéd to effectively suppress the collapse and the
electrical isolation induced by the pulverizatiomridg the charge-discharge cycling. The excellent
performance is possibly attributed to more effextiesolvation of Li ions from the anions due to its

lower dielectric constant compared with the propglearbonate solvent.
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Table 1. Physical properties of solvents and edebemical performance for Si GD-film electrodes

in various electrolytes of ionic liquids and LiGIBC. The physical data of [PPIdFSA] and PC

were cited from Refs. 21 and 22.

: : - Initial discharge Initial
Viscosity | Conductivity " .
Electrolyte (mPas) | (mScm) capacity coulombic
(mAhgt) efficiency
[MEMBuU,P*][TFSA7] 86 1402 3450 86%
[PP13*][TFSAT] M7l | 7 £ 0.2 1900 85%
1 M LiCIO,/PC 25R1 | 49+02 3390 78%

15



(a) B4

+

Bu—!F'/\o/\/o\
Bu
[MEMBUP*]

(b)

/+

[PP13%]

Fig. 1.

1-methoxyethoxymethyl(tm-butyl)phosphonium

Molecular structure of ionic

;S\\—CF3

[TFSAT]

\M Ay

_ S—CF;
N

:§;CF3

[TFSAT]

liquids usedin this study. (a)

bis(trifluoromethanesulfonyl) al;

[MEMBU3P*|[TFSAT], synthesized by T. Itohet al. [20], (b) a commercial ionic liquid of

1-methyl-1-propylpiperidinium bis(trifluoromethang®onyl)amide, [PP13[TFSAT.
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Fig. 5. SEM images of Si GD-film electrodes (a)paspared and after charge-discharge cycling in

(b) PC and (c) ionic liquid with [MEMBaP"].
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Figure captions

Fig. 1. Molecular  structure of ionic liquids wusedin this study. (a)
1-methoxyethoxymethyl(tm-butyl)phosphonium bis(trifluoromethanesulfonyl) al;
[MEMBU3P*|[TFSAT], synthesized by T. Itoket al. [20], (b) a commercial ionic liquid of

1-methyl-1-propylpiperidinium bis(trifluoromethandg®nyl)amide, [PP13[TFSAT.

Fig. 2. Charge-discharge curves of Si GD-film &iledes at the first cycle in ionic liquids with

cations of (a) [MEMB®&P'] and (b) [PP13, and in commercial organic solvent of (c) PC.

Fig. 3. Nyquist plots of Si GD-film electrodes {(r) PC and ionic liquids with cations of (b)
[PP13] and (c) [MEMBWP'] in charge charged state at 0.005 V vs. Li/Li+ha first cycle. The

insets show enlarged views at higher frequencysside

Fig. 4. Dependence of discharge capacity on cyamber for Si GD-film electrodes in ionic
liquids with cations of (a) [MEMB#P*] and (b) [PP13, and in commercial organic solvent of (c)

PC.

Fig. 5. SEM images of Si GD-film electrodes (a)paspared and after charge-discharge cycling in

(b) PC and (c) ionic liquid with [MEMB4P"].

Table caption

Table 1. Physical properties of solvents and sdebemical performance for Si GD-film electrodes
in various electrolytes of ionic liquids and LiGIBC. The physical data of [PPJdFSA] and PC

were cited from Refs. 21 and 22.
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