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<Abstract>
The physical properties of electrolytes for rechargeable batteries and their application in
high-capacity, low environmental impact batteries.
Keitaro Takahashi

In anticipation of achieving a sustainable society, there is a growing need for high-
performance secondary batteries that can be applied for load leveling of renewable energy and in
electric vehicles. While currently practical lithium-ion secondary batteries exhibit high energy density
and long lifespan, the capacity of lithium-ion secondary batteries is approaching limits in both the
positive and negative electrodes, with slim prospects for innovative improvements in the future.
Therefore, research into innovative secondary battery development emphasizing safety, high energy
density, long lifespan, low cost, and low environmental impact is being vigorously pursued. In this
report, I focused on innovative battery systems expected to have advantages such as high capacity,
low environmental impact, and low cost. Towards overcoming challenges, the research particularly
aimed at the design, exploration, and physical evaluation of electrolytes. A comprehensive evaluation
of the physical properties of electrolytes concerning the interactions of each component species (e.g.,
cations, anions, solvent molecules, polymers, dilute solvents, etc.) was conducted, and the functions
of electrolytes manifested from materials and these interactions were investigated. This report is
structured from Chapter One to Chapter Six.

In Chapter One, we described the societal demands for secondary batteries/electrolyte
performance from the perspective of addressing environmental issues, and organized the properties
and functions demanded for the practical application of innovative secondary batteries in terms of
electrolytes. By utilizing energy storage with batteries, the instability in power supply, a challenge
posed by renewable energy sources such as wind and solar power, can be mitigated. Using them as
power sources for mobility can reduce greenhouse gas emissions. With the expanding use of batteries,
high capacity and low environmental impact become crucial. Therefore, we focused on innovative
storage batteries such as Li-S batteries, Na-ion batteries, and F-shuttle batteries, which could
contribute to addressing these challenges. The enhancement of performance and overcoming
challenges in each battery system could potentially be achieved through the creation and application
of novel electrolytes. We discussed the properties and functions of electrolytes enabling these
possibilities.

In Chapter Two, we investigated electrolytes that could contribute to the enhanced
performance of Li-S batteries, which are expected to have advantages such as high capacity, low
environmental impact, and low cost. We focused on electrolytes that could suppress the dissolution of
lithium polysulfides (Li>S,: n=2-8), intermediate products of the sulfur positive electrode during

charge and discharge reactions, which often lead to rapid Li-S battery degradation. As a solution to
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this issue, we explored a mixed electrolyte composed of high-Li salt solvate ionic liquids (SIL) and
low-viscosity diluent solvent (HFE; hydrofluoroether), which could potentially inhibit Li»S,
dissolution while facilitating rapid ion transport. SIL, consisting of low-molecular-weight ether
molecules as glyme solvent and weak Lewis base anions in equimolar ratios, facilitates strong
solvation of glyme solvent and Li" ions, resulting in the formation of stable solvated cations. SIL
enables the suppression of LixS, dissolution, suggesting its application in Li-S batteries. However,
concerns about the degradation of SIL composition and solvation structure near the electrodes during
charge and discharge cycles prompted the proposal of high-Li salt composition SIL to prevent this. On
the other hand, increasing electrolyte concentration raises viscosity and internal resistance,
necessitating the reduction of electrolyte viscosity through diluent solvents. These diluents should not
disrupt SIL solvation structure but only reduce viscosity, and HFE were identified for their microphase
separation from SIL and reported viscosity reduction. In this chapter, we prepared mixed electrolytes
of high-Li salt SIL and HFE and evaluated their interactions through measurements of thermal
properties, viscosity, and density. The mixed electrolytes demonstrated weak interactions between SIL
and HFE, leading to a significant reduction in viscosity even with a small amount of HFE dilution, as
confirmed by their thermal properties. Additionally, the concept of excess molar volume suggested
repulsive interactions between high-Li salt SIL and HFE, implying the possibility of maintaining the
solvation structure of high-Li salt SIL while reducing viscosity. The mixed electrolytes of high-Li salt
SIL and HFE could simultaneously achieve a chemically robust electrolyte structure and viscosity
reduction, presenting a promising electrolyte design for enhancing the performance of Li-S batteries.

In Chapter Three, a gel electrolyte with poly(ethylene oxide) (PEO)-based polymer
electrolytes mixed into SIL is proposed, aiming to thoroughly suppress the dissolution of Li,S, in the
electrolyte to enhance the performance of Li-S batteries. PEO-based polymer electrolytes are highly
flexible and capable of forming thin films, which can physically suppress the dissolution of Li,S, by
establishing a solid-solid interface with the Sg cathode. Therefore, the combination of SIL and PEO-
based polymers was expected to offer a promising electrolyte design for both chemically and
physically suppressing Li>S, dissolution. The gel electrolyte maintained mechanical strength even
with SIL content as high as 80 wt%, and its ion conductivity increased with SIL composition. At a
PEO-based polymer to SIL ratio of 2:8, a high ion conductivity of approximately 1.0x10- at 303 K
was achieved. SIL reduced the microscopic viscosity of the electrolyte within PEO-based polymers
and improved the mobility of PEO-based polymers. However, when using gel electrolytes in Li-S
batteries, side reactions due to Li»S, dissolution were observed, suggesting a destruction in SIL
solvation structure within PEO-based polymers. This destruction was attributed to competitive
interactions between SIL and Li+ within the PEO-based polymer. Moreover, concentrated electrolytes
prepared by introducing a high concentration of lithium salt into sulfolane solvent, known to not

dissolve LixS, even with the introduction of PEO-based polymers. Based on these discussions, the
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selection of a polymer backbone capable of maintaining SIL structure or designing an electrolyte that
minimizes the formation of free solvent was considered crucial for designing gel electrolytes that do
not dissolve LizS,.

In Chapter Four, the focus was on sodium-ion batteries, which are expected to enable battery
manufacturing with low environmental impact and cost. The aim was to extract the advantages of this
battery system from the perspective of electrolyte properties by comprehensively comparing the
properties of Na-based and Li-based electrolytes. In this study, Na-based and Li-based electrolytes
were prepared using six different solvents and NaTFSA or LiTFSA salt at a concentration of 1.0
mol/kg. The comparison of the properties of Na-based and Li-based electrolytes was carried out
comprehensively, with self-diffusion coefficients (D) as the axis, along with other fundamental
properties. The D values in this experiment were measured independently for the cation, anion, and
solvent constituting the electrolyte using pulse field gradient nuclear magnetic resonance (PFG-NMR)
measurements. While measuring the D value of the *Na nucleus was considered challenging due to
the nucleus-specific properties, optimization of measurement conditions and the introduction of high-
performance PFG probes enabled the measurement of the D value of the 23Na nucleus. Additionally,
the stabilization energy (Etm) of Cation-solvent calculated by DFT calculation, viscosity (7), and ion
conductivity (o) were obtained, and the properties were compared comprehensively with Li-based
electrolytes. In the comparison of the D values of the cation, anion, and solvent in the electrolyte, Na-
based electrolytes showed higher values than Li-based electrolytes. Generally, in dilute electrolytes,
cations are known to diffuse in a solvated state with multiple solvents. The relatively high D value of
Na-based electrolytes suggests that the Stokes radius (diffusion radius) of Na®, including solvated
solvents, is smaller than that of Li*. To compare the Stokes radii between Na and Li systems, the
Stokes-Einstein equation was used to calculate the diffusion radius R of the solvent reference ions
corresponding to the Stokes radius. The R value of Na* was always smaller than that of Li*, confirming
experimentally that the Stokes radius of Na* is smaller than that of Li*. Furthermore, the calculated -
Etorm by the DFT method was always smaller for Na-based electrolytes than for Li-based electrolytes,
and it was observed that as -Ffrm decreased, the Cation transfer rate improved. Additionally, Na-based
electrolytes exhibited lower # and higher ¢ than Li-based electrolytes in all cases. For the evaluation
of electrolyte dissociation, the apparent dissociation degree was calculated using D and o, and
comparing Na-based and Li-based electrolytes, it was generally confirmed that the apparent
dissociation degree of Na-based electrolytes is higher than that of Li-based electrolytes. Based on the
comprehensive comparison of the properties of Na-based and Li-based electrolytes, Na-based
electrolytes were suggested to be superior to Li-based electrolytes from the perspective of ion transport.

In Chapter 5, we demonstrated the operation of polymer-type all-solid-state FSBs by
applying fluoride ion conducting polymer solid electrolytes to fluoride ion shuttle batteries (FSBs),

which are expected to have extremely larger capacity than Li-ion batteries. In conventional



rechargeable battery systems, cations shuttle as carrier ions, but in FSB, fluoride ions (F") conduct the
charge, requiring a new electrolyte design. This study proposed the application of a poly(ethylene
oxide) (PEO)-based polymer solid electrolyte to FSBs. PEO-based polymer solid electrolytes are
known for their high anion conductivity and safety, making them promising candidates for F-
conductivity electrolytes. The production of fluoride-conductive polymer solid electrolytes involves
the use of metal fluoride salts. The production of fluoride-conductive polymer solid electrolytes
requires preparing them using metal fluoride salts. These metal fluoride salts have low dissociation
due to their inherent high lattice enthalpy and are insoluble in typical electrolytes. Therefore, the
addition of an anion acceptor (AA) capable of selectively trapping F- to improve dissociation is
necessary. Thus, fluoride-conductive polymer solid electrolytes were synthesized from PEO-based
polymers, metal fluoride salts (NaF, LiF), and AA. The produced fluoride-conductive polymer solid
electrolytes were evaluated for salt dissociation and AA selection based on thermal and
electrochemical properties, followed by the operational verification of polymer-type all-solid-state
FSBs. Thermal and ion conductivity measurements confirmed that the addition of AA promoted NaF
dissociation. The fluoride conductivity of these fluoride-conductive polymer solid electrolytes was
measured using AC impedance spectroscopy, showing a very high value of 0.8[-]. The effective
fluoride ion conductivity was determined from the ion conductivity and fluoride ion transport rate,
confirming that the dissociation of metal fluoride salts directly affects the effective fluoride ion
conductivity of the fluoride-conductive polymer solid electrolyte. As a result of the AA selection,
2,4,6-triphenylboroxin was identified as suitable for use in the FSB electrolyte based on its ion
conductivity and electrochemical stability. The application of this AA, along with the PEO-based
polymer and NaF, in the fluoride-conductive polymer solid electrolyte demonstrated clear charge-
discharge behavior in the polymer-type all-solid-state FSB. Since the operation of the polymer-type
all-solid-state FSB has not been previously reported, the fluoride-conductive polymer solid electrolyte
applied to the FSB in this study serves as a useful design guideline.

In Chapter Six, the electrolyte properties relevant to realizing innovative secondary batteries
are summarized. Drawing from the results of previous chapters, an understanding of electrolyte
properties and interactions has led to the identification of electrolyte designs conducive to achieving

innovative battery systems with advantages such as high capacity and low environmental impact.
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DTHoTz, 191 IV =— « TF P —F v 7 H, [EMIC LiCoO, & vy, BRI IKHE% M
HEbE TREEEDH 3.7V, A 7 VFaos 500 BIA LD ) Fv LA 4 v KRBz &
PE. FRL L7z, ZOFRR FEBMEITH % LiCo0, T Li 4 A v % Bl - 7 A X ¥ 2 FKIHE
WREIX, R0V F v L REBMOWEMAOFRL 2> T b, Li 44 vEMDOKIEH(F
4



PUFotshchs,

Positive Electrode @ Li;.xCoO2 + xLi + xeo = LiCoO;

Negative Electrode : Li.C¢ = Ce+xLit+xe

Total : Li;4Co0,+Li,Cs = LiCoO;

LiCoO, HEi& D ZALIC X 2 e VREOEKE I EEL T2 L R AL Li 4 A v OfF A -

B S 124 0.5(x=0.5)TH % 728, LixCoO, DHEFHA & 134 140 mAhg'. LBRENLIZ 4.2
V (vs. LVLINYICHIR N3, Li 4 4 v Bl Li FIZIEHMEITH O, LigE—2D0Ei
L <, FEFICRVITEEME BN RERENLRIEI NS, T ok, EfMMEHC
LiNiO. Z® Ni % Co. Al & &L 72E ALY, LiMnOss 2D Mn % Mg, AlLICHIME
ol 723 @, Ni* Co. Mn ® =JCAMENLINi;sMn 3C0130,). LiFePO4 % i\ > 72 B ith 23FAFE &
., EFRLT T35, BRI IEFAFE YY) IR FM B (Hard Carbon) 23 Vs & L7223, REIC
KRR NERSNZMEIAH O NS X 51Xk o7z, — )7, BBABOHMATE 2548%
MELD BET 2358 1T H 4L, SnCo/r — R VA B, Si-Ti FAea oI NT» 5, Bt
TFBRIRIRIB = 2 7 v & SRR IE T 2 7 LV DIRATAIRICEME & LT LiPFs 2R L 723
DORFEEAR L Y BFHEOWR % B 2 o AR 7 AL’ S Tw b

16 e AR OEEEMT 2 2 & 2PiilkT 2720, L — 2 RBEIcHkENTE Y, &
NICEFFICK)ZFLYRFRY Fu L vEDOKRY L7 4 v RS ILEER S — %I A
WHNTWD



3. EREICKD b 5 MERE

—gic, ZREMITIEMm, AR, EREE, 2oL — 2 SEEELr ORI NS, Bk
AUERETH 2 AEL T AN F —HEOHGRE IZTEMEWE OMBIC L > TRIESI NS 2,
IEf & B OMRGDbREIC X Y, A B PRI E NS, Thick L <, ERE IZE NS
JRD 7= DICHZATH % 5, BT 2 T4V F —ICEENICES T2 b 0Tldkwy, &
LA, TANF—HEDH D7D EMREDOARPLEHEIL R 5~ D7 LKy
D—=DTH5b, LHL, EFEMICECIEMREORBELIIMO CHELR a2 A TH Y,
BT A B O B H M E ORAMREZ IRED T 2 2 L b %\, Bilics T
2EME O THE R EENITEME A Z2 EFIIChREEEST 2 L &b R8I X ) EXRH
B A RER L. & &I IEM R Ao BiuEft ic B 5 3 2 b plr gt 2 e ch b, %
D7D, BFINCIIHERIE TS 25, 4 4+ V8 EE2 A L, »oEMERICEES 3 2Ly fE
(FX UV TAFV)REATVWBRZ L RMASLEL RS, LiAAvyEiiciy, 2 0BEMREICIE
7o b RO FERREEIC L2 AN L 2 ARERES VoS 2 LRI R R L LT
ZiFonsd, kKoonsaige LTRUToL itz tovonsd,

A F AREPED
JEWENFEIRIC D 72 o TESULFIICRIE TH 5 (BUEBILN) Z &
1Efis X Ok ERLENICKETH S Z &
B & AR TOESIL ARG ZHE L 2w &
BICRETHE &

graesy

ZAfi - BB~ 0 Z e
WEFHILE LT3 Li 44 vEiho EfER L Ethylene Carbonate(EC) & Diethyl
carbonate(DEC) DIRABIEZ R EFRK & o T b, Z NIZIEMIC LiCoO,., BRI 2% H
W2IGAE TR, UV F v A& EHEHE(V vs.Li/Li*) T 4.2-0.03V DA WEMN BN ER I NS 72
OTHb, . —MROEEHRERROVI RS Tablel ICE L ® 5,

Table. 1.1 EGIT0O M JEBROWBLEENNES BRE BE UFUA A TREN BTSSR (2000),)

SHONCHECNCRCONCRE

Solvent & n DN mp Ibp En-_.l ]-T""
/cP /°C /°C / Vvs. SCE
Ethylene carbonate 90 1.9 16.4 37 238 -3.0 32
Propylene carbonate 65 2.5 15.1 -49 242 -0.3 36
Butylene carbonate 53 32 -53 240 -3.0 42
y-Butyrolactone 42 1.7 18 -44 204 -03 5.2
1,2-Dimethoxyethane 72 0.46 20 -58 84 -3.0 2.1
Tetrahydrofuran 74 0.46 20 -109 66 -3.0 22
2-Methyltetrahydrofran 6.2 0.47 18 -137 20
1.3-Dioxolane 7.1 0.59 95 75 3.0 22
4-Methyl-1,3-dioxolane 6.8 0.6 -125 85
Methyl formate 85 033 -99 32
Methylacetate 6.7 0.37 16.5 -98 58 -29 34
Methyl propionate 6.2 0.43 -88 79
Dimethyl carbonate 31 0.59 3 90
Ethyl methyl carbonate 29 0.65 -55 108 -3.0 37
Diethyl carbonate 2.8 0.75 15.1 -43 127




4. HEEM
FHEEIT L A A v ERo = AL ¥ -5, KEEAME, (Ko X FFoMtrgz i<
DEMEBIAFF I N2 B R 2R3, ZOFEHEEM L L <, B R T2 OEH AR

% WHFE S5 R Li-S @ith, Na 4 A4 v&Eith, F-> v LB, 2EAKE] \;ﬁﬁ
FA vEM, EEREMENIET NG, AELEHCEIIFIC Li-S Eith, Na 4 4 V&
M, Foy b EMICERZ YT,

41 VFv LS

FHEEMOFNEHD 1oL L) F v aid(Li-S)E Mo i T w5, —&ifIic
Li-S Eith (2 IERRIC i e (S) & RFOEEMEL, AlRic Li &8, EfRRICAE L BoRAY T
Rk & 1 3 (Fig.1-1), SIEMIT Li & KIGL T LS 4K T2, BRLERIGICL D, SsD
FAZL/EAE O DS % B ICHETT L. SRAIIC 16 BTRICHTFI FR I N5, REMN R
AR L LT 1672 mAhg!, B AR T AL F - T 2600 Wh kg 2695, Th
kD Li 4 A4 v EMICH W b1 5 IEMECH 5 LiCoO2(137 mAhg!) % LiFePO4(170
mAhg )72 & L 4 10 f5ofETH H, ZOBfHIC X 0 o TAREO “XEihoERL
DBHAREE N D, AHARTIE S FMHTICHE S [N S D AEFERITH 2000 t & HEE X5 208,
ZOEFERICTT2FEMBVOWTEL T, HAMICKRE S 2MELBINERICH 5, %
DF=® S OFEHIC X > T, FEFICEKa X b CEMEER-T 2L AEEL k5,

* discharge
—_—

charge R

Cathode(+

3

Anode(-)

electrolyte u

-
-

apou32912 ajIsodwod InYns fuoqied

Figure 1-1. Schematic image of a lithium sulfur battery.
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L2 L. Li-S @i, B EMR O IEYEFIE, Kov L — MRk 34 7 ViR o
AWMAERERDY., Li 7Y P74 Mitha EoMER2 O FERICBE > Ty, Thbo
e (2B DR EFAREME (Y 1090 Sem ™), BB LETCHEE ., FEREHIC S D JUGHH
RE LCTHEKEIND LAY 27 4 F(LisS,) DEME ~DIAEH Ss(2.06 gcm™) & LiS (1 67
gem?) DEFEDBNIC X B B/ FREY A4 7 L h o REER/IUE. Li &80 KB
TR E E b, LielEz aic vz Li-S il 1980 1% IC Yamin 5 235 %E\f(ﬁ
BELTT 2 ¥u 77 Y (THE)® PV Y H 30 IE V4 F 9 v EHE T 72 ElR 28
HLTWEH, MEDOED 50%REEICEE->Tnwd e & bic, RINEKGHEAMICE
THRNVIEPHEINT VD, S DIERICERIZLEECUTO X 5 1ICH#ETT 2 &2
biLd,

Sg + 2 — Sg¥ (1)
Ss? + 2e — 28> (2)
SiZ + 2e — 25> (3)
2S,% + 2" — 2S% (4)

WAIICIZSE, +2e 528,20 L EL LB TE S, CORICAEREIND LS, 0K Y 2L 7
4 FT7=F v D% IR Li 4 A vEHICHW SN2 BREICTIETH 5 2 LHHS
NTEY, TOEDOFYALT 4 FT7 =4 Vv BIRMERIC S IEMAEMRE P Icifh - IhBK

CEHOFEL WEMSILETIFR T, 2D LS, X % Li-S Bithd Lk 12 T Ic
DHHLH 5,

1 EMEYEEORAIC X > CRIEICES T 2 EMEME 0K ESH L

2 WLV F LRI ALT 4 P2 LA E KOG L., ZDKMIC LiS; © LisS & LT
H L. ARROAERECRASER 2 R EHEKR)

3. L7z LS, 0 BRI EME N CIRE ARG X 0 Li AR E CHAE L . FEERFIC R
ftah, 2 DBIEMICIEEL L, HUOUEILENE LI F A ZAREVIRT I LIC X - TAK
DIEWE OB B LORBRENFKHT 2HR(L F vy 7 2y v FAKIG)

L 72235 C, Li-S @ith o ERIC I LisS, DA 2 T2 2 L B3 ELR R TH 5, T
7o, HR S 3R RIS IC B EARBTRPA A v o5 EELARNEETH ., REL EOM
BHC X 2B AR DB AR TH Y | IEMICE T 21V EHEFEPMET 35, 26D
M % i3 5 72 010, Bk A A VRV A A4 v iRk, SR BRI X 2K
Y ANT7 4 BT =4 v O OHIH, ERE BRI (KY ~—%. IR, ¥R
7w Y., Wi EMmE BREEED S AUEMEICH A ROGH A Y O i iR E E
J2 ERRFICETCA A Vv OEES Y VT =2 %ERT 2 2 e e, AR ITTON
T3,



4.2 F PV LAFVEM
FHEEMOFNEMD 1 2L LT, F )7 AaA4FvBSIB) SBT3, BFED Li
A A vE(LIB)IZ Li RIEMICH WS 2 ERBEESEREICZ L, K7 LIB %
TER G ICIX RS B 0 . TTHRIIICEE O K BihEkEt ko b s, —7 T SIB I
b1 B Nald Li &HRTZ 77— 27825100 55 < fFE L, HIRREAENE D Rwvizo, o
THEFEME2E . FFF K2 R P coBEMFERPAR I N5, £72, SIB IZiEMIC Co. Ni
ZRH O WHERER AW S ., BERIC Cu 2HT 3 LER R N0, LT AZLTY
— COBEMBERLDOEHRENEDL D 5, BE, Natk ¥+ )V 7T — A4 4 v & LTEALE Lz
KM eEiMR & LT, Na-S Bith23% 1 b 5, Na-S Bt IEMGEYE IChisE, amibye
CEBRF Y v L, BREICH ) Y LA F VEERD B-ALO; EREME % F v % S lE
Moo KB MTH S, Na-S Bz, /A VEEELHV-0BERAFETHY., HCK
BT LA LERL 2D ) ZRIKIGE D 7 WIRERKIG, EIRIIC S G 22 Btk & v
> R A R0, C D Na-S Eithix B-ALO; EAEME & G Y E Pl < RAF 72 Hefil % i
9 27201C Na L 2 ARIREE IR OMBER D 2 720, 300°CLAE O iR CIEH ICEIfE
T2, 2D72%, Na-S BMITLEMERME N L AFEE LTHEIToNn5, —/77TCSIB 133k
Zu b vEHEREEZET Na DA v —> a VRIOEEBMTH 2720, ZIRCTEH L, £J8 Na
A ETHENRETH 5, HEKRIICSIBIZLIA 4 v &l & SR EHFRERARE U & S h,
FICIET | b PRI EEMAVE I A VAR X B - R & IERR, BFRIC Na 4 v —v 3
VEMTHERI NS, BMMIERRILER L 2MEHR IR L. B4 7 SIB RAREA T X
nTwnz,

] ’ )
Eec""\" Charge Discharge

€ — Battery charger — Q"
e

Operating device

\\7

\

-
Pt

\

N Electrolyte )
Positive electrode Negative electrode

Figure 1-2 Schematic image of a Sodium ion battery.



43 7yt » F L Eith
7 vty ¥ P LVEM(FSB) X, T4 F % 500 Wh/kg EHOR[EEWRH b . ek
DY F U LAFVEMORBEEME L THEHINT WS, —fi%AYIC FSB IC I IEM & Afiic
zhzZnelE7 v #MF) L EITEM)BE LN T 5 (Fig. 1.1), 2@ X 5 7 FSB O3
ERIGIFRD L S ickE s,
(EEIREE) (FEEIREE)
Positive electrode : M + xF~ & MF, + xe~ (1D
Negative electrode: M'F,, + xe~ & M’ + xF~ (2)
FSB X, ¥ ¥ U 707 vt F)D 4 4 (L &fﬂﬁéﬁ BN T DLE L 72 LR TG
KX oTHIEL, a2 v "=y a vEIDORIERIGIC % BT HHIRICZ T, MEALEY)
DFERIL, S FEMEN 0, ERGEYE & L OB TRVLWZ ALV F—FERTFHEIND,
FSB o #EifElx, 2011 4iC Reddy & Fichtner 23ERE[E (A FEfRE % C[MF, | Ce metal] & L D
FIEDIEE 2 L T\ 5b, ZDFRIC Lay.,Ba,Fs  EAEMEH X, 423K € 10*Scm’
VR Z B RN E A A VREE MR S 72 FSB A MR IC 13 R RE o SRR E (A B A e
Glyme % <°y-butyrolactone % {14 Cﬁﬁb‘fiﬂﬁi?ﬁ@ﬁ*&%ﬁﬁﬂfﬁ\ FEilmA A ViR & O &R
WHFE I N T 5, WRDOAKEMRKZ T 2561k, 7 vtz fiRiis 27 =
VT 7T x—(AA)BREL I, TR A EREORESfTbL T3, %
&R »UWPREEA OB 7 — o YIRS TT vy 2 v v —) 2R b ARERI
HCIEHEL v I NTnizd, F 74 v 2@ RNIcHie s 7=Fv7 7127 %~
(AA) DT XY A TS 7 v (U EERE 2 FRT 2 2 L3 nfEL mo 7o LA L
W% D FSB IITEMIEME 237 v (L L 72BRIC AA I X D BRIRICHEL T LI, ¥4 70
Rk 2 e L oo T B,

Discharge =
f@ ., k)
g3
Charge Metal LEJ
Electrolyte

igure 1-3  Schematic image of a F- suttle battery.
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5. AFSCO B K UHRCRE A

5.1 WO HI

RIFFE I E AR, EREAR, (K2 2 P FoBEMEIIRF S FEElRICERL, &
O IR I r'ij‘f:" ,ﬁ DAL - ERR O oYM 2 Hi & 3 %, BFEE O RE
(e.g. NF AV, T=F v, BEST. @, FHEEE) 02 nZhoHAEFRICOWT
TR EZE G L. MRLR O s ORI EIER A b B9 2 BME OBREIC D W T

'L,

5.2 EX DR
AEEFRLOWK UL T O L B TH 2,

H2%  mEERe Li-S \ithER I T 7 mALRABR A A ViR 4 Frovdm o —
7 DY B R O i A

KER - Kaxr offlEEmR L L ifFE N5 Li-S Eithd, FEERICHiE EfR o K
JEHREATH 2 40iL Y 5 v L AEMRPICEHR L, ELVEMKTZEIERI T L
HETH D, TOFEMRRICHIFINIERE L L, KoL f 2B/EREEXH L. %
) 77 L DEH 2 WG 2 BFE & L CEEMA A VIRIEGSILICER L, %ty 5
7 L DI & FUERNICHES % 720 LiEAH Z 7 | X 272 SIL &3 o B hmcf: 5 kG
FERAK 2 I 5 2 FHRIEEED 4 F a7 a4 vx—F VL (HFE) DRA EMR 2 Li-S Eitho
g Ficiff & 7z, Z @ SIL & HFE ORAEBMR T OM AR, ARG IO W
THE L. %o Li-S BHERE OXGHEE & 72 5 2 L B3R X L7z,

F3E IREMA A VHIE/PEO 2R ) ~—2 5 7 % 7 BV O R ETHM S O Li-S FEith
~®DJE
Li-S EithoFE T H 5 4t ) 77 L DEMRE ~OEH 2 © % 5 SIL EfRROHE R 5
mtEEfL & LT, PEO REH FH#HOEAIC X 2 7 b 2l Az, SIL 34HLY 57 4%
LN, PEO R0 FHHADE A IS Y 7 v L & P)BRI I AR S DR Edm il
BHARE X 7z, (EBLL 72 7 L ERRE 2B, 4ﬁvﬁ§W%CiD%@4ﬁVﬁ§%%
A AR TH B 2 EARB I Nz, Li-SEMICER L 27 VERE 28 L 2B o
BRI D §FAM 2 1T 5 720
F4E Na REMRICET 2 HCILBREGHIS X U Li R B & OREIYIIED g
A
KB A - (K2 2 F OBMFERICE T Na 4 4 v E(SIB) 2B T3, SIBD
EREpJFIRL Li A A VBl EHELUL T30, 2D Li 4 4 vEithoR2E2s SIB iz A
REL XN 228, ETERESIB OEHICIZ, LiA A vEithe SIB 0ZEZFEMICHL 2125 3
DENRD 5, RECTHFER, HTELEHIGEIIN T 6 ORI %241 Na REMIK L Li
11



REMRRIC OV TREMWYIED I %2175 2 L HWTH 5, BIREE KT 2 KB D
T IC B CIEBUREASHEIE AT HE 72~ € L 2 1635 B Bt -1 1% R 3618 (PFG-NMR) 7 % F: il ic

BE, K A+ EEEL GO Y Z{T 572, 2 F T NathfliiZ PEG-NMR
EDHEL W E SN TE P, FIHNMR Fu— 70l Al X OHIE S —7 v 2D EHE
fLick v, ZoMEZATREIC L, Li REME L OHEL - 3R AIREL 7o 7, Na 4 A4 v
ELiAFVIRAF VR EBHEENRRLZDOARATH LD, 0o IZEMIKRO BRI
WCHEICEE Y5 2, Na REMROEMNEZME L 7z, Na REMRO 2o OF5ERIT Li
REMRE L C, A4 v 8k LTHBEARMEEZTRTHDOTH Y, Na (A V&)
OEBICHMT 2D TH o 72,

Bo5E REET7 oYy v P AEE 7 v WA A BB T ERE ORI O
AE AT-fff

7 Aty x P VEM(FSB) I3 CTEW T AL X —BEZER TE 2EMR & LT, FH
INTw3, FSB D7 ﬁgtbf\%w7:ﬁ7ﬁﬁ7%®@%ﬁ?5“A?l%%ﬁg@
WRABIAR S N e, B TEMREICA 4 VBBE A2 FHT 5 72010, &8 7 v (LW o fidh
ERET 2T =4V T 77T 2 —(AA)DFMDBUHETH %, & D AA DIFEFREETERE. 201,
BERAC I, E L 72, 3BE L 72 AA 2RI X 272 7 v WA 4 v 8BNS 1 ER
H% FSBICHEM L., 2 OBMIMELIEL 72,
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528 EERE Li-S i o ERICH T 22 SAHBARR A A vk N4 Fr 7t ez —
7 L OB R O A

1. #5
FARTRE o4 L ¥ — 1 (UREHC R 37, IREMRA A 2P L a7z, FifitalAg 2
RREHSEHRICEHMCE 3 AL F—He LGEHEI NS L, LA L, eI ALF
—DOEE LT, HWHZHOKE R ALEECEWHEE/FHa A P BB TFLNE, b
DIEH RIS 2 7= 01cid, REVWHAZHICHIETE 2 KB ALEEM Y 27 2 DFFR
BTS2 2% MA T, BEAREIALF—OFMAHOz0Ic, FECIHEa Z b,
BT ANF—HE, REMOERZM- THESLETH L, VT v L-Hig (Li-S) &
3. B AALF—EE L Ko P 2FEEACE Z2RMREFEEBME LGEHEI NS 6 %
i, Li-S Sl IEMRIC T (Ss) & RFDOEEMEL fafiic Li )&, EREICHERAL L E
fRESEDRGRI D DR I N3 7, SsIEMIZ 16 B 7RG % £ 9 % B MIG (S -
FAZL, & : HAES) 2AJRETH 5729, LixCoO2 (0.5 < x<1;137 mAhgl) 7x ¥ DfEk
DEMIMEL L DK E RHFHARE1,672 mAh g)Z A L, Li-SEIET AV F—HE0H
BT ANARELTHEL I NS, T2, SsidiEHoRIEY & LB, B RV
O ARBREI AR CRMM T LR EmME E LCiiffan g, La L, Li-SEMZ, FMER
JEREIC Sy IERR O KSH A TH 2 Lhift Y 77 4 (LisS, ; x= 2-8) BEMIRHTICEH L. 7
REY 4 7 VEHELERIEOE L WwHb 25 Zil T 3 81, Li,S, DB~ DR - fLEL
23 Li-S R I A B R IS TR L LT, UT2E 2 b5,

1. Ss BME EOWAIC L 2 HREKT

2. Li & Ak b Ccifig L7z LisS, DiEIT G

3. BIC (225480 FHEARD S 1EHHCoOHEBILMIG ERLEITY v P AKIG)
D780, EEEE Li-S Bith 2 B3 3 7201013, LisS, DI HIf+ 2 2 L AR R TH
%o LisS, DR L EME ORI EHE KA 3 5 72, LinS, D fgHiIfENC (38 Y] 75 9 i
B BEEL 25, B b3 Li-S Bt EME & L T, LioS, DIAEMREE DMK IR A A
VWA (SIL) %58 L 7= 12, SIL EAFE 1Z Glyme T & 904 REHEO T =4 v 2 H 3 Li
xze L 11 TIN5, SIL 1ZZ OREMEICH 5 Glyme 531 & Litad 111 Tii<
AR GEEAD L. FERICREREEH 54 v [Li(Glyme) [* 2 TR L . BECIICHT LA X
BRSO RRA A vilifk e LCRATZ A TE B B, F7- SIL I3FWEVLETE,
bz et o TR WIRSIEZE O 4 4 vtk L EEIL 7218 %783 315,12 T, SIL 13 LisS,
Ll & A EHEMERE T, LS, DEMIE~ DM MG v e & 72 5 2, 2o SIL % &EfiE
BT L 72 Li-S il 800 %4 2 AU LR WS A4 2 aFarE 97 %A Loz —ua v
BPRREINTHDE 10, LoaL, ZT0 Glyme i & LiEoEE A SIL 12, FEHREX
JEICAE S Li* O IR/ WA BERIIRE i< | ST L% IRt Ic 2 o iz 5 17, Z i X
D, Li & BLhr LT Wil L 72 Glyme VA BT IC AR S v, FERIIC LisS, 23
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BT 22 eI NG B, 20 XS RIS L., Li k% & < Lz Li ff#Ef o SIL
2L T, BELEAKROIDR 2@ LT, B0 LIHl 2% L 72 1% Lifi&E# o SIL
B Li-S B 7' 1 2 il Glyme GEBCALATE ST 1) D AR & #IH] L L LiS,,
DIEMREZINHEIS 2 2 L3 TE 3 0, WEHFETIE, MABRICE T Li il 2o T X
7 EiREEMRE A, LR/ BAULENICE L 2ERE L LTERI A TW S 2124, L
2 L. iR A R DR IZIER Ic & <L Bl o WEHEITO LA PRSI NG, 2 D0,
A PE D BRI % 153 5 7290 KK @ 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether
(HFE) A7 HUAME & L CHRE & 7z 5, HFE BIERNL 7 v RAREBETH 0 | SIL O B
RS T &, MitED R AR E ¢ 2 BRI S 5, Bilomtst<id, HFE #
i, Glyme &V F v LHEDOENALLES 1:1 @ SIL I L CTZOFRAMAMER S 223, Li
SR o SIL icxt 9% HFE FHMOEEIIHE L 2> Tk, £7z, HFE & SIL [EoH
HAER Z A5 2 2 Lid. @ERE Li-S EOERGEHc e - CIEHICEETH 5, AETIL,
SIL & HFE ORAVOEAN, HICGERL). X OEX R FHEIC oW THEL %,
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2. FEERITIE

2.1 HUREHS

TR & U CKEE - W2 L 72 Tetraglyme (G4, Nippon Nyukazai Co., Ltd. ; Fig.1-1), ®E#HE
#i & L T Lithium bis(trifluoromethanesulfonyl)amide (LiN(SO,CF;), : LiTFSA, Solvay Co.,
Ltd.; Fig. D% 2 F N L7z, G4 & LiTFSA % T SIL @ [Li(G4)][TFSA] % {E#L L
2o TUHLDOMENT, ArFHA TD 7 v —7KRy 7 2 ([O2] <1ppm, [H,O] < 1ppm, Miwa
MFG Co.) TRE I N/, G4 & LITFSADEL % 1:1 BX O 1:1.25 CHE - B&L. %
NE NI 7 BRI [L1.(G4) 1] TFSA, (a=1, 1.25) ZAFHI L 72, & h & OEMEITH L THR
AR & L€ HFE (Daikin industries Co., Ltd.; Fig. 1) TArE&EICHRL 72,

N N NF N NS
o o o o o

G4
F
L' H
o) - 0
E \\S/N\ // /F
o W, iy - .
. OQ _/F
D F
LiTFSA HFE

Figure 2-1. Chemical structures of G4, LiTFSA and HFE.
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2.2 BNMHEHE

FAELL 72 BRI O BVRFPE X Thermo plus EVO2 analyzer (Rigaku) % Fv»C. B &= HIE /R
ZESH (TG/DTA) % EfEL 7z, TG/DTA #IE X 303.15K 5 753.15K % TR EH]
PAC. 10 Kmin! @ FREE OMESMFCTEML 72, £ 72, RIZEE 2 H - COREEREEH
i (DSO) ek b, FBL 7= B O BN 2 E L 72, DSCHIEH Ok, Ar FEPHA
Tora—7FKy 7 ZANT Al NVICE Lz, DSC HIE IZRERFEL LT, ElRH» b
173.15K FTwWHIL 7214, 173.15K 205 303.15K o L. e X OCREEE I Z N
Z# 10 Kmin! TEfE L 7=,

2.3 R - BEOHIE

L 7 ER O (n) 3 X OEE (p) % . Stabinger UKL /% 51 (SVM3000/G2,
Anton Peer) IC X W HIEL 72, HIEEE X 283.15K 75 353.15K & FiEEFE T 5 K O EIR
THE I Nz, E2FREICH T, WEEBRRPBANCLET 5 £ T 15 LA BFFHE L <
2o, HWEZTT> 72,
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3. MEiRLEE

3.1 LiTFSA/HFE. G4/HFE [ H/EH

Al 3 70% (LITFSA/G4/HFE) &g Ic 33 2 HEAEH O % Efi L 72, % DR
& LT, LiTFSA/HFE, G4/HFE [ % W ZFh o EERICOWT, B L /-,

3.1.1 HFE ~® LiTFSA it ¥t

HFE ic LiTFSA 285Af# L7e\» C & % #3895 72, HFE ~® LiTFSA O i&fF MM % 17 -

7zo HFE i LiTFSA %0 L. 24 K, 30°CTHHEE. 2 0 BB AREFBEKZICRA 2 ey

H—RURGEE /B R 2 Fl VL BIE R HIE L 72, Fig.2-2 1 LiTFSA & HFE 0iR&Y O 414
(a) BLOHEED)ICRT, #HE LY, neat HFE & LiTFSA/HFE iR ATAR D pla Z{L 25 7,

bl olz, 2 X Y, HFEIC LITFSA 1313 & A AR L 72\ 2 & DR S iz,

1.60
(®) ® HFE
® HFE+LiTFSA
-3
1.55p =
"
£ - B
< 1.50 -
o0 @
B 5
o
145} @
E
B
o
1401 ) ‘ . =
280 300 320 340 360

Temperature / K

Figure 2-2. Appearance of LiTFSA and HFE mixture (a) and densities of their supernatant
liquid (b).
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3.1.2 G4/HFE M oM AFH O ZZ Wi - %Ep - WEIEE Ep)

G4/HFE MO BN &5 2720, Kilkn - B p - BREIFE Eplc DWW CHi L 72,
Fig. 2-3 |2 283.15, 303.15, 323.15 K 0> G4+ xHFE iAW D nic 615 3 HFE EA5%E 0
FLRR A% 7R 37, neat G4(x=0) & neat HFE(x=1) ® n% [L#K 3 % & | neat HFE @ nid neat
G4 XY W & PRI N7z, L2 L.G4/HFE R AW (0<x<1)FEIK TlZ Z 1L Z 11D neat
WAL D bEOKERBMIE /-, G4 & HFE oifijicz—T A&z a0, 202
DR T IIHBEETH 2 e E 2 b b, G4/HFE Tik5 WHAERZEH 5 2 L 23R
X 7z,

7k
283.15K

6-

4 F303.15K

k‘ s Sl
323.15K

1 F

0 1 1 ] 1

0 0.2 0.4 0.6 0.8 1.0
Mole fraction of HFE / -

1/ mPas’!

3

Figure 2-3. Molar fraction of HFE dependences of the viscosity for G4+xHFE mixture solution at
283.15,303.15 and 323.15 K.
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3.1.3 B S O
Fig. 2-4 iz 283.15,303.15, 323.15 K @D G4+ xHFE iR AW D p® HFE & A 433K D UK
iM% /"9, neat G4(x=0) & neat HFE(x=1) D p% H# 9§ 3 & HFE 12 G4 X Y 3 &\ pashf
RINT, TNIXHFE 3 FHD FRFEEREGWZDEEZLND,
¥ 72, G4/HFE BAW D pD I neat G4 & neat HFE & OHfEZ R & I o 72728, 8
HEOMERLY 2-DREZM ., BREEE, ZFH L7 2,

E, = pmeasured ~ (*Pure + (1-X) pgs) (2-1)
T 2T, E, i3RI E. pmeasured T ELDHIEM. pupp. peald HFE, G4 2 2o Hifk
DEETH 5, WRIBEE, X, SRV OB RHELE» OO T oD L TH Y,
INICk Y., E,pADfETH B &, HFE/GA ICKFEN (HR). EOfEcd 5 &, 5171k
E) T A HEERBMEIC 2 L 2RB I N3, Fig. 2-5 1 283.15, 303.15, 323.15 K 0D G4
+xHFE {REWDE, © HFE AR OMMIKIFE 2R, E,=0 O T 4 vidfgt e L
THd, EdHICBDfE%R L, G4 & HFE ORA&IC X 0 % EOHAAE(E, =0)% TH 5
RIFR) P EOoN, o T, G4 & HFE A WICET H S Rcldinl, D LARFEEZAET
228 mRTLELDTHD, T ETORREEMS 2 L, HFE IZ LiTFSA, G4 Zh %
NEBRIVEDLRNT EABMERI N, £7- 2113, G4 & LiTFSA 2858 < AHEAEA L 7= SIL
BIRROWIEARESEZ T C Ll KMitkoa 2 T 25 RF & L oAk RE N,
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Figure 2-4. Molar fraction of HFE dependences of the density for G4+ xHFE mixture solution
at 283.15, 303.15 and 323.15 K.
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Figure 2-5. Molar fraction of HFE dependences of the excess density for G4+xHFE mixture
solution at 283.15, 303.15 and 323.15 K.
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3.2 [Li, (G4),]TFSA +xHFE % fifitk o BAHy e

Fig.2-6(a), (b)IC HFE T#HM & 2172 [Li1(G4)11 TFSA;1 & [Li125(G4) 1] TFSA1 25 @ ZA e B iR
R, EBOLDORTH 2EMEOEBRALEHE SN, b oHEERAIRE T HFE O
o (ERFEIR) & [Li.(G4) ] TFSA, Do fif . (Eifidi®) & —3 L 7z, %72, SIL & HFE ®
HaIfALERE B L7z, ZOfIEIE, HFE BIKFEL 22 L6 LitORIA
L2370 2 & 2% 2 51, [Li,(G4) 1] TFSA, & HFE DM AAEfAFH T & & RR L T 5,

(a) [Lil(G4)1]TFSA!

100 = Neat
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Figure 2-6. Thermogravimetric curves of (a) [Li;(G4)1]TFSA; and (b) [Li125(G4)1] TFSA1 25
diluted with HFE.
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2-7(a), (b)ic, HFE CHM L 72 [Lii(G4),1TFSA; & [Lii25(G4) 1] TFSA; 25 ® DSC i %
ZnZnnd, [Lii(G4)1JTFSA; & [Lii2s(G4)1]TFSA12s DR (x=0). Wi} TH 7 REEfE i
(T 25tER & 17z, [Lii(G4) 1] TFSA; & [Lii25(G4),1]TFSA, 5 I HFE %758 L. HFE ® €
aEB@MLRBICON, T, KR MICEE) L 72, Fig 2-7 ic HFE TH MR L %
[Li1(G4):]TFSA (a) & [Lii2s(G4)1]TFSA125(b) @ H K » DSC 4 — 7 % ;R T,
[Li1(G4)1]TFSA; & [Li125(G4) 1] TFSA s DRE(x=0), Wi /7 TH 7 ZAMut% mi (T DSHER X L7z,
[Li1(G4),JTESA, & [Lii25(G4);] TFSA 45 ic HFE Z &M L. HFE #2357 3 1o,
T, PMESNC BB L 72, & D Ty DZEALIC 2T [Liy(G4) ] TFSA; & [Livos(G4) ] TESA; 25 T
Hlgd 3 720, fig. 2-7(c)ic 77 7 ZBpfs i & HFE EA KOG E/RT, T, 2 HFE €A%
RO FRELOICHEBICTA>TVRE I Ehb, BEMAE TR ERINEZEEZD
M7= HFE A5 R A Wi T 13 [Li1(G4) TFSA; & [Lii25(G4) 1] TFSA; 2s DEA D 72 < |
BT 2REPEHTE 2138 /NE L hotzz®, V=27 BRI a7z,

(a) [Li1(G4)1]TFSA (b) [Li125(G4)1 | TFSA
+8.00HFE +7.00HFE
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Figure 2-7. Differential scanning calorimetry curves of (a) [Li;(G4);]TFSA;+xHFE and (b)
[Li125(G4)1]TFSA; 25+ xHFE, and obtained glass transition temperatures (c).
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3.3 [Li,(G4) 1] TFSA,+xHFE R O Rk

Fig.2-8 ic 283.15, 303.15, 323.15 K ® ¥ HFE 78 L 72 [Li,(G4),]TFSA.(a=1, 1.25) D nd
HFE ® AR OMEMKAE %3, £3. HFE #k=0, Bl% neat SIL ICEHT 2 &,
303.15K i B 2 pid Z 2 1187 90 mPas (a=1), #7293 mPas (a=1.25) &7 b, 3 5D
FERIR LTz, AT, WTFROBEIEIEREICE T HZEENL SIL(a =1)I13% Li ¥# SIL(a
=1.25) X W EvnE R Lz, ZAUEE W Li SR o8 s © — 7 Vg SR /Li 3 o eIk 28
BrHoOBRELMINE -z E2bN5, HFE >0 oficE H+ % &, HFE 7
Kk oT, 2nZ o SIL TH L o Kil% G2 L 72, HFE FHGHAIC N 3 2 noo & (k2
BcEHT 2 &, FOMEEREICENTY, a=1 TR HFE AR X v, EicihoiEm
%~ L. HFE HE D plliid\viz, a=1 LKL T a=1.25 13, x=0 & 0.2 O D% T D
FEL VIR ZMER L 72, Bic, & Li MK SIL(a=1.25) D nidZE L SIL(a=1) & 121 F%
DEBZ R L2, ZNIFPED HFE NI X - T, & Li AL SIL(a=1.25) D5 & 113 %
L SIL(a=1) &l U CGERENC 0.25 437773 5 LITFSA o H#EICE Db 63, & TlzIZIH
LoEEEGREME) 2R L A EWT 5, B, & Li MK SIL(a=1.25)~ HFE % /&
THHEMT 5 L. FEN SIL(a=1) L FIFOWAKIREZ R OWREMEAZE 2 b D, AT,
303.15K C HFE @€ L5308 x=0.5 D, a=1 1349 21 mPas, 2=1.25 13%) 24 mPas %
Ry a=1 DEGEIIH 5 4, a=1.25 1379 12 FORE ORI R D O | 70 e A Hh R 28
Bons b a2l 72,

-O— —A— -0 [LiI(G4)1]TFSA
| O A & [Li125(G4)1]TFSA
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Mole fraction of HFE / -

Figure 2-8. Molar fraction dependences of the viscosity for [Li (G4),]TFSA _+xHFE at 283.15,303.15
and 323.15 K.
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3.3 [Li.(G4),]TFSA + xHFE & fififg o % &

Fig. 2-9 ic 283.15, 303.15, 323.15 K T HFE %M L 72[Li,(G4)1] TFSA,(a=1, 1.25) D& &
(p)®D HFE EAROMBAKFE %~ S, HFE #=0, HI% Neat SIL icEHT 5 &,
303.15K i B % pld 2 N Z 1k 1.45 gem™(a=1), #J 1.40 gem™ (a=1.25) L 72 b | a=1.25 23
a=1 XV EvpER L7z, TOMEIT a=1.25 ICfFET %8F 7n Li 23z —7 VigR-Li
MO EG R OBE AN & BE L R LT o 28Nl 722 E 2 b5, HFE
3 %2 1 F N [Li(G4)TFSA, X Y Ewpz L., —fkiic HFE 2 F K+ % &
[Li;(G4)1JTFSA; & [Lii25(G4)1]TFSA1 25 D p% HEiN X & 2 M 23 HERR & 1u7=, HFE fkic
W2 pn B VEENCERT 2 L. EOMEREICELTD a=1 13 HFE &HRICX v, Tic
FhOHENEA %R L, HFE OEEICED Wiz, LA L a=1.25 TIIMEOFEER & FRkC,
HFE =53 %0 x=0 205 x=0.2 OHif <, —H, pF LK L7z, D% a=1 ® HFE
wmRIC Ko Tl R TN 2R & IZITRBR B LA OFE PRI Nz, £z, a=1.25
PLEo@Eo LITFSAMKTH > Th, 28D HFE 2732 2 & T, a=1 L RAIZOEE%
& D ATREMEA R I Tz, x=0.2 DAEDpld a=1.25 & a=1 OEAWHL L 72, —fRIC, B
H D pDfE IR OB > TN 2, LAL, 2OZRTREEDfHIZ HFE O
MU 72856, LiITFSA Ml o #nic X - <A L 7z,

1.60

—O— & O [Lil(G41]TFSA
—O- A& O [Li125(G4)1]TFSA  _ 283.15K

13 |
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Figure 2-9. Molar fraction dependences of the density for [Lii(G4)1]TFSA; +xHFE and
[Li125(G4)1]TFSA, 25+xHFE at 283.15, 303.15 and 323.15 K.
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PDFEFR XV | Fig.2-10 1 [Li;(G4) ] TFSA+xHFE(a) & [Liy 25(G4) 11 TFSA; 25+ xHFE (b) D ¥
WHHED A A — V%R, FHIVIC, Lite G4 13 111 OB CRIERA F4 vV iEx &
Y . LiTFSA 25@FNCFET 2 541013 Lit £ 72 13 G4 255 BUALK D HFE & O K % it e+
5133 CThHb, F7- Fig.2-2, 2-5 1T & N5 X 51C, LiTFSA |& HFE IC/AfRd 3, 72 G4
¢ HFE BFHWICKFETE LRI NT WS, SR E LT, [Liis(G4)TFSA: 2
+xHFE (3[Li;(G4):]TFSA1+xHFE X Y & i#% D LITFSA 2 &4 729, pld/h& otk
EZzond, £7-, Lite G4i3HIc, HWIicihr 75 %f7v, SIL K A 4 » & HFE F X

A VPN TEEMEZIS (2 7 atlol) L HZINn 3,

(@) HFE
1
' G Lit Li* G4
HFE HFE
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H
(b) ! HFE
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Figure 2-10. Schematic images of the proposed quasi-complex cation structure of (a)

[Li1(G4)1]TFSA1 + xHFE and (b) [Li1.25(G4)1]TFSA1 .25 + xHFE.
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3.4 BT EE

[Li,(G4)1] TFSA,+HFE B & B D pD il 13 [Li.(G4) ] TFSA, & neat HFE & o rh[ifiE %
REF, CNBEICTRZEEZR L2, ZDpDHEHEL OFNE T 2720, HEED
e X v BREEE) 2L W EH L 29,

Ep= Pmeasured — (x,OHFE + (l'x)pSIL) (2'2)
psine pure (32 L% SIL kO HFE RO & ETH %,

Fig.2-11 12 283.15, 303.15, 323.15 K @D HFE 78R L 72 [Li,(G4),] TFSA,+ xHFE Dt
#%(E,)® HFE = AR OMBKENZ R T, E,=0 OB T 4 v Iidie LR,
303.15K LAN 0 EHIH T, E3HIcA D% /R L, [Li.G4)1]TFSA, ~» HFE D7
IC X VB OMAE(E,=0) % T 2 R 0ER) AF o, Bl e U<, [Li,(G4),]TFSA,
CHEEZAWICETH S 2 el B LARKERET 2L 2nmBT 250 TH L, E72,
a=1.25 TITERIEE O A DHENEIF R E C REOHAFERIZL VWb DLEZLNS,
His . SIL o> LiTFSA &%, SIL & HFE O AFRICE S 2 LR L., Tl fig.2-10 D
BEEE TV 2T 2MBRCH B, a=1.25 ODFEET HFE DEAGRDR x=0 225 0.2
DI, BEZ WA (KF) T 2 %8 %/~ 98 HIE SIL & HFE © 2 7 nffioific X 2 b o L
BAINT, TR FNTEFICI Y, [Li(G4)1]TFSA:, [Lii25(G4)1] TFSA125 ~d HFE
A HEFIC Glyme ~® Li BCfIHE I3 R & 2L L iR & S HHEI T % 29, a=1 2% 323.15K
DI, HFE ©E AR EWHIPHCIRRENEDOEE R L7z, i3l < HFE 258H# <&
%%t HFE 2388, [Lii(G4)JTFSA 288 & % x. [Lii(G4) 1] TFSA; O A ilifag Ic 51>
T, H—WAaMEEZRL, KETHIBT LX) hifikEr L2283 E5216N5,

0.02

—O- A —+ [Li1(G4)1]TFSA
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Figure 2-11. Molar fraction dependence of the excess density for [Li;(G4):] TFSA; + xHFE and
[Li125(G4)1] TFSA1.25 + XxHFE at 283.15, 303.15 and 323.15 K.
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4. Fr®

IR A A v s ([Li(G4) 1 TFSAL. [Liizs(G4)1]TFSALzs) & HFE [l < AHAER I
DWTHHEETT o 72, [Lit(G4)1]TFSA; & [Lii25(G4)11TFSA 25 1217 D% T T, 238 Hl X h
720 ZD[Li(G4)JTFSA,IC HFE THMRT % & T IZEMRMICEKREEIce 7 L, 2hid
BEE ST LR A N, BWIMEE A 5, [Li(G4)1]TFSA, & HFE ofic k1) 3 WA
TEFIIHERE S N2> o 720 [Lir2s(G4)1]1TESA: 25 DRGEE X, 303.15 K ©[Lii1(G4)1]TFSA; @
KiEo#) 35 %R L7, LaL, FE® HFE &5+ 2 &, SIL i 2hFhnclzisRZEo
FEEEIC 72 5 2 L SRR E 7=, [Li,(G4),1TFSA, g o HFE #HIC X 5 fidhik GEEh )
X LRI kfEE 3, F L bl bxnL7, ioC, HFEIC X 27k, LiioiR
FEICBR 7 < | [Li(GTFSA, BfFER O E WA v BENE%E b -0 T OISR TH 2 &
FEZ bbb, [Lias(G4)1]TESA 12 DEREE X, T X COHRERE C[Li1(G4)]TFSA, D%
X0 bEWE%ZR L7203 HFE 253 % & 22 o SIL TR O EIH & 17z,
[Li,(G4)]TFSA, & xHFE MOMAERAZFEL K T3 272010, KF/5I10fEEE LT
R 2 S L 72, [Lings(G4)1]TFSAL25 13, HFE Z8REF 12 [Li; (G4),]TFSA; X b & K%
AR EZ R L, K E uzidl 2 Li ¥k, HFE & SIL o KFES o#nssmg s iz,
Thic kv, @R 7 Li #6513 [Li.(G4),]TFSA, & HFE O R FEZIEET 3 2 EARB I NI,
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H3E B A A VIE/PEO R K Y = — 205 78 5 7 VEIE O R iERH
J O Li-S &t~ D E i

all]

1. f#
Ss & Li &g % IEAMICH 72 F v LFE(Li-S) B\, /Eko ) F 7 44+ v ZKEih
(LIB) ICHRTZAALF—HEEREL KT X P TH 3720, KR HEE O
ELTHIf I NG, T IRTIE S ld LizS ~ZBRS0itdE (GEit) RIGIC X b, FEERA RS
1,672mAhg! & 72 b . BB EE S D IEM(LICoO,, LiFePO, %) & Hilk L Thiid TE il %
&%, LA L., Li-SEHllE Ss 25 LizS ~D L BREICKHIC KOGk L LTEKE 2 Y
FULERY AT 4 F (LS, SEREEMRICHES B L SBRERORE L7 ff -
IEME OBLEITCY v P ARISHR G ERR 3720, ERLICIFRENIEKS 1, EFE,
D LisS, DIEFIIGI O 720, i A & Vil 7, Ak Z v (SL) £ OEIREEMR 510,
Glyme SR Z F V72 BRI A A v WR 1012 D EIRE ~ DB A3 CTIC X 2 LisS, D EMHIfH
BHLMEINT 0D, 20D D LiS, HHAMEEMRE X, HERRC P —8. v A 2%
[HEEM 7 EOWEEAIEE ., 213 F v ) THOE L wEREIC X 2 3EA4 A v e
LTHEHENE 8, —f, KV TFLvA*44 F (PEO) &0 FEIREMRE X, Lid
JE& B DAL F W) - WP ICLE R B & LCiff a3 W18, PEO R T EMRE 134
DiRL CHCHO-2 b S, @B L2 BT 5L T, A VIEEREHT 5, C
D PEO % E0 TEMEITIE LS, 230 T2 AR 2 23, MR BMAE & -~ T LiLS, DYiEk
FIEF IR, BLEITTY ¥ P ASIGOMFEIAFEE S, L2 L, PEO R&E4 T FERE
R, A A VR ERAIETDA Vv EMBERICHBENC LB O TwE, Thb
D% RS 2 72010, @ TERERRICEE (-T2 % A—F4—FR) 2z
=7 VERE (GPE) MfEEh T3, $hxid, Li-S BMERE O H 4 2 @iEagfbici
F. EERA A VRIRSIDIC R ) =T vEa T2 E AL GPE 228 L. it LiS,
DR/ IEECE AL - PrRRE T 2> S M ICIIfl S h p 2 L BIfF S e, RE T
GPE o L2 X BRI AR & Li-S EithoFkico vl 35,
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2. Ekg

2.1 HUREHS

ETOEMRIT Ar FHAD 7u—7FRy 7 2N ([0.] <lppm, [H,O] <lppm) Tii#lx
Nizo BHFNA A VIR SIL) &R Y = —F AR &S TERE ORERA L 2 2 diH L 7
%, FiERmREE GO S Z & T GPE #EH® L 7z, SIL X Glyme ZIAHBED tetraglyme(G4) &
Li ¥ o Lithium bis (trifluoromethanesulfonyl)amide (LiTFSA) % £t 1 :a (a2 = 0.8-1.5)
THE - B& L. [LidGATFSA, (a=1: £ SIL, a=1.25 : & Li $fHAL SIL) 21972,
AF NEBEER TERETH LK) T —T VKA TEREOREMA L LT, FY xz—
TR ESr T P(EO/PO), LiTFSA. J¢Ed4#67#1(2,2-Dimethoxy-2-phenylacetophenone) % %
NENEREG - B L7z, Zokf, PEBO/PO)DFF->T—F AR I L T, Li
[Li]/[O]=0.2 DI CRA, #FEL. B—RRAER LS, Sonk SIL LK) 2—F
NREMBE ORI IZESL 73, 8:2, 9:1 TRAL., ¥—7 GPE DOHIEKMAER %15
2o 3BT 7z GPE ORIBMAERNIL A 7 AW EICF ¥ R+ L7tk JEAS5mm T 7
Oy AX—%—CEAFAH L, 5 2. UV BRI 2L TIVILELGI &,
GPE([Li.(G4)1]TFSA, : Polymer = 7:3, 8:2(FH &) 2R L 7z, {F# L 72 GPE O &Kz )s
%1% SIL +polymer (y:10-y) & L 7z,

2.2 GPE oZ\WMHEE

FAHL L 72 GPE O 2R 1 Thermo plus EVO2 analyzer (Rigaku) % F\»C., ZhE&HE/ R
BT (TG/DTA) % %ML 7z, TG/DTA #ll5E 1% 303.15K 25 753.15K % T L
P, 10 Kmin' @ FHEE OMESRMFCcEME Nz, 2, AEBTHCOREEERR
HE (DSC) ic kv, 8L 7= ERHR OB % Ji# L 72, DSCHlEH oURHE, Ar 55
[AFDr7ra =78y 7 ZANTAl N VICEBR X N, DSCHIE IFEEERFEL LT, Ehoro
173.15K £ THHAIL 7214, 173.15K 225 303.15K £ THIEA L., BREE X CHRIEHE X2 N
ZN 10 Kmin! TEiEE 177,

2.3 GPE @ 4 # v {riEfE

GPE O A # V58 (0) 13, AC 4 ¥ ¥ — X v 2433 (VSP, Bio Logic) THlE L 72,
ETOHEXLVIE ArFHATO 7 —7Ry 7 AT GPEEIEg2mm Ic Ay b L, 2T
v LRl (SUS) ERRfEIcHeA, MIE RV IcE AL 7o, HIE SR 1A A 200 kHz-50
mHz, HUNEE 100 mV, REHEIFH 353.15 K-243.15 (AR & Lz, FAKEEICBNT
FEMNICLET 2 £ TICA R < & 90 min FHE L TH O HIE 21T o 7o, HIE A BCHIPH 13
200 mV-50 mHz C. FIfN&EEIE 100 mV & L 72,
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3. R OES

3.1 GPE 04181

Fig.3-1 I8 L 72 GPE DMl "3, FlL 727 VEMRE IZREEHONBITH o 72,
¥ 7z, SIL; : Polymer=7:3, 8:2, 9:1 MR IZHAHL AL 3 M 3~ 2 ic D, SRR IR 72 %
T DRI NIz, FFIC 9:1 OB T ARFEME L L B EERZ Lo 7z,

SIL1 : Polymer =
733

N

Mechanical strength

High ———  Low

Figure 3-1. Appearance of SIL: polymer=7:3, 8:2, 9:1

3.2 SIL,+ Polymer @ ZAMPEE

Fig.3-2 IC SIL,+polymer D EEM#R 23, GPE OEEREZ(IL 2 B CBUE X 1.
GPE %W+ % G4, P(EO/PO). LiTFSA DJETHEF - nfit$ 2133 CHh 325, G4,
P(EQ/PO) D ZhEE B/ AE 10 L\ WiE W 3R X e o 72, GPE 0B\&EMEIX, EF
o Li K, RY ~—oflictbuim kL, Witz 2 & GPE ic& T 3 K (G4) &
BRI ERREWAM E Lz, 2tk b, GPE i G4 & LiTFSA [ D SN 2048
BB VI EBREENEL ho b EXD 2 5,

100
2 80
<
S
: — SILog:Poly=7:3
-gl)60 F - SILo.g: Poly=8:2
o SILo.g: Poly=9:1
= — SIL1 ; Poly=17 13
@ — SIL1:Poly=8:2
=40 SILI: Poly=9: 1
=) SIL1.25: Poly=7:3
] SIL125: Poly=8:2
e 0 SIL12s : Poly=9:1
20 — SIL1s : Poly=7:3
= SIL1.5: Poly=8:2
SIL15:Poly=9:1
0

1 1 | 1 1
300 400 500 600 700 800
Temperature / K

Figure 3-2. Thermogravimetric curves of SIL,+ Polymer
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Fig. 3-3 iC SIL, +Polymer ¥ X N4> 7 &EMAHE (Li/O=0.2) ® Fiks o DSC Hhfi(a) & GPE
D T AGERIRE(T) O SILAEKEED) ZR . £To GPE 3#i—0 T, %> &2
fER XN, SIL SR Y v —HicH)—~ICBEAI N T WS Z LR SNz, SIL, & @ T DR
“#%(GPE)Tld, @A TEME XY D T HMKRMNICHEE L 72, ChldEms I IR
HABAINAZC LICk ) BATOEs Ay MEBIEZED bhikkwic, HiE &% %
WEST B & R LT, GPE TRESTOHBEEIEM L2 2 L RB S iz, &
#H D GPE % b3 % & Li R DA icff v, GPE @ TRy 7 F L, 2

X Lite G4/PEO DGR LIz itk ) T,LRE T LzEE o5,
SILos (a)
SILos: Poly=9:1

AQ

endo.

SILos : Poly=8:2

SILos : Poly =7 : 3

,/

S

SIL1

N SlLi:Poly=9:1

SIL1:Poly=8:2

SILi: Poly=7:3

SIL1.25

SIL125: Poly=9:
SIL1.25: Poly=8:
SIL1.25 : Poly =7 :

L S R

SIL1s
SIL15:Poly=9:1
SIL15:Poly=8:2

SIL15:Poly=7:3

[ 2wg'! T~ Polymer Li/O = 0.2
| 1 1 1 1 1
180 200 220 280 300 320

Temperature / K

250
. (b)
240+
|
T
230+ -
Y .
-
&0
I~
220 o ®m Polymer Li/0=0.2 s B
B SILO.8 + Polymer u
® SILI + Polymer |
210F @ SILI1.25 + Polymer n
H S[L1.5 + Polymer
Neat Polymer

0 20 40 60 80 100

Composition of SIL / wt%

Figure 3-2. Differential scanning calorimetry curves(a) and SIL, composition dependence of

Glass transition temperatures (b) of each SIL,+ Polymer and polymer electrolyte (Li/O=0.2).
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3.3 SIL,+ Polymer @ 4 #+ Y {5i&[E (o)

Fig.3-3 1T SIL, +Polymer & X U5 T EME (Li/0=0.2) D 4 F+ VMREE oD IR LRI (a)
& SIL MK GEE(D) 2R T, B FEMRE & ik L <. £ To GPE l3Evolizw L7z,
¥ 7. GPE 3RV L, FRicKECoon A LR X Nz, KIRTDon M EiX
GPEDET Tick3bnrtEZbN3, Fig.3-3(b) X V. SIL #KICHE > CTE W ofliz T L
7o fEiE 7z GPE Dol SILs ORGPEITHAF L. SILs 23 EME h o n[8F & L CfEH L <
VB AREMEDSE 2 b LTz,

D SILos
10~ E ¥ SILos:Poly=9:1
F —A— SILos:Poly=8:2
i —@— SILos:Poly=7:3
103 ¢ SIL1
- —~¥— SIL1:Poly=9:1
—a— SIL1:Poly=8:2
241 |- —@— SIL1:Poly=7:3
L 104 \
= g W)
Q105 L —‘l\:\‘
N A\
~ &;A
b - SIL125:Poly=9:1 A
106 & SIL125:Poly=8:2 VA R 4.}“
F —®— SIL125:Poly=7:3 N\ v\ '
X YW R
L SIL1s \ x
10-7 .. SIL1.5:Poly=9:1 L] xA
E —&— SIL1.5:Poly=8:2 \ AS
[ —@— SIL1s:Poly=7:3 °
10-8 —|+ l’ol\lmr[I iJ/[O]= 0" ' (a)
2.8 3.0 32 34 36 3.8 40 42 4.4
10007
102 F
F [ m Polymer [LiJ/[0]=02 303.15K
B SiLos + Polymer
B SIL1 + Polymer
B SIL125+ Polymer = N
103 L B SIL15 + Polymer m N
E E m
- ™ | |
E =
wn I
© = "
104 £ ]
- [ ]
10-3! 1 | 1 1 1 1 1 | 1 (b)

0 10 20 30 40 50 60 70 80 90 100
Composition of SILs / wt%

Figure 3-3. Temperature dependence (a) and SILa composition dependence (b) of ionic

conductivity of each SIL,+ Polymer and polymer electrolyte (Li/O=0.2).
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3.4 SIL,+ Polymer D 7 7 AEHEIRIE & A A VRELEE D L
Fig.3-3 IC2W T, TN VIF AEB-DZHW % & & THAN R 4 4 v 8 o iR E(T) %
L 72,

o(T) = 7 exp ((T_L;O)) (3-1)

CZToADIFRE TICET 244 VREE, 4, BIIEKTH S, abiFwuTInd iz
TERBGHRIAR DRV R GRENE) & 2 IR O IR 2 R TR ch 5, —RAvIC,
R Y T — TV REDFERERE OB L. & HIcEiL 7z Lt sofox—
TR L ORICEN 2 B2 E S 2 T L, FHo & 7' X v s & E L <A 4 vk
BHRIT 5, 20O REETICHEVIRA KT L, Ty % oD RERN 2 BEHEE, To%

A F NREOFHERE & 7 %, Fig.3-4 1I2% GPE @ SIL,+Polymer O Ty & T, D7D SIL, Al
AR 2R3, Ty & To 13 SIL AHAK & Li HRE OIR L & b ICZ O T i
DR I Nz L7edd o T, LiMRIRE ORI W, THHD & 7 X v b B 235G iR 120
L2 OO TAAVEEEZFFOTH Yy 7Y v 7R RICGERL T 2RI N
72o ZD728% . SIL,tpolyme & DA A VEHENEAD SIL, (RN LB TH 5 T & HRE
Iz,

40
B Polymer [Li]/[O]=0.2 HE g B
B SILis5+ Polymer
35} SIL1.2s5+ Polymer
SIL1 + Polymer
SILos+ Polymer
Y 30+
E o
1 23 F
=~ :
20+ B
- ———————————— = =1
0
15
o
| | | |

Composition of SILs / wt%

Figuer 3-4. 7; and 7 of SIL, composition dependence for ionic conductivity of each SIL,+
Polymer and polymer electrolyte (Li/O=0.2).
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3.5 GPE %i#if L 7= Li-S & itk

Fig. 3-5 i1C [Li|SIL, + polymer = 8 : 2 (a=1(a), a=1.25(b)) |Ss] & ) D & E i Fe il & Hhfj % 7~
T MIESRMEE LT, EEHPH:1.0~3.3V, C/18 L — } THIE 24T o 72, a=1, 1.25 EMEE
ZEH L 728\l Z W Z 8] 1110 mAhg !, #J 1060 mAhg! OEREO KR 2R L 72,
L2>L. SIL,+ Polymer = 8: 2 S&MHE 28 L 7z Li-S Eitlx, IO FEME S A 7 vkt
BICHKBEEDLALEICRY, FLMEARLI VDS CAREARELHERL -, ZHITEMRE
PIC LizS, 257AH. EBUC X D, L Ey 722y % PARIGHEIERRZ S0 tEion
720 7L L TWadz s SIL B IE LS, A& 2 00613 2 72 o, BFERIC L 72 &0 T EIE
BIFE 23 [Li(G4) I TFSA D IEIHEAIRESE % i 3 I REEDS B 2 b 2, & O IEEERIREE % i 3 B
& LT, PEO |3 i — 7 VBRR DB A + 2F50 70, EiFHRH < Glyme 71
& PEO ma o LiIrBlfi 2 a2 R TH 720 HEx b b,

72, FAERE TR DOES <MY v 2 ZE SIL, + polymer = 8 : 2(a=1, 1.25)fHTIZ
LisS, DILEL Z KT & 7\ & & R & iz, T4 SIL, + polymer BEFHE 1355 T EIRE
fRE%B AT 2HTO SIL, & [FRREOA 4 8RS 5 2 e 6. LS, OBEEI LD L
mCATREMED D B,

(a) SIL, + Polymer (b) SIL,,5 + Polymer

=l
+
T
o~
D s

3.0 3.0
2.8 28
2.6 2.6
2 24 > o4
o o
& 22 % 22
S 20 S 3
> S 20

1o P | 1 1 1 1 1 1 1 1 1.0
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Capacity / mAh g

" 1 " 1 1 1 L 1 " 1 1 1 1 1 " 1 "
0 200 400 600 800 1000 1200 1400 1600 1800
Capacity / mAh g!

Figure 3-5. Charge/discharge profile of [Li metal | SIL, : polymer = 8 : 2 (a=1(a), a=1.25(b)
+ polymer|Ss] cell at 303.15K.
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4. ¥+

BIFNA A A ([Lin(G4)1]TFSA, [Lii2s(G4)1]TFSALs) ICED F2EA L 7ZBEoYik
B L OEMREICOWTHEZIT> 7%, #i# L 7 SILAPolymer 132 TOMETH—D T,
BB X, @ TEMRED T, X0 EERMAICHN -, d&Es i ic— i3 E
ANEInFzzeicky, @orHoEENErED -0 eE LD, FHKD GPE % ik
32 & LMo I, GPE @ T idfKi&flice 7 L, Zhid Lite G4/PEO &
Ve —DRLUNEBREEMET LAz ickY) TL28ETLAEZEEZ LN, SIL, +
Polymer I3AMZ & AV ED TEMRE LKL T, WA X VBEEZR L7z, £727 v
BIAE RO A & B XA ISR IC R > Twd L EZ b7, [LilSIL,+
Polymer=8:2(a=1, 1.25)[Ss] v L 2 {FRI L | EERMFHERBR L LML . RIFARREDOFK
BAMR L7, L L, LS, AWM. EickoCTL Fy 2 2o % PARIGHAT R X
N7z, PEO &1 D8 AL SIL OEEAIRS % B 3 nTREME2E 2 b iz,
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H5 4% Na REMIRICH T 2 HOIABUREGEH S X O Li REMIR L D
A I O Pl R

LS

AR SDGs ICfRER T N 2 Fifit ATREAE R O EHL D 72 | Sl 7Zx FEAEFTRE T 4 L ¥ — (ORI,
Ji )75 &) DK - IERPELXAIHEOTIHIERPLEEINT 5, WINOHWERICH =
FF — % ZORATEL - M C X 2EFEMB AR TH Y, BIFEIL Li 4 A4 v “XE 1z o
REME LTHIFFEIND, 207D, SHOEE MO TFEILRICHIG T 2 AEFEMRT - EHE
RAEEL 7250, HFEE LT LitHRICIFRY 225 Y, 2 Ofbfa 238 ith o 4z pE B I E
T 57289, Kk LIB OfEfFIZNEEcH 2, 2D/, Li LT 7— 27 8H%) 100
fEmv Na 2% ¥ ) 7 — 4 & VICHw7z Na 4 4 v B (SIB) 28 S T 3 123, FRIC,
Na (Z8E970> & 7200 CTld e kD 6 DT E 5720, MEMIliS O KRIC X 2 Eitho K=
A M~ FG 2 AFEI NS 4, —T5 T, D SIB W5 13 By N IEM R O BT IC iz &
AEDERDRYTONS 5 Lo L. Bk mEtERe SIB 2T 5 720123, Nat®ERR D
VB AR E O IEERIEIE ST 2 2 & b CEE L 22, Hl2 X, chETmEINEE
PRI % 72 Na REMRRIE Li REMIR L B L TRV - S A A v REES, &
GALET AN 2 LTHERERA T INT WS 678 Lite Natizzhzn 1 ffion 54
YTHY, INODMTORITHEIICA A VEEVIRLDIDALTHE % LirL, THHD
BB L EIED D 70 2 BIFR T 25610134 4 v ERoEICMA T, EMEE - X b
— 7 RGBT FHERR) - BB E R P AR 2 2 L 3 PRI L 101012, fiE5
T, Na REME & Li 2O EME ORWREGEICEB L 2 YEHE 2 2 iy icfrv», 2 02%
BHTEIC T 2 BB > 72, E-> T, RIME Tl 6 OB % FH 72 1.0 mol kg @ Na % &
O Li REMR 2 AR L, B2 BARICEHE L 72, vz 6 DDEEEL LCTidn T+
H-AEER B L L CHUHMICH Y 55 Ethylene carbonate(EC), Propylene
carbonate(PC) ¥ X WRIEEMRE S DB L L THE X 115 p-butyrolactone(GBL) . N, V-
dimethylformamide(DMF), Acetonitrile(AN), H,O %#&E L B141516 0 s % Az, &
fREiE e LCi oA 2R T =4 v 2 H 35 MTFSA(M=Li, Na)% 7z, {FRIL 7-
Na/Li SBFE OV AR E 2 iGN Ic ik 3 2 720, 55— JFEEHE (DFT) W72
-7 F A v OMAEH = A V¥ —OFtRE, K OEERN 7 B CHABUREL B, RE. A4
ARBE O T — X % RENICHUT L 72, FRIC, SV A5G EFL(PFG)-NMR % v 72 H Ok
BURBU(DME X, BRERNOA T AV, T=A v, IO RIEFEZ M7 L CllET 2
TLEHHRETH D KN - A A VIEEE IR I N~ 7 vk & D HRIC X b | RS
(A A v OREIREE) OHFEAL 23 IFF X 17z 171810, — I AR % F B IC W 2 BRI L,
BARACELEED & DT H T2 05, WA - 4 4 vt OB, KGR, B8 7 & O Y3y
NIRX=R—bFRITREEEREHRETDH 5, AMEORRKOFHEIL "Li. ®Na(cation),
F(anion), 'HGAME) 0 H 4 OIS % PFG-NMR I X » CTERBMICHIET 2 2 L icdh
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%,
—77. B¥EARERE D 3Na © D %91 2 PFG-NMR CHIES 3 & id, —i%mc
Lweandg, ik, ®Na lMUf7E— X v b quadrupole moment (Q ; **Na : +0.104
Barn, 7Li: +0.04 Barn) 3@\ Z L ICHK L T, A& V-FREMRR(T), Avy—2¢ v
AR ()RR 7D TH b, Z D7, ARKRARERE T D 2Na O DiEICB] T 2 #HE
1213 & A LR, RITZE T, 8V PFG FIINER ICFE R A IR E & 2 Kl T % 2 PFG 7
0—7DEALE T, HIGHL7Z VR —7 v ZDMISIC X Y, AHEERE T D 3Na
D DMFE I L 7z, L3R ikl DMIEIC Xy 7P DA %5 2 Z 3 PFG-probe
H{E® Eddy-current % H/NRICHTZ 2 8D B 5 23, 4 DA L 72 PFG-probe 1% 0.35
ms DRI 72 o 72, A T, —M%IC PFG-NMR % H\w 7= GHEMR O D #IE < iX
Hahn OS2y =7 VY ZDBHGON S8, T T 2 BNa I 3RETH - 72, %
D7, BNa OHIE IR\ T, T 2Fo@klo D 25HIi§ 2 FRIcfifH S5 stimulated-
echo (STE)-mode D%V AL —4 v A% @A L7z 2021, Z oo g I 1 Hahn %L % >
— 7 v AEHv, 2TOKEICEWTIEHlLE D 2832 2 LicliLz, UEXY,
FA D DiEDT Na FEME & Li REMRE O HIRDRERAAIRE & 78 o 72, A Tl
AR & Li BRI O OB 2> & VIEZ B AIICEHE L, SIB 2 KM d 2R H|
Eﬁﬁa’éféﬁ#foﬁhﬂjj‘é LR HIE LT,
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2. FEBTIE

2.1 Bk S

ZOWFE TR, 2 HEOEMEIE L 6 MO R 2 IBHEOMAGDED L5 1.0 mol kg
DEMEEEH T N7, H0 ZEEHICH W= EFE LS OB IX. Ar FHK Tz S h
Teru—7FKy 7N CTHE S N7z, AEBRCTHEM L Z2MEHIEMRER & L T MIN(SOLCFs)]
(M = Li, Na, [N(SO:CFa)]: TFSA, (¥ ¥ Z{bEtkatth). 6 M OBEHE & L T Ethylene
carbonate (EC), propylene carbonate (PC), vy-butyrolactone (GBL), N,N-
dimethylformamide (DMF), acetonitrile (AN), HoO %z Z U L 7z, AREEETIX 1.0
mol kg! A I N T b0, BiELIEoe v IZBED T2 L 3R R 5, % 1.0
mol kg! BFH ORI Lo ELL, XU MTFSA DELEE (mol dm3) % Tables-1 &
Table5-2 ICZNZ IR T,

Table 5-1: The molar ratio of salt and solvent in each 1.0 mol kg electrolyte.
Salt AN DMF GBL EC PC H20
1 244 13.7 11.6 11.4 9.80 55.5

Table 5-2: The molar concentration of MTFSA salt (mol dm3) in each 1.0 mol
kgt electrolyte.

AN DMF GBL EC PC H20
NaTFSA 0.697 0.823 0.960 1.11 1.01 0.871
LiTFSA 0.701 0.828 0.964 1.02 1.12 0.872

2.2 FHRT

PR (DFT) 51, Gaussian 16 70 277 LA &R H L CTEIT I Lz, IOLL 72
BEDOIK & Na/Li /1 F A4 v -5 EsERIE, B3LYP/6-311G** L ~ )L Chadifb X iz, B2
& Na/Li /7 F 4 v -IE8EEE R~ 0 0 PRI EEH = 4 v ¥ — (Ea) 12, supermolecule method
Z LT B3LYP/6-311G** L ~ v CatH I 7z, BKBIE D HE A b2 347 (BSSE) i1,
HEAERA = 4 v ¥ —EHHE D counterpoise method IC X » TIEIE X 7z, fINZ L 72 1AL D H#
BRERT 5 720 DLRET AN F = (Bom) 13y Bu LR T AN F —(Be) DEFRFE LT
FHR I NIz, Eurld. SHATEEICHE 5 0 FIBIRO BB IC X 2 8 F O AV F -0 &
itch b, BIEEEDOARRE X, B3LYP/6-311G** L~ )L C Gaussian 16 710 77 L& {FH L C
R A, 100 HDOFHED o150 N IBBHAE OV 0 6 Bk i B 2 IRE L 72,
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2.3 HCHLBUREGHIE

HOEWERE (D) 1d. <A 25AE (PFG) -NMR %Ik b, PFG Al F o2 —1{2
FEREHA LT, #E XN/, PFG-NMR #%E 12, JEOL #ld ECX400 NMR = v/ /) — L & 3
N AW 7 0 — 7 % 2 72 13.5T 8 A 2 HEH L <fTbi, HERE T JEOL
vy =i ko THlfl & 7z, PFG-NMRHEIE Tld, SEMEE % 5mm (UMF) © NMR
~A 785 2—7 (BMS-005], Sigemi) IC5mm DFHIFTHEAL, ArFEHATD 70—
7Ry 7 ANTHEE L 72, WE(EC, PC. GBL, DMF, AN, H,0)., # 7 +# v (Li*, Na*),
BX U7 =4V (TFSA)®D NMR A2~ 27 bLid, H, "Li, #®Na, X P YF 2HL. 21
Z 4 399.8, 155.4, 105.7, 376.7 MHz O JEJRELIC & - THIE X N7z, D L. Stejskal-Tanner
XL Cza—jlz (B) 2BE I LickoTibNT,

S(g,6,4) = E£0 = exp (—y262g2D (A — g)) =exp (—bD) (4-1)

T ZC, y I ZMEROBRERRI., SIZIMEE., g PFG Offei. 4 (ZBRIKH<H 5,
T a—f55 EOREIL. FEERNE ¢ T PFG OFiiih# 6 22{tx €2 Lick>THDL
Niz, WERDEIZ PFG OIREEE 2 S 0.35ms THA L 72, DHEIEIZ. HIE AT I BCF-f
Rl & L <. 30 0 falkl &2 S L 72,

2.4 KEEEHIE

TR VAR DREEE () 1X IREFHAT & 172 Stabinger UK FH(Anton Paar, SVM3000G2) %
fEF L CHIE L7z, MIEBUEHZ, 2P & L, HIERTICA R b 15 pElifiE S
77

2.5 A F AREREHIE

A F MEEE (o) 13, [SUS/BEB#ER/SUSIe L2 A WT, AC 4 v v —& v ZKRIC X 0 HlE &
o, HE S 12 R BB 200 kHz-50 mHz, HIINEEE: 10 mV, #E 303K & L7z, HIE
AEHZ. VPR & L, DERTICA 2 < & b 90 I flEE X vz,
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3. Rk X UEE

3.1 Wit e T A4 vilon PR AFR = 2L ¥ —

B O Nat & Lit okt ic 7 7 4 v -IR oM AER 2 5 2 2 B 2 et 2
7o, DFTRIC X W A F 4 v LRI O AEER 23R L 72, Fig.4-1 12, B0y 1&= &
HFF v LRI EARPERT ZBOREN T AN F — (Eom) DBAGREZ IR T,

[l —DIRIEIC BT 5 Natl LitD-Fom ZHIRT 5 & 2 TOREET Nat D7 MEWEZ R L
Too —MRIC 1Afid Nate LitoHRA 4 v EFIZZNZ 1 76pm, 102pm TH Y, NatDE
B D T Lit & WK, > T, NatiZFENPFHERNI2NE (72 Y DEiE L O AR
iz Ltk W/hE L3 e E2 b7, Nat&BIED» SR S 2 AR - Bom 1,
Na*DE WY Ay PR 2 ER L, Na REMRE O 4 VHEE-C 7 74 v, ki
ISR 52 32 LARBINT, Natd LirOEAERD BEmlD%E1Z, £ ToREMECcH
B/ & < (2.60-3.93 k] mol! DREIDfH), T DFEIZHFF v OFOBMELICL 2D D LR
XN, 6 MOBHED-EBom O LEIIZ. DMF 2355 &<, HO 2SR b {KH 572, 72,
BURD A1 vk = VSR % H O IRIERE(GBL, EC, PC) D - B 1ZIZIERI U TH o 72, 6> T,
BIREIC X 2 Eom DiEWVIX, BEOSTETIR AL, LA THEEDES 3 2 Al aeM: A
RNz,

16
® Na system
® Lisystem
141 P
AN
= ‘ ® °
- 12
£ | mo -
H
E | @ ! :
B . DMF TT T
° GBL| PC
6fF EC
4 1 1 | 1 1
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Mw (solvent) / -

Figure 4-1. Relationship of Eim and molecular weight of solvents. Em is the stabilization

energy for forming a complex from a single isolated cation and solvent molecule.
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3.2 HCOHRERE

PFG-NMR (C X V| Na/Li EFEHOREE - /A v DD 2N HEIE L. HF A L
BIC G 2 2 B R MGt L 72 NMR OHIERME IZALE (H), #7574 v (Li, ®Na) K7 =
v (9F) & L7z, KIFFECIEEMRRTICEENEI AT AV, T4 v, BiEOZNZ LD
D OHERRE GO -iam e T o) S I hmEE L, —Mkic, EEdED D 1T A B DR,
il & DHANER, RO REGLe IINZIREE, A A4 v xlikEE, WHEAIREE) I E LR T 5,
PFG-NMR (C X U #HlliE T L7z D (ZEMRRF O S ILBHE DR IMEFETH 5, —T7. AE
BROBMERIE 1.0 molkg! DR TH Y. T T Tablel IS/ 338 0 3 1 40F1oxf L Ciff4a 10
fE LA b O EIEDAEAE S 2 . I 2% B F 7 ALK & R © & 2, Figd-2 1T 303K I B 1F 5 51K
5yD Dt Na REMR (a) MO Li REMR (b) OEES TROBREZ TR T, H0 £z
2, B O TOIBEED D IZBEB O BEICHWIEEEED D 1Z—FRICK < 75 5 I
#in L7z, —f%IC Stokes-Einstein ZUICHE 9 & Tld, BARICE TN D ZIHIED D I A + —
7 ZPBERARTI R R R O~ 7 v et I fE 3 5 720 IR O FRA T D D3
FA=Z—=ICHFELTWB R REINT, —RIC D IZBEED TR T TR, EiF
HEWET 244y - BIEOKRE X B, A A VIIHER OIS, av 7+ A—vavof
7 SfA OBEROMERYZ T 5, hFAvDODICERT 5 L., AIEHICED S 3 Na ik
FMIZLIZEXVECD 2R LT, T4 YD D RIRER DB L 2T, Al ot
JECTIRFTERITHBEML72hF4 v D D ZBIL T3, $7xbb, NaifEe Li %D D
DI, Nat DA b — 27 BRI LITL VNS eE2bN3, 72, BB I U7 =
VYO DIEHTEE, AFA v LRI Na BRESRD DX Li BFER XV ED» > 72,
T =4 v LR O AERNIZ IR TT O EHEE S, T =AY D D IXRNORMER A
FAvEDHEERICHELZZ TS EZLbND, RIFFEOHAICIE, FIC TFSA L Nat%
7213 LM AERZ, Like NafDT =4 v o D ICHiERE%2 G 2722 F 2 bz,
A DA I LB E ORBAFEST 2 ERR TH 2720, ERERT OB D D i
WEHE U 72 VRIS T DYRES IR K L CTB Y | — 7~ 7 m b EAHBA L T B, L
22U, I D 3Ah FA4 v OENIC X0 SR ZS B X iz, WIEAEREICFEET 5
1.0 mol kg DEFKHZTD ., WL T4 v OMHBENEMITERE D D IcEEL 5252 L
PIREINT, —F. BREORILEFED D OEFICEHT 2 &, H0 2R%. 2 0lEFIZ
BH>T = v>hFAVvIiZotz, —J7 T HO ZIBEEICH W B CIE, JLE0ED D ©
EFF IS H FA4 v>T =4 v ch b, GREMRKRR LKL ChFA v e T=4vD D
DA S5 L 72, BER T OEIEEHED D DIE/F T ICHEEE D F R 72 & F — 27 ZF
BOREIICL2, O 2T W ERR DO A F A v e T =4 v D D DEFIZ. 7
ZA VDR =7 ZREFEOMRICIVbDEEZLNS, H0 DKERTDOKE WIEEM
23 HoO-M*'72 1 T7 . HoO-TFSA I WM AERZ 5 R Lz e FE 2 b b, BFERT
DHO LT =FVvOMEEARFINRETHLIFAEINTOWAVE, T=FvDDITKE
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Figure 4-2 Relationship of molecule weight of solvent species and self-diffusion coefficients of
cations, anions, solvents in Na-based electrolytes(a), Li-based electrolytes(b) using PFG-NMR
measure at 303 K.
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3.3 B FF VIR

HF A VEERIZEREHNCEIE I N LBMOBINICHT 22X Y VT —A 4 v OBEED
HEaTh Y., BREDOA 4 v OlmRF 2 REA T 2 BE R AT A —X—TH 2, hF AV
iR o0 FAM (3 SRR I EE i B R IR & EEAEIRE NI VW ST, 5 ICHIE TR B 0 HIY
fik « 4 v e — 2 v ZFHIIE O BELXILEN FER S (& I N Tw 5, PFG-NMR IC X % D
ORI NS A F A4 VgL, FIVBREL T IC BT 5 BRI & L CEH X B . AR
THUY 9 — M 72 BRI RS T ld. PFG-NMR IKIC X W b7 F4 vilgiRkid, 5L
HHTFEL RN LEL ZIFFEFEOMEZ RS, AFFETIE PFG-NMR #HIEIC X b EERI
oz D DEERWT, AP0 hF4 vz kR k> THEHL 72,

t+ = Deation / (Dcation + Danion) (4-2)

Z T Dations Danion 13 % 7LZ 2L PFG-NMR 1 X - THIE & L7z M+, TFSA-® H CHLBUREK
TH 5, Fig4-3 12 303 K ICH T 2D DFT RIS & W EH S N 7z-Erom & KEMRE ICE W
TEHREINT 1 DB %R, Nat meniﬂbﬁﬁ@%%mtu%%hﬂib~%
BWEZR L7, 72, Hi L7 & DFT GHRIC X D B L 72-Epom 113, H2O R Z R\ 72
B CHEMBIRS R SN, -Erom EAMEWIE E HD3E L oo Tz, fE0 T, 63 F A VIR
HREIOMAEHOFEXYZ T 5, 72 HO RAEML Y EV 2R THBII H0 & 7=F4

YOMABFERICX Y T =4 v D DMEL Brofzlz & EZ LTz,

0.65
Héo ® Na system
0.60} ® Lisystem
B ~
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055 = » L .
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Figure 4-3 Relationship of dielectric constant of solvents and apparent cation transport number in
each electrolyte at 303 K. Apparent cation transport numbers were estimated experimental self-

diffusion coefficient value using PFG-NMR measurement.
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3.4 ABIEYE DPLBCE R (R)

F B DFENE % 7R T Deotvent &
T—RITHIZRLR 2 7R L (Fig.
frc& s,

% D EP ®{f\‘i§F$$ k 731 5 Dcation&()r anion ci%f ®{§ﬁ¥$i &C Bg l/
4-4), FITHEBEOIERUCAE A & v OILECGREE AR E 5 & B

20
(a)
AN
15} Lir]
£ H20 ©
2 ®
"E 10
Li
\g DMF @ Na system
<) LiNa oo ® Na
il ] O TFSA
.. Li system
: ® Li
i O TFSA
0 L L 1 1 1 L L
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Dsolvent / 1010 m2 s
3.0
(b) GBL
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Figure. 4-4. Relationship of self-diffusion coefficient of solvent and ion in each electrolyte at 303 K.

AHFFE TR 7= B ORI 134T 1.0mok kg DIRIERE R TH 2 720, —MkHI 7 Stokes-

Einstein =\,

kT
TNCTg

(4-3)

CHED DB - A A IO 3T TH L, 2T TLhiFRLY ~ VERL nldAEE,
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cIIER. 3 A =27 ZERTH D, TR e idslip & stick BEREMHTH V. T2 niim
I 4-6 %NS, Hic, X 3) ZRHWT, B - 44 v 20X OB REEE
L7225t Gon/solvent) Z R & L. UToX (4) & LTERL 7,
TR, SO ENENA A Y LIBEEDO A N — 7 ZBEETH Y, R IFRA L — 2 RRfR
e FHET 2 FEREMRE L S b b, Figd-5 1 303K ICF1F % DFT kI L b BH
SNBSS T ORE L FERRD R DBRZ RS, H0 ZfRE, AF A VDO RIZT =F
YOZNL D BFEICKRERMEER L 2o —MRINICEEI I O F 4 v I3 B iR < A EAEH
(RIERT) T2 2 LItk b, Stokes FEEKRE T2, )7, 7=F v IIBEEHROREL O
MEERIRNE L Qe F A v-7 =F vEIOMEEM 5D K E ), Stokes EEDZEAL B
INEWEEZ LN, BON7R EFEL RV, AT, RIZEESTOBRBITHE R K
T™HERI AR L. AT A4 v ORBICERT 5 &, EEFICKS 375 IC Li RO Na & X
DHEVCREZRLZ, LITOA P =27 2RI Nark Y RE W & Ay, KRERRICE
FETAAVBEAA VDR =7 ZPFRICBAT 2GR L L T B 2, T=4 VD
WEICERT 2 & BT OREICHE Y RIIET ORAMER Z /R L, BBED Stokes 1%
DEACDFENPANT NI K Irolzlcd b EXOND, Bz 2L, T=4vD R I
T oAV ORI E RT3 0 TIER L, FIC Y OB R RMT 285 A —2THB L
Sx %, — . HO0 DA ICITEE L OBNLIZIEF I 720 FF v D R DELIZR S
Naho7bDD, 724 v OZALITKE W %2R L7z, Lk L7k 54 v offg e
[FIERIC HoO-7 =4 VHHAFEHOFEIC L VEROE VAR b2 E L b5,
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3.5
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Figure 4-5 Relationship of viscosity and Stokes radii ratio(R) of the cations (Na*, Li") and anions
(TFSA) relative to the solvent in each electrolyte. The R values were calculated as the ratios of the
diffusion coefficient of the solvent to those of the ions; i.e., RNa=Dsolvent/ DNa+, RLi=Dsolvent/Dri+ and

Rr1Esa=Dsolvent/ DTFs A--
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3.4 HCILBURE L MR A F VREE %R
BRI & WK 3 2 TSI - A A v OIREGREL & | WA 0 BEER ] % K3 R o B f%

BP9 5, Figd-6 (a)iC 303K IC3B 1) 2 REME O H ORI D &KW (") @
BIfRZ R 3, KOG G, £ COEMROEIRAIL 1.0molkg! & A1 , : EEEE O
EAGHEIL x=090 LA ETH Y, I BICHHEABEOEIC LI VIREI NG X T X —R L
%,
BIEHRDILBUCE H T 2 &1 Dowven & 17! DEICIIBIREMRBAGE R WZ S, 2TOE
PR RE PR C 2 D IERRIE I3 HERF S 7z HoO ZBRE | BREE O ZILHIED D OJFFIE Dyotvent
> Danion > Deation Z 71 L 726 E 721 Dsolvent & Deation 1FBEF2 AT DREFRHMF S 417223 Dyotvent 12
MEBEOHBEERIC K 2 2 b — 7 ZEROBKITHE 5 BWIEBURS (Deation & 131E—50 K
OEBEA IR DR S ILEEUR Sy D AR % S 3 28l L £ 2 5%, — Ty Danion 13 Dsolvent
7213 Deasion & FATOBRZ R X T, fREEA A v & L COMBERHOH X 2RET2H DT

%o 7. [Al—VAMEIC LITFSA X U8 NaTFSA % [A] [ TR & 276, Na RO 5
HicE gt (vsy) KU D (solvent, cation, anion) %7/~ L, HAFHZ A LF—DR/NE
OB 2 AERTH B, HLECREE LA oM OB IR I Nz b oD, & @anw 7+
AR U CTUEAZ T 2 AR IZ IR, 5o T A A v SR o AR XA X
B0, A v OlERESZEL T 2 ARE S B B, B, o REERE & ST 5 22 o,
A F MRERE &K D DR % F~72, Fig4-6 (b)iC 303K ICFJ 5 FHEME D H CILEUREK
D A F MEEE (o) OBREZTR T, H0 ZERW T, }_f@%mﬁ“ BT —#NLE
PREAR MR S Fze E72. BB L7z KU D EIAIERIC INa R Li %LV EWwok
Tl Tabb, AF A VEOEEICH S cDZLIT. %Etﬁ@@ﬁ FA V-7 =F v DO
HEH. @7 F 4 v B0 BN S Wiz EF 2 b1, HNIICE YV 028 H0
IR L L7ZBRIC IR S Nz, — I R ARERROG G, A A VIRBIXERAIL 724 5
VRSB L 727 =4 v OEEMEE KL 72 b D L7 b3, IKREMIRIC o x
T H0 [co 7w b vBENICHE S RERMK I NS Z &I XD Ev o’ iR & - AlaetE:
b5,
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Figure 4-6 Relationship between the self-diffusion coefficient and the inverse of viscosity(a) and
molar conductivity(b) in each electrolyte at 303K.
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3.5 fAHERS

BIFE OffEE - 2OREOFEIZ, W F A VT = VERIELL 2D A F ARED X 7
=X LHRED 72 DI IIIFF ICEETH 5, 8 U 72 ERER O iR %2 3Pl 3~ % 72 8 Fig.4-
7(a)iC 303K ICH T 2K EBMEDne BEA & VAREEE (Aimp) DBAIR % K 3~ Walden plot %71
Fo Aimp 1375 1.0 mol kg! FBIFE D o& % (TableS-3)IC X W BH I iz, 72, BREHELTE
2ICERES % 1.0 M KCl i % 1deal line & L C Fig. 4-7()iC fif ¢ TR 9,

— IR T O DM K E { T B & K THARKR(100% O FEREIRRE) & 7 B, BT
IN-ERE BRI NICT ey FBFEEL, TRCHHEL T nZ LRSI h
7o KB ZERE ., AREEMRIZEERIC LT, FTic 7 m v + &7, Waldenplot iC & 2 fi#
BEEORE BT R W LRI Nz, T2 AN ZRE Naf & Li R2 KT 2 &,
Na 5% D J7 25% THAERRICUE . Na REMR O G T w2 LSRRI Nz, AN %
BB W72 L REMHETIE. Na R X D @i sl I vz, Sl AN B L Na*
DA AAEFH (Erorm) 23 LI FT W 72 D IEIEIC X 5 Na HEOfRBEDMEHE X e < 2 o 7 mlRENE:
BB 5, KRIHEHT 2 &, AEEMRGR X0 HARRICGED &, @ EEEE 2 R & iz,

Table 5-3: The density of each 1.0 mol kg! electrolyte at 303 K.

AN DMF GBL EC PC H20
NaTFSA 0.9081 1.0720 1.2508 1.4495 1.3203 1.1357
LiTFSA 0.9024 1.0651 1.2414 1.4378 1.3101 1.1222
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fREEtED b 5 —o DRk E LT, FEMRE D Amp & PFG-NMR I X Y #IE X172 D I
LY R» T O B L, AR L 2 ERROMHEO K 2T o7 a0 EHT 572
¥, PEFG-NMR IZ X W HIEEE N/ D o4 A VREICHFE LAWK EZEDELAL 4 VG
BT (Anmr) D3 LA T @D Nernst-Einstein D3 X Y HH & 17z,

egN
ONMR = I:_T (Dcation + Danion) (4'5)

TZT, el 3EREFDOF v )T A4 v OERFKE.602x101°C), NI T KA F r£(6.022
x 103 mol!), kIZFRALY =V IREA138x 108 JKNTH D, —ICG)RNTEHE I NS AgwriT
BT DB % EOMEEOAAN) L 724 A v P TR BBICES LA A e =
BAF VR EOWERNTFEEDAREERH Y. D I hoRETOMERE & L CGF
flixind, #oT. ACA Y =X v RETHM I N2 UEA & VIREE Ay £ 0 B EE
R o AR & Aimp ZH VT alZ A FTOR X W ERT 3,

g = Dimp (4-6)

ANMR
ald. A BT AN ACH ST 2 EMEEEOEE 2w E L @I N,
Fig.4-7(b)ic, KD FHEEFL (& (solvent)) & aDBfRER L, Bt & Wi 2T OB 12 fRkE
FE DS 60~90%( & =0.6~0.9)TdH % T & DR & L7z,
al3/K & AN Z R\ 7= EBRRRIC 3T, Na BRI D J725 Li BFAR X Y D32 0 m i3 8l
W&z, 2 DFERIL, Fig.4-7(a)® Walden plot DfEHE & b HHBI3 %, DFT(6-311+G*/B3LYP)
FHELIC X Y | NaTFSA | LiTFSA X 0 4 4 v N Ot = A L F =255\ 2 LG I T
Y 2. Na BRRHE D & IEHERE X MTFSA OfEHET AV ¥ —DFEIC X 58 % %\ 7= vhelk
3% 5, ¥ 72, Fig.4-7 (a)® Walden plot DFER & [FERIC, AN Z BT W72 Li R BRI,
Na % &0 EVad’fER I N, CHRBE-HF A VD Eom iCE b DEEZ LN, Th
I XD AN ZIBEBHC V72 Na SRR I, [FIRE O Li AR & 0 S 4 v ot & 23
WY 2720, phbTHEINE X ) IIBEIEKEZIZ XETH D, H0 ZEEICH
T BRE D al, BETL2EBREROF CTRdE L. Na- Li RTIRIFFAKRDofi% R L 72,
Jek i@ b . HO REMHROEEITIE HoO-7 =4 VB OMHEMEH b W agErER H H . K
R T AL X=X 0 HoOMEEELS R L 2R AH 25, AT, HOD 71 b
VABE DD Ay D EF TR S N, ST E L TA A v O fREEM: % 8K I EF L 72 vl ged:
b5,
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Figure 4-7: Walden plots of each electrolyte at 303 K (a), and Relationship of relative permittivity
of solvents and dissociation degree (Aimp/ANnmr) calculated by impedance and PFG-NMR
measurements of each electrolyte at 303K (b).
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TRERTOAF REEME 720 423K UL EOIFBERE 2 48 L L @A HIR S 5,
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Y R R 2R BT 2 2 LB TE 5, $72. PEO Rmmn FREFEME L. Lt
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2. FEBTIE
2.1 BRI E

ETD 7 vtYMEESE S FERERE X Ar FHXDO 7 v —7FRy 7 2([02] < 10
ppm, dewpoint < 193.15 K, Miwa Mfg Co., Ltd. )N T X /-, EfFEOEEIZFRY) ~v—~ b
Y v 7 R & LT P(EO/PO) acrylate macromonomer (EO: ethylene oxide, PO: propylene oxide, ratio
of EO:PO = 8:2, My,:ca.8,000), FEMFEHE & L T XF:(X=Li,Na, [Li]/[O]=0.02. [Na]/[O]=0.4).
NAUERIAA] & L T DMPA(0.001 wt% based on P(EO/PO)) & L CHi#la iz, 22, 7=
AT 7T X2 —(AA) L L T 24,6-trimethoxyboroxine ( CsHoB;Os:TMBX) . 2,4,6-
triphenylboroxin (CisH15B303: TPBX). tris(2-cyanoethyl)Borate (CoH12BN303:TCBO) % &
i XF 0 CsHoB3sOe=1: x Z 8, BA L7z, fFRLZREWIZ. 0.1 £7213 0.5 mm O F
70V AR—Y—CEIZHEL 72 2 D7 7 AWRDMENCH LA E 1, 5 530 UV RS
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2.2. FIRE &5 1 B ERE O B E

FABLL 7= BRI O BVRFPE X Thermo plus EVO2 analyzer (Rigaku) % Fv»C. ZhEE & HIE /R
Z=EHT (TG/DTA) %%EhiL 7z, TG/DTA HIZE 1% 303.15K 2> 5 753.15K % T il H#i
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BEZg12 mmic 7y ML, A7 v LR (SUS) ERREICHA, HE IcEH AL, Hl
TE S 3 SR B A5 P 200 kHz-50 mHz, FUANER 100 mV., imAEEHiIFH 353.15 K-243.15 K(F
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24 FIRESHDTEEREMREOHA 2V 7 R-ANX Y AM)—=/V =T A4 =T R AL rY
A b U —(CV/LSV)H#llE

ArFHAR N7 =78y 7 2NT, fFRL 7= FREE0 FERERE % ¢ 12 mm O
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Figure 5-1 DSC thermograms of P(EO/PO) / MF / AA(TMBX) polymer electrolytes with M of (a) Li
and (b) Na. Glass transition temperature (7) was determined as a function of AA concentration. (c)
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Figure 5-2 Temperature dependences of the ionic conductivity (o) of P(EO/PO) / MF / AA(TMBX)
polymer electrolytes with M of (a) Li and (b) Na upon cooling.
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720 BHBPURS I B A & BARE O L 7 BBHU(RLy). EME & Li &8O Li BB E)
PEHLU(RLie) 2 OPEBERHL(Zria) TR L TWbH B 2 b7z, Na ZHWo R TiE 79.6 kHz &
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Ml LB FHIAENT,
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Figure 5-4. Low-frequency impedance spectra of [M | P(EO/PO) / MF / AA(TMBX) polymer
electrolytes | M] symmetric cells with M of (a) Li and (b) Na at 333 K.
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Figure 5-5. Temperature dependences of the calculated F- conductivity (or.) of P(EO/PO) / MF /
AA(TMBX) polymer electrolytes (M = Li or Na) upon cooling.
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Figure5-6. Molecular structure of the three AAs investigated in this study.
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Figure 5-7. DSC curves of each F- conductive polymer electrolytes with TMBX, TPBX and

TCBO as AA.
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Figure5-8. Temperature dependence of ionic conductivity of each F- conductive polymer

electrolytes with TMBX, TPBX and TCBO as AA.
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Figure 5-9. CV-LSV profiles of each F- conductive polymer electrolytes with TMBX, TPBX and
TCBO as AA at 333K.
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Figure5-10 Charge/discharge profile of [ Ag : AB : binder=55 : 10 : 35 (wt%) | P(EO/PO)+NaF+ AA
(CisH15B303) ([Na]/[0]=0.04, NaF:AA=1:1) | PbSnF, : AB : binder=41 : 19 : 40 (wt%)]cell.
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6. #eth
KX Clt, mAE, KEREAR, Ko X M EFEoBMEA AT N 2 & e LT Li-
S &M, Na /A4 V@i, Fory PAEMICER L. 20 b OFEEARICIANT 72 BREE D%
. BRL O oW tEFHiic o wT, Y e o7, FRICEhoMKER DO > TH 2 ER
HICEH L7, EE Y - tEig1 2 ORI ch 2 54 v 7 =F v BT
IMFZFOFEIR, AGDLEIC L VREINS, D0, Thb OERER % Fdl L 7z
BIERGHEIT) C & T, EHEEMRTICHE L SN EREEREORELRAD 5, K
X TSR EEMR~OBEHZ HIIC SR EME 2 I L, 2 a1 i ic
KPR EZ M U7, mA R KRR AMERMOEBICE T 2 EMEHREI 2 IRET 5 C
ExRHEME LT,
F—E Tk, HIERBREEA~ O N2 b T A F — OEMAE T, mPERE 7 B I
HADOTANAZRBEE SN BROF, fhEMICER I moEMMERE IS 2 5 2 FH
ZREMOE, MO Z OFERICLE R - WRe 2 ERE oMo HREBLL 72, FHEM
VB NFAATRE L i, BU) - KBAFEEFEOHAFRET ANV F —CilHEL 1 5
B O RE I BEHE I ND, T2, B 2 AR AL X — DB ALK, &
@A KBEARESEEL 25720, 2o OFERRICHS T 3594 E
&L TCLi-SHEith, NaAAvEM, For b VEMICHEHL 2, £ELROEMERELK UG
FETEARIC 13, FAEME ORISR OEIC X VIER T E 2 REERH D, chEREL T2
BIRROMWE - BREIC > W T2 N F Nl L 7=,
HoETIR, AR, KBREAR, KaX FEOREAMREE NS Li-S Eitho @mtkgEflic
FHHCE 2 BME 2RESHOME X VRGEHL, EWENOHAEEHZ#HET 2 %2 H
& LT, RFfll 2 PERTAmG 2 S8 e L 72, Li-S Eithid, FEREE SOG A I Bt (E A oo S i Hh Fl A
TH 5% F7 L (LizS,: n=2-8) BEME~EZ ITHEH L. 2 Ebos b z5 ik
L. BAHEL > T 5d, T OFEMBRICINT, LS, OEHHNH & & A 4 vk
DN T & B & LA A A4 A il (SIL) L ARREPEAFUA B (HFE; ~ 4 F e 7 v of
0T —7 V) DRABMRICER L7, SIL IMEDTFDOT—TLo0TTh D glyme B L 55
NAZRGEENOT =4 vEF T2 LiizEE VL CRAT 52 & T, glyme L Litas
58 S VRIRFI L RE RGN F A VBT 5, THIC X Y | LS. A OMIHI A EEL 72 b |
Li-S Bith~ DB IRE I T 5, Lo L, FE OB IC 5T, SIL oMK%
OEEAIRSE RN 2 B2 H 0. 2z, & LitE#Hko SIL it ni, —
75T, ERR O EREAC IR & FEith o R LR 59 5 720 | AR AR AL IC X 2 EiE
WOBREE LRI L b, T,  OFRHIAHEIC I SIL OEBARESE % i & 37, EMR
DRGVED B FAKIK X & 2 MEHES R ® b, SIL & o 27 affinfEsilis S T2 HFE
WCEH L 72, AEECld LidE SIL & HFE ORAEMIR A R L. 2udik. RhE. ZE %
ZNZENHET L2 Lick b, & Li¥ SIL & HFE oM AR IC O WG L 72, SIL &
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HFE 0iRAEMRIZEAIYIED &, SIL/HFE MO EER AW E2RE N, & Li
SIL ~® HFE #ifUs P ETH o> THE L SAERKT 372 2 L AR I iz, & 7ol %
Eoiz X v, & Lifg SIL/HFE [ Cld I3 2 HAEMDR T, & Li i SIL OB
MEZHERF L oo, MMHER ARECTH 3 LRI Nz, ZHic kb, & Li ¥ SIL & HFE
DI A AR AL 1 58 ] 75 T AR & R 2 A2 ¢ ¥ | Li-S EtomEREfLIc
AR EMRERRGTE L ORI i,
HEE T, Li-S@Eitho Rt o720, FE L 7 5 Li,S, O EMHE ~ D IEH % WUy ic i
fild 2 xHMWE LT, LuS, HRMEEMETH 2 SIL iIcxt L, PEO RE4 T EMHE % &
AL 7T VERE Z5RE L7z, PEO K& FEME T WM 3 < . B2 ] A 70 B
TH Y. F7z Ssibf L B/ BEEREZ BT 5 2 Lo oY 7 LinS, D& H I 23 17
TZ %, L7z23o7T, SIL & PEO Rmam T fatbe s & TLER - Y IC LisS, D
AHIR 2T % 2 EMEREE LTI iz, FAEMRE IR PEO T icxf L, SIL
% 80wt% O M E THEA L TH S AR ESHER S iz 720 7 VEME X SIL ALK
O, A VEREE2EL &Y. PEO R&E45+ :SIL 282 : 8 DI, 303K T 1.0 X 10°
SOFEWA F NREE E R S 117z, PEO RE5 TN T SIL (X EEME O MRS % (K9
X4, PEO ZEirrod@tk2f LX €23 2 L ARBEI N, FAVEREZE A A VG
BEARL—T7TC. FVEREZ W TERL 72 Li-S it T, LiS, DIEHNIC X 2 /K
JGMELH X v, PEO R &1 <ld SIL OIS IXHNS & LRI iz, SIL &
PEO Z@E5r11d Lit e H I AER T 2720, 2hic kb SIL oEr s L&z
LTz, T2y LicS, DEMINE]C % 2\ & L T sulfolane A ICERE D Li 28 A
T2 CERI N REBEMRIZ. PEO REDTEEALTD LS, ZRMEL AW &
B0 Tw5, UEDEREND, LS, B L AW VEME 2G5 2o icid SIL
DHEEZMEFFCE 2@ 0 TR OBEIN, £ 72 130 MEA T & BUKI I B K X 8 72 B %
AVEERCTHDL EEZ LN,
FPURCld, REREEEAT, (K2 X+ CoOBMFMAFEFEI NS Na A A vEICEHL., C
DEMH O H A BRE OV A2 ST % 2 & 2 HIIC Na REMR & Li REMBE D
VI % S0 W HEIGET L 72, AR FEBRCD Na - Li REMIKIT 6 I OWH L NaTFSA ¥
721% LiTFSA #% T, 1.0 molkg! DE TH#l X 7z, Na REMIKE Li FEHRD
PR3 B CHEBURE(D) 2 dih e U, HEEYIE & b TREWICEE X L7z, KI5
TD D 350 RS S8 (PEG-NMR)HIE % v <., B2 %+ % 754
V. T=F v, Bl E NN L CHE L 72, 2 E T BNa RIS o MEE 2
5. PFG-NMR % w7z H CHEERBGHIE 13 L v e ST & 225, ChzllESRFOR
LR O E R PFG 7'r— 7 0B AIC X Y | ®Naf@io DBEIEZWHEL 72, F 72f8 T,
DFT FHEIC X % Cation-ifHE DL EA T 4 L F — (Borm) DR, K (). 4 4 VEEE (0)
OYIMEZ AT L. Li REMIR & AT L 72,
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BERTFONF AV, T=F v, BEOZNZND DOEICE T, Li REMK L Y Na
REME D Fi B MEZ TR L 720 —MRICAEERE P IC BT, HF A4 v IZEB OB & &
IR L7 REE IR 2 S e Ao CTH D, IE - Na REBRD D AEnwC L
O, B L 7282 &0 72 NatD R b — 27 ZBEERBCERS) 28 Lit 2 b — 27 2B X 0/
TV PEZLND, TOR =27 Z¥FEE Na, LRATHKT 5720, A =2 Z-T 4
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L7z Nat® RIZEIC LIt X W /N WEiZR L, NatD X b — 27 ZBEER LItk W/ &3
T REBRIICHER L 72, $7-. DFT EIC X W EHE I N72-Fom 13 Na REMEA Li £ X
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s OfREEE % DX olc X > TEIE L, Na % - Li REMRCHET 3 &, #4 Na %
BIFRDO BT OMEEEA LI R LV EnC e BRI W, Uk Na ZEMiE Li 28
R % SR e RIC X D L A A VRO BN A S Na REMIKIT LI R X VNS Z
&R X Tz,

BHECTI, BHFO Li A4 &l e b, KERMSIREI NS F-vx M LEM(ESB) I
FARE im0 FEARERE % 8 L 2 ma T R42EE FSB oBifEE it HiVic, 2 oEiE
etk Tol, NGB EBMRCRATAVHEF XY )T —A A %257, FSB CTid F
PMEET 2720, FilhBRERIP0EE I NS, AffETIEZ o FSB i< PEO &4+
BEAEHE OEHZREL 72, PEO £FEA TEAEEMRE X, 2oL LEWT =4V
R e E AT Mo N, FIoEEERE e Lciffdnsg, 7. FIRESST
EAERE OFEIC I EREIEICRE Y vWEsHWb NS, Co®E 7 v LI
BOEOIET TV 2L —5 b REFHEME L — R BRICERIECTh 2720, F A%
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