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Abstract

The use of ionic liquids (ILs) as electrolytes for lithium metal secondary batteries was
investigated in this thesis. An electrolyte based on bis(fluorosulfonyl)imide, or FSI, which has
relatively lower viscosity and higher conductivity than the well-known
bis(trifluoromethylsulfonyl)imide ionic liquids (NTf, or TFSI), was investigated for its
application in a lithium metal battery. An electrolyte based on dicyanamide, or DCA, which
does not have any fluorinated functional group, was also investigated.

The FSI based electrolyte was characterised using various electrochemical, physical and
spectroscopic techniques as well as for its performance in Li metal batteries containing a
lithium cobalt oxide (LiCoO,) cathode. Unlike the commercial organic liquid based
electrolyte, FSI showed good lithium cycle-ability when the lithium salt concentration was
exceptionally high, up to 3.2 moI.kg'1 or 1:1 Lito cation ratio - in spite of its high viscosity.
High rate charge and discharge (up to 5C) was achieved with this high salt concentration
(and highly viscous) electrolyte in Li | LiCoO, cells; which is superior to the performance
with the standard organic electrolyte. The nature of this unusual behaviour was rationalised
with respect to its transference number and the conformational structure of the FSI anion. It
was suggested that the change from trans-conformer of FSI to cis-conformer in the presence
of Li* alters the lithium ion transportation mechanism.

A non-fluorinated dicyanamide (DCA) based ionic liquid was investigated as an alternative
electrolyte for its exceptionally low viscosity, high conductivity and lower cost compared to
fluorinated electrolytes. It was shown that this electrolyte exhibited good capacity retention
for Li | LiFePO, batteries, achieving 130 mAh.g™ at 50 °C. The moisture content of the IL was
shown to be extremely important in determining performance and approximately 200 ppm
of moisture produced the optimum cycling ability. The physical properties of this DCA ionic
liquid containing several different fluorinated lithium salts (lithium
bis(fluorosulfonyl)imide(LiFSl), lithium bis(trifluoromethanesulfonyl)imide (LiNTf, or
LiTFSI)and lithium tetrafluoroborate (LiBF;)) was compared with when LiDCA was added.
The solution had the lowest viscosity, highest ionic mobility and highest degree of ionization
when Li DCA was added. LiBF4 addition produced the highest viscosity and lowest ionic
mobility with the lowest degree of ionization. Unlike the other added salt anion species, BF,
was shown to form larger clusters rather than simple ion pairs. The difference of qualitative
description of the ‘Walden plot’ result and ‘ionicity’ result was compared and this suggested
that ‘ionicity’ (the ratio of the molar ionic conductivity versus the conductivity calculated
from Nernst-Einstein equation using NMR self-diffusion coefficients) better represents the
behaviour of a salt mixed system than the Walden plot.
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Chemical Abbreviations

AgTf silver trifluoromethanesulfonate
BOB bis(oxalato)borate
C;mim, EMI N-ethyl-N’-methylimidazolium

C,mim, BMI N-butyl-N’-methylimidazolium

Csmpip N-propyl-N-methylpiperidinium
Cimpyr N,N-dimethylpyrrolidinium
C,mpyr N-ethyl-N-methylpyrrolidinium
Csmpyr N-propyl-N-methylpyrrolidinium
Campyr N-butyl-N-methylpyrrolidinium
DCA dicyanamide

DMC dimethyl carbonate

DEC diethyl carbonate

EC ethylene carbonate, 1,3-dioxolan-2-one
EMC ethyl methyl carbonate

FSI bis(fluorosulfonyl)imide

NMP N-methyl-2-pyrrolidone

TCB tetracyanoborate

TCM tricyanomethanide

TFSI or NTf, bis(trifluoromethanesulfonyl)imide

VC vinylene carbonate, 1,3-dioxo-2-one
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Chapter 1. Introduction

1-1. Lithium secondary batteries

Lithium secondary batteries are the most widespread electrochemical storage devices due
to their high energy densities, high discharge rate characteristics and long cycle life. For
decades, they have been used for cellular phones and laptops, electric vehicle (EV) and
hybrid electric vehicle (HEV) applications replacing internal combustion engines, the
importance of research in this field has grown." The current technology for conventional
lithium ion batteries consists of a graphite anode, an organic liquid electrolyte and a lithium
cobalt oxide (LiCoO,) cathode. They offer a coulombic capacity over 400 Wh.L in the 4.2V
to 3.0V voltage window, over 90% of discharge capacity is available at a 1 hour discharge

rate (1C) versus the 5 hour discharge rate (0.20).2

The need for higher capacity with good C-rate and cycle-ability has always been important,
but is especially important for application in EVs and HEVs, especially while maintaining
good safety characteristics. While a conventional battery for a cellular phone or laptop
computer has capacity of 1 - 4 Ah, a single cell for an EV or HEV has a capacity of 7 - 10 Ah.?
These larger batteries, along with increased energy densities, have generated serious safety
concerns because some failure modes, such as internal short circuits, may result in a serious
accident due to a large amount of energy being discharged internally in a short time possibly

resulting in fire or explosion.
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1-2. Electrolytes

Electrolyte research is one of the most important fields with respect to improved safety, as
well as other related properties of the device. Even if a researcher finds a novel cathode or
anode material which has high capacity or rate performance, without a proper electrolyte
having wide electrochemical window, sufficiently high ionic conductivity and good thermal
stability, the goal of realising a safe advanced secondary battery cannot be achieved. Almost
all potential failure modes of lithium secondary batteries are related to flash ignition of the
electrolyte on thermal runaway. The thermal and electrochemical stability of an electrolyte
is thus very important. Goodenough, et al. summarised the properties of various classes of
electrolytes and nominated stability over wide voltage range, low volatility and non-

flammability as the most important requirements.4

In the case of lithium secondary batteries, whether they are lithium ion batteries or lithium
metal batteries, non-aqueous organic liquids (mostly alkyl carbonates) have mainly been
used as electrolytes because they have wide electrochemical voltage range and high ionic
conductivities. The structures and physical properties of the most commonly used organic

liquid electrolyte solvents are shown in Table 1-1.
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Table 1-1: Some alkyl carbonates used as electrolytes, melting point, boiling point and

flashing point data were collected from the Merck™ website.

Name

Structure

M.P (°C)

B.P (°C)

F.P (°C)

Ethylene
Carbonate
(EC)

36

348

150

Propylene
Carbonate
(PC)

A
-
A

HsC

243

123

Dimethyl
Carbonate
(DMC)

0
HaC )k CHs
\O 0/

0.5-4.7

90

14

Diethyl
Carbonate
(DEC)

o)

126

31

Ethyl Methyl
Carbonate
(EMC)

e /\o )ko /\CH3
0

-55

107

25

Vinylene
Carbonate
(VC)

~o O/\CH3
)

o) 0]

\__/

19-22

162

73

The main problem with these organic liquids is that they are volatile and highly flammable.

Their flash points range from room temperature to 150 °C. There are various failure modes

and testing methods of lithium secondary battery safety. For example, there are tests of
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thermal stability of lithium batteries, in which the cell is held at 150 °C, or tests of external
short endurance, mechanical damage of the cell, or induced voltage over-limit and so on.
However, the many failure modes and testing methods can be divided into three categories
related to the internal failure mechanism. The first failure mode is an internal short
between two electrodes, whether caused by an internal driving force (lithium dendrite
growth may penetrate separator, or unwanted debris) or external driving forces (electrical
short or mechanical damage). The second failure mode is external heating. The final failure
mode is caused by over potential on the cathode (structure collapse when deintercalating Li
| < 0.5 mol fraction, about 4.6V vs. Li | Li*) or electrolyte voltage window. In these failure
modes, the organic liquids are decomposed and result in thermal runaway.6 Sometimes
ignition is caused by an electrical short because the flash points of organic liquids are low.
Because of these weaknesses of the organic liquid electrolytes, the investigation of
alternative electrolyte systems has become essential for the development of advanced
lithium rechargeable batteries. Thus, the goal of this research includes investigating ionic
liquids as electrolytes for lithium secondary cells, which have wide safety operating regions,

as well as high performance compared to the conventional organic electrolyte.

1-3. lonic Liquids (ILs)

lonic liquids are salts existing in the liquid phase around room temperature. At room
temperature, normal liquids such as water or alcohol exist in the uncharged state, molecules
in an IL exist as ions. These types of materials are also called “Molten Salts” or “Liquid Salts”.
The first room temperature ionic liquid was discovered by P. Walden in 1914 and
chloroaluminate based salts were synthesised by Hurley and Wier, and Wilkes, et al. in 1951.

More recently Wilkes and Zaworotko reported hydrolytically stable anions in 1992, which
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triggered massive research on ionic quuids.7 The general requirement for classification as an
ionic liquid is that the salt needs to have melting point of 100°C or below.® Those having

melting points at or below room temperature (RT) are called RTILs.

Currently, there are several types of RTIL being researched. These can be classified in
several ways, by the different cation and anion species, protic and aprotic characteristics, or
for the designated applications. The following Table 1-2 lists classes of anion and cation

(data collected from the Merck™ website®).

Table 1-2: lons in RTILs, data collected from the Merck™ website”

M.P.
Anions Example Structure Example IL
(°C)
0
1-Butyl-I-methylpyrrolidinium
Trifluoroacetates 31
© trifluoroacetate
FaC 0o
CN
Cyanoborates NC\(Q/ 1-Ethyl-3-methylimidazolium
B\ 13
TCB / CN tetracyanoborate
NC
F
F\G)/ 1-Ethyl-3-methylimidazolium
Borates Fluoroborates B\ 15
/ F tetrafluoroborate
F
o]
o o p 1-Ethyl-3-methylimidazolium
&/
Oxalatoborates /B\ 62
d o o bis[oxalato(2')-0,0"]borate
o
N@ 1-Butyl-3-methylpyridinium
Dicyanamides / \ 16
N¢ %N dicyanamide
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1-Ethyl-3-methylimidazolium
Chlorides cr 77-79
chloride
1-Ethyl-3-methylimidazolium
Bromides Br 65
bromide
Halides
1-Ethyl-3-methylimidazolium
lodides I 69
iodide
122-
Fluorides F Cetylaminhydrofluoride
125
0 0
\\/Ne\// 1-Ethyl-3-methylimidazolium
Imides (or Amides) S S\ -15
FsC \\o o// CFa | pis(trifluoromethylsulfonyl)imide
FaC
Fluoroalkylp \CFZ 1-Ethyl-3-methylimidazolium
F\el _F
hosphates, /||°\ /CF3 tris(pentafluoroethyl)trifluoro- -1
FoC C
F
phosphate
(FAP) Foo2 hosph
Phosphates CFs
F
Fluorophosp F\d /F 1-Butyl-3-methylimidazolium
P 12
ates F F exafluorophosphate
h a4 hexafl hosph
F
o
” @) 1-Butyl-3-methylimidazolium
Sulfates HO——S——O 38
” hydrogensulfate
o
Trifluorometh 0 1-Butyl-2,3-
| o
Sulfonates ane- F3C—S8——O dimethylimidazolium 41
sulfonates |C|) trifluoromethanesulfonate
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©
(o]
\S/O 1-Ethyl-3-methylimidazolium
Tosylates N\ 56
° p-toluenesulfonate (tosylate)
FsC
o 1-Ethyl-3-methylimidazolium
Thiocyanate N=—cC ) ‘
thiocyanate
N
| | 1-Butyl-3-methylimidazolium
Tricyanomethide
c tricyanomethanide
// \\
N/ \N
M.P.
Cations Example Structure Example IL
(°C)
e Ethyl-dimethyl-propylammonium
Ammoniums /\/N\VCHa -11
HC CHy bis(trifluoromethylsulfonyl)imide
NH Guanidinium
Guanidiniums :(L@ tris(pentafluoroethyl)trifluoropho- | 155
N SNH
sphate
Disubstituted HaCRN/\\\ 1-Benzyl-3-methylimidazolium
-23
Imidazoles — chloride
Imidazoliu
CH3
ms Trisubstituted | ™\ 1-Butyl-2,3-dimethylimidazolium
L &
. S
Imidazoles ‘\—\ tetrafluoroborate

Phosphoniums

CeHi3

/ \CeH13

Ci4H2g

CeH13

U

Trihexyl(tetradecyl)phosphonium

bis(trifluoromethylsulfonyl)imide
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1-(2-Methoxyethyl)-1-methyl-

Piperidiniums P | piperidinium
@N
\cu3 bis(trifluoromethylsulfonyl)imide

N 1-Butyl-3-methylpyridinium

Pyridiniums | P o 16
Heo N dicyanamide

CHs
|/\/\ 1-Butyl-1-methylpyrrolidinium
Pyrrolidiniums 5 CHs -6
bis(trifluoromethylsulfonyl)imide

One common property of RTILs is that the charge on the anion or cation is spread across the
molecule and the charge on the anion can also be shielded by electron withdrawing atoms
or functional groups such as fluoride. Another important property of the cation is that it is
usually contains large, asymmetric alkyl groups and this results in reduction of the lattice
energy of the salt. These two effects of cation and anion result in weak intermolecular
forces in the salts, but allow strong long-range intramolecular forces and contribute to the
low melting point and to some amount to the non-volatile characteristics. So after the
discovery of their quite different characteristics from normal liquids a lot of interest has

been focused on ILs.

Due to the attractive characteristics of RTILs, they have been widely investigated for various
applications from novel solvents for the chemical industry, to biochemical extractors and
corrosion inhibiters for light metals. One of the most attractive possible applications is as
electrolytes for solar cells, fuel cells or secondary batteries.” While organic liquids show
high volatility and flammability (with low flash point), ILs have been regarded as an ideal

electrolyte material for lithium batteries due to their non-volatile and non-flammable
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characteristics. The attractive properties of ionic liquids for electrolytes are summarised as

follows:™

1. Liquid over a wide temperature range, including ambient temperature.
2. Thermal stability, non-volatility, flame-resistance.

3. Wide electrochemical window.

4, Higher conductivity among the novel electrolytes.

5. Chemical stability.

Since the discovery of new RTILs with high conductivity in the late 1990’s, the number of
RTIL research papers on lithium batteries has increased drastically. Recently, research on
RTILs has mainly been focused on increasing ionic conductivity and adapting cell systems to
evaluate charge-discharge characteristics, while early research focused on the IL properties.
At the initial stage of applying RTILs as an electrolyte for lithium secondary batteries,
ComimNTf, (or EMITFSI) with Li NTf, salts were mainly researched because of its
hydrophobicity, good air and moisture stability and also high conductivity. In 2004, Garcia,
et al. reported a cell consisting of Li4TisO1, anode and LiCoO; cathode and 1M Li NTf,in
C,mimNTf, showing over 90% capacity retention over 200 cycles (1C rate at room
temperature).” Before that, MacFarlane, et al. synthesised and reported the characteristics
of pyrrollidinium based ILs, CmpyrNTf, and C,mpyrNTf, showing high conductivity (up to 2 x
10™ S.cm™ at 60°C) in lithium ion doped plastic crystal phases of the ionic liquid.** Later

Matsumoto, et al. introduced the (FO,S),N" (or FSI ) anion. The FSI based RTILs have lower
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viscosity and higher conductivity than NTf, based RTILs, with slightly narrower
electrochemical windows.™ Guerfi, et al. made a cell consisting of natural graphite anode,
lithium iron phosphate (LiFePO4)cathode and C;mimFSI or CsmpyrFSI with LiFSI. This cell
showed over 360 mAh.g™ of graphite and 160 mAh.g™ of LiFePO, at the initial discharge and

almost no capacity reduction over 40 cycles at 60 °C at low charge discharge rate (1/24c).2

Low viscosity, DCA based RTILs were introduced by MacFarlane, et al. in 2001, and
recently, Lane, et al. reported DCA ILs in cells with a LiFePO,4 cathode with 140 mAh.g’l(with
LiDCA salts) to 160 mAh.g™* (with LiDCA and LiBOB salts) of their initial capacity remaining

after 100 cycles.ls'16

1-4. Lithium metal batteries

Due to its high theoretical capacity (3860 mAh.g™), Li metal has been regarded as a
promising candidate for the Li battery anode system. While a lithium ion battery, which uses

a graphite anode intercalation mechanism:

Cs + e +Li" > Li'Cq (charging at graphite anode)

Li'Ce = C¢ + e + Li* (discharging at graphite anode)

In a lithium metal battery, lithium ions deposit directly onto the lithium metal anode during

charging and are dissolved during discharge as shown below:

Li* + e = Li (Charging)

Li = Li* + e” (Discharging)

10
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Lithium metal has the highest volumetric and gravimetric theoretical capacity amongst all

possible anode candidates. However, due to the problem of dendrite formation during

charging and discharging, practical use of lithium metal as an anode for secondary battery is

limited, so using ionic liquid based electrolytes to establish lithium metal battery safety is

one promising alternative approach to make a commercial lithium metal battery possible.

Some initial important ionic liquid research related lithium metal batteries are presented in

table 1-3.

Table 1-3: Initial RTIL research results for lithium metal batteries

Year Author Electrolyte Result

1992 Wilkes"’ C,mimCH;CO, Introduction of moisture stable RTIL

1995 | Koch™ C,mimNTf,, C;dmimNTf, | SEl investigation

1996 | Bonhote® Cimmim[X] Physicochemical properties of imidazolium cations with
various cation and anion combinations

1997 Fuller® C,mimBF, Physicochemical properties of imidazolium cations.

1999 MacFarlane™ C,mpyrNTf, High conductivity (up to 2 x 10" S.cm™ at 60 °C) was
reported with physical properties investigation in a
lithium ion doped plastic crystal phase ionic liquid.

2003 Howlett” C,mimNTf, with Li NTf, Using optical cell, lithium surface was investigated with

with Li | Li symmetrical
cells

Raman spectroscopy and growth of lithium dendrite
was pictured. In RTIL solution the growth of lithium
dendrites are distinctively lower than in conventional
organic solution (1M LiPFg in PC).

In 2003, Howlett, et al. discovered that the dendrite formation rate in RTIL as a solvent is

reduced compared with conventional organic liquids(Figures 1-1 and 1-2). Research

indicating PEO based gel polymer electrolytes also suppress lithium dendrite formation has

also been reported. 23

11
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Figure 1-1: dendrite growth in CsmpyrNTf, and CampyrNTf,, from Howlett, et al. 2004**

P Heowlett et al /doumal of Paower Sources [ 14 (2003) 277 254 P Howlest et al ¢ doumal of Power Sources 114 (2003) 277284

2mm i
75 cycles
(a)
Compact
Precipitate ]l[l.:l'ﬁll.'lu.
100 eveles ) Tegon
(]
. |

= 200 eyeles

200 cycles

Figure 1-2: Comparison of lithium dendrite growth with 1M LiPFg in PC (left) and with 20 mol%

Li NTf, in CmimNTf, (right), from Howlett, et al. 2

Recently, Bhatt, et al.” also reported the effect of Li NTf, in C;mimFSI on lithium dendrite
formation in a Li| Li symmetrical cell study. This report also presents a pre-deposition effect

on the metal electrode including lithium, which was demonstrated by Howlett, et al. in a

12
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different electrolyte system previously.”* The mechanism of lithium dendrite formation has
been explained in many ways with modelling, mainly involving a crystal growth mechanism
during electro-deposition due to the function of current or gradient of driving forces and

. 26-27,28
salt concentration. ’

Lane, et al. also reported no detectable lithium dendrite
formation during 100 cycles with a DCA based IL. Nonetheless, the main mechanism of

suppression of dendrite growth in ionic liquids has not yet clearly been identified.™®

Table 1-4 to 1-7 summarises some selected results of research on RTILs as electrolytes for

lithium metal batteries.

Table 1-4: Selected results on RTIL researches for lithium metal batteries using LiCoO,

cathode
Year | Author Electrolyte Result Remark*
2003 Nakagawa29 C,mimBF, with LiBF, 94% capacity retention for 50 Liy/3Tis/304
cycles (0.2C rate). | LiCoO,
2003 | Sakaebe® C,mimNTf,, CsmpyrNTf,, The cathodic stability: C,mim <
CsmpipNTf,, N;;113NTH, N1113 < Csmpyr < Csmpip.
CsmpipNTf, : (Initial) 120 mAh.g™,
85% capacity retention for 50
cycles (0.5C).
2004 | Garcia™ C,mimNTf,, C,mimBF, C,mimNTf,: 90% capacity LisTisO1, |
retention for 200 cycles (1C) LiCoO,
2004 | Howlett™ C,mpyrNTf, with 0.5 mol.kg'1 LiNTf, | Coulombic efficiency reaches
100% for 350 cycles on Pt
electrode
2005 Chagnes33 CysmimBF, + y-BL Initial : 157 mAh.g'l, 90% capacity | LizTisO;; |
retention for 19 cycles (1/15C) LiCoO,
2005 | Hayashi® 1,2-diethyl-3,4(5)- Initial : 100 mAh.g™", 3 cycles
dimethylimidazolium NTf, with
0.8M LiNTf,
2005 | Holzapfel® C,mimNTf, with 1M LiPFs+ 5% VC | 120 mAh.g" after 200 cycles
2005 | Sakaebe®® Combinations of cations and CsmpipNTf, with 0.4M Li NTf, :
anions, Initial 140 mAh.g", 120 mAh.g™
Cation: Csmpip, Nssss, Noosp, C;mim | after 50 cycles (1/10C)
Rate capability : C;mpipNTf, >
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Anion : NTf,,TSAC, C1C2

C,mimNTf, > C;mpipNTf,

2005 | Seki®’ N,N-diethyl-N-methyl- Initial : 145 mAh.g_l, 81% capacity
N-(2-methoxyethyl)ammonium retention for 100 cycles (1/8C)
NTf, with 0.32M LiNTf,

2005 | Xu*® C,pipNTf, with LiNTf, Initial: 150 mAh.g™"

2006 Egashira39 C,mimNTf, with LiNTf, + 10 v% Initial: 110 mAh.g_l. 80% capacity
additive retention for 30 cycles. This study
(Cyanomethyl trimethyl ammonium | was focused on the additives
bis(trifluoromethanesulfonyl)imide | which increases the thermal
or Cyanoethyl trimethyl ammonium | stability.
bis(trifluoromethanesulfonyl)imide)

2006 | Matsumoto® | C,mimFSI, Introduction of FSI anion as a fast
CsmpipFsSl, charging / discharging ionic liquid
CsmpyrFSI electrolyte.

Initial : 140 mAh.g"1(0.1C) over
50 mAh.g™ (5C)

2006 | Seki® C,mimNTf,, Initial : 120 mAh.g™
1,2-dimethyl-3- 100 mAh.g'1 after 50 cycles (0.5C)
propylimidazoliumNTf, with 0.32M
LiNTf,

2006 | Seki** C,mimNTf,, Initial : 180 mAh.g™ (3.0V—4.6V | Zr coated
N,N-diethyl-N-methyl-N-(2- high voltage cell) LiCoO,
methoxyethyl)- 120 mAh.g™ after 60 cycles (0.1C)
ammonium NTf, with 0.32M LiNTf,

2006 | Xu® CsmpipNTf, with 0.4M LiNTf, and Initial : 160 mAh.g™ (2.5V — 4.5V
organic carbonate additives high voltage cell)

Cycle-ability (100 cycle) is not
from the Li cell but
electrochemical deposition /
stripping data.

2007 | Sakaebe® CsmpipNTf, with 0.32 mol.kg™ Initial : 140 mAh.g™
LiNTf, 120 mAh.g™ after 50 cycles

2007 | Seki** CemimNTf,,(comparative study of Longer imidazolium cation chain
CxmimNTf,) is better for capacity retention.

CemimNTf,: initial 145 mAh.g™"
110 mAh.g'1 after 120 cycles
2007 | Seki® 1,2-Dimethyl-3-propylimidazolium 0.3t00.4 mol.kg'1 LiNTf,
NTf,, with different salt concentration showed the best
concentration of LiNTf, capacity and rate capability.
140 mAh.g™ (1/8C), 110 mAh.g™
(1€)

2008 | Seki® N, N-diethyl-N-methyl-N-(2- 4.2V charging initial: 140 mAh.g”,
methoxyethyl)Jammonium NTf, 120 mAh.g'1 at 100" cycle.
with 0.32 mol.kg™ LiNTf, 4.5V charging initial: 200 mAh.g™,

100 mAh.g™* at 100"

2009 Fang47 guanidinium-based Initial : 160 mAh.g‘l,

ILs 1g13NTf, and 1g22NTf, with No significant capacity reduction
0.3mo|.kg_1 LiNTf, for 50 cycles with 0.2C rate.

2011 | Fang™ guanidinium ILs (1g13 or 1g22) NTf, | 0.9 mol.kg™ LiNTf, in

with different concentrated LiNTf,

1g1(201)NTf, : 140 mAh.g™ for
initial and 130 mAh.g'1 after 50
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cycles, 0.2C, 25 °C.

2013 | Unemoto™ C,mimNTf,, 120 to 130 mAh.g ™ for 0.05C rate

N,N-diethyl-N-methyl-N-(2-
methoxyethyl)ammonium NTf, ,

C3mpipNTf, with 1M LiNTf,

Table 1-5: Selected results on RTIL researches for lithium metal batteries using LiMnO,

cathode
Year 1°* Author Electrolyte Result Remark
1996 | Xu™® CH5S0,AICl, Initial : 130 mAh.g™
80% capacity retention for 60 cycles
2000 | Caja™ DMFPBF,(1,2-dimethyl-4- 5V (vs. Li | Li) range high voltage Li
fluoropyrazolium battery.
tetrafluoroborate) DMFPBF, | LiMn,0, cell : 96% of
coulombic efficiency and 27% of
theoretical capacity.
2008 | Saint™ CsmpyrNTf, with 0.5 mol.kg™ 80 mAh.g™ for CsmpyrNTf,, 120
LiNTf,, mAh.g'1 for C;mpyrFSI at 5t cycle
CsmpipFSI with 0.5 mol.kg™ LiNTf,
2010 | Saruwatari’® C,mimBF, with 1M LiBOB Initial : 225 mAh.g™* (0.1mA.cm™>,
20°C)
2011 Egashira54 I-cyanomethyl-3- 100 mAh.g’1 after 30 cycles, 3.0 —
4.5V (high V), 0.02mA.cm™
methylimidazolium(CmMI) NTf,
with C;mimNTf, and LiNTf,

Table 1-6: Selected results on RTIL researches for lithium metal batteries using LiFePO,

Year | Author Electrolyte Result Remark
2007 | Fernicola> C,mpyrNTf, with 0.2 mol.kg™ Initial : 110 mAh.g™* (0.2C), 60
LiNTf, mAh.g™" (1.0C)
2007 | Kobayashi®® N,N-diethyl-N-methyl-N-(2- Initial : 160 mAh.g™ (0.5C)
methoxyethyl)ammonium NTf, 94% capacity retention for 200
cycles (0.5C)
2008 | Guerfi”’ C,mimFSI with 0.7 M LiFSI, 164 mAh.g™ for C,mimFSl, and 151
CsmpyrFSI with 0.7 M LiFSI mAh.g™ for C;mpyrFSI (25 °C)
No capacity reduction over 40 cycles
at 60 °C (1/24C)
2008 | Watarai>® Lioo—K10—Cso NTf, at 150 °C Initial : 160 mAh.g™,

15




A study of Pyrrolidinium Bis(fluorosulfonyl)imide and dicyanamide based ionic liquids for lithium metal batteries, H.Yoon 2013

No significant capacity reduction for
50 cycles at 150 °C

2009 | Guerfi® CsmpyrFSI with 0.7M LiFSI, Initial capacity :
C,mimFSl with 0.7M LiFSI CsmpyrFSIwith 0.7M LiFSI : 151
mAh.g'1
C,mimFSIwith 0.7M LiFSI : 164
mAh.g'1
2010 | Guerfi® C,mimNTf, with 1M LiPFg + OL IL 100% with salt : initial 120 mAh.g
(EC:DEC:VC) ' 50% IL to 0% IL (full OL) does not
show significant difference. (50% IL :
50% OL ratio is optimum for rate,
capacity without reducing safety.)
2010 | Lane® CsmpyrNTf, with 0.25 mol.kg™ 2- | Initial : 130 mAh.g™
0x0-3,9-dioxa-6-azonia- No capacity reduction for 100 cycles
spiro[5,5]undecane NTf, (or SMK
NTf,) + 0.25 mol.kg™ LiNT,
2011 Egashira54 I-cyanomethyl-3- Initial : 120 mAh.g'l, 30 cycles, 3.0—
4.0V(high V) 0.02mA.cm™
methylimidazolium(CmMI) NTf,
with C,;mimNTf, and LiNTf,
2011 | Fang® Various N, 201)cNTf2 (2:2-5, b:1-2, | Nizo1)2,2022NTf, : initial 140 mAh.g™,
c:2-4 or (201)) no capacity reduction for 100 cycles,
0.1C rate, 25 °C.
2011 Fang63 PYr201)2NTf2, PYro1)20NTf, with 140 mAh.g'1 for initial max and over
0.6mol.kg™* LiNTf, 100 cycles, 0.1C, 25 °C.
2011 | Seki® LiTetraglymeFSI 150 mAh.g'1 initial and no capacity
reduction for 100 cycles, 0.2C 30 °C
2012 | chai® 1-(2-Methoxyethyl)-2,3,5- Initial 140 mAh.g" at 0.1C,
trimethylpyrazolium NTf, with )
0.4 mol.kg_l LiNTf, 120 mAh.g™ at 0.2C for all 50 cycles.
2012 | Kim® CsmpyrNTf, : LiNTf, =9: 1 mol Initial: 167 mAh.g™.

ratio

No significant capacity reduction for
1,000 cycles was claimed but the y
axis (capacity) of the figure used a
log scale so the capacity reduction
trend is not clear. (0.05C)

Table 1-7: Selected results on RTIL researches for lithium metal batteries using other

electrode materials than LiCoO,, LiMnO; or LiFePO, cathode
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Year | 1% Author Electrode Electrolyte Result

2000 | Caja’’ Li | LiAsFg DMFPBF, (1,2-dimethyl-4- 5V (vs. Li | Li) range high
fluoropyrazolium voltage Li battery with
tetrafluoroborate) DMFPBF,

2004 HoIzapfeI67 Li | graphite C,mimNTf, with 1M LiNTf, + Initial : 350 mAh.g'1

5% VC
2004 | Howlett® Li | Li C,mpyrNTf, with 0.5 mol.kg'1 Coulombic efficiency
LiNTf, reaches 100% for 350 cycles
on Pt electrode

2006 | Markevich®® MogSg | C,mimBF, and C;mimBF, with | Attempt to make 5V cell

LiNigsMn; O, 1M LiBF,4 with IL.
Initial: 110 mAh.g™, 50
mAh.g’1 after 80 cycles, but
this results were based on
3.8V voltage range.

2006 | Yuan® Li |S C,mpipNTf, with 1M LiNTf, Initial : 1000 mAh.g", 80%
capacity retention for 10
cycles

2007 Baranchugov70 Si | Li, CsmpipNTf, Initial : 3000 mAh.g™, No
cyclic fading for 40 cycles

Si | LiCoO,
2007 | Lewandowski’® | Li | graphite C3mpipNTf, with 0.4M LiNTf, Initial : 340 mAh.g'1
+10% VC 90% of capacity for 100
cycles
2007 | Sivakkumar’ Li | Polyaniline C,mimBF, with 1M LiBF, 10" cycle: 140 mAh.g”
Carbon nanotube 100" cycle : 120 mAh.g™

2008 | Chou” Li | V,0s nanowire | CsmpyrNTf, with 1 M LiNT, Initial : 400 mAh.g™
270 mAh.g'1 after 50 cycles

2008 | Kim”™* Li | Polyaniline C,mimBF, with 1M LiBF, + 10 | Initial capacity : 100 mAh.g™

Carbon nanotube wt% VC 100th cycle 160 mAhgl

2008 | Seki” Li | graphite CsmpyrNTf, with 0.32 moI.kg"1 340 mAh.g'1 for CsmpyrFSI,

LiNTf,, no capacity reduction for

CsmpyrFSI with 0.32 mol.kg™ | 150 cycles.

LiNTf, 220 mAh.g " initial discharge
capacity for C;mpyrNTf, at
but reached over 300
mAh.g'1 at 120™ cycle.

2008 | Shin® Li|S C,mpyrNTf, + Poly(ethylene Initial : 500 mAh.g™

glycol) dimethyl ether (IL+ OL | 200 mAh.g'1 after 100 cycles
mixture) with 0.5M LiNTf,

2008 | Shin”’ Li|S C,mpyrNTf, + Poly(ethylene Initial : 270 mAh.g™

glycol) dimethyl ether (IL+ OL | 250 mAh.g'1 after 20 cycles
mixture) with 0.2M LiNTf,

2008 | Wang’® Li | NiS—Ni,Sg CsmpyrNTf, with 1M LiNT, Initial : 640 mAh.g™,

400 mAh.g'1 capacity
retention for 20 cycles

2009 | Borgel” Li | LiMnysNigsOs | CampyrNTf, with 0.5M LiNTf,, | C,mpyrNTf, with 0.5M Li

C3mpipNTf, with 0.5M LINTf,,
N-ethyl-N,N-

dimethyl-2-
methoxyethylammonium

NTf,: Initial 100 mAh.g™,
No significant capacity
reduction for 40 cycles.
C3mpipNTf, with 0.5M Li
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(DEME)NTf, with 0.5M LiNTf,,
CemimNTf, with 0.5M LiNTf,

NTf, : Initial 140 mAh.g™,
No significant capacity
reduction for 40 cycles.
DEMENTf, and CgmimNTf, :
4.8V cycles for 4 cycles at
30°C.

2009 | Tsunashima® | Li P222020yNTf, With IM LiNTf,, | P2200NTF, with 1M LiNTF,:
| LiNig sC0p1Mno 10, | P222sNTf with 1M LiNTF, initial 150 mAh.g™, no
significant capacity
reduction for 30 cycles
P55,5NTf, with 1M LiNTf,:
initial 120 mAh.g™, 80
mAh.g'lcapacity retention
after 30 cycles
2011 | Balducci® Li | silicon+graphite | C;mpyrNTf, 50% + Initial : 600 mAh.g'1
OL(EC:DEC:DMC, 500 mAh.g'1 after 100 cycles
0.1Crateatr.t.
1:1.1, w/w) 50% with 0.3M
LiNTf,
2011 | Chou® Li | Fe,Os+carbon | C,mimFSI, CsmpyrFSI Initial : 425 mAh.g™
composite No capacity reduction for 50
cycles with 50 mA.g'1
current density at 50 °C
2011 | Lee® Li | Tio, CsmpyrNTf, with 1M LiNTf,, Initial : 240 mAh.g™ for IL
and salt, 260 mAh.g’1 for
C3mpyrNTf, 50: EMC 50 (v%) IL:OL = 50:50 + salt
with 0.5M LiNTf,
2011 | Plashnitsa * Li | LiVPO,F C,mimBF, with 1M LiBF, The cathode showed 150

mAh.g™ for 1M LiPFg in
EC:DMC electrolyte, but
only showed 100 mAh.g'1
for initial and less than 70
mAh.g’1 for IL electrolyte.
(5V cell)

* Some results cannot be said as lithium metal batteries but were included in this table for

their importance.

The majority of research using LiCoO, cathode materials have used quaternary ammonium

and phosphonium NTf, based electrolytes for their high anodic electrochemical stabilities.®

8 With relatively low viscosity and high cathodic stability than the aliphatic cations, cyclic
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pyrrolidinium and piperidinium NTf, ILs were shown to efficient lithium cycling.87 The
reported initial capacities do not vary widely, most of them ranging from 140 mAh.g™* to 150
mAh.g'l, which correspond to the theoretical capacity of LiCoO, from 3.0V to 4.2V, the
conventional charge / discharge voltage range. The highest cycle life retention reported was
200 cycles at 1C charge and discharge current rate using 1 M LiNTf, in C;mimNTf, and a

Li4Ti5012 anode.31

Recent trends in using this cathode material are to make high voltage cells (i.e., charging
above 4.5V) to maximise its capacity. Many reports on high voltage Li metal batteries still
use NTf, based electrolytes with various cations, salts or cathode materials. Research on FSI
electrolytes was first reported by Matsumoto, et al, ** showing significantly high rate
charging capability compared to other electrolyte materials. This and the following research
on the FSI anion also showed that the surface layer formed with the FSI anion without
additives prevents irreversible intercalation of IL cations in graphite anode electrodes.®**®°

However, due to its relatively low anodic electrochemical stability, this FSI based electrolyte

has not been reported for any high voltage cell applications.

More studies using FSI based electrolytes with LiFePO,4 cathode materials have been
reported, even though the majority of studies still use NTf, based electrolytes. This may be
because the relatively low operating voltage range, typically from 3.0V to 3.8V for LiFePO,
cathodes, provides a wider range of opportunities for ionic liquid based electrolyte
candidates. Studies using other cathode materials such as LiNio,8Coo,1Mn0,102,9°
LiMnl'SNi0'504,79 or LiVPO,F** are more focused on the performance of the cathode
materials themselves. It was shown that most of the new cathode materials still use NTf,
based electrolytes and no other IL candidates were reported for high voltage battery
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applications. One of the reasons that the number of publications on ‘RTIL + Lithium metal
batteries’ (search using ISI Web of Knowledge in April 2013) peaked in 2009 and 2010, but
decreased thereafter may be that NTf, based electrolytes have already reached its best
possible performance on many electrode materials and no significant, promising candidate
for replacing NTf, based electrolytes or conventional organic liquid electrolytes has yet been
found. Therefore, research trends in ILs for lithium battery applications are on designing of

92-96

both the cation and anion functionality and the use of additives and diluents. The role of

IL to the structure and formation mechanism of SEI (solid electrolyte interphase)®”*’

including the charge transfer mechanism has also became an important research subject.”®

99

However, there is no commercially available application of lithium batteries using IL
electrolyte yet, in spite of these extensive reports. One of the main reasons seems to be due
to the relatively high cost of ILs compared to the organic solvent based electrolytes. Hence,
it is important to find alternative IL based electrolytes which have intrinsically lower cost.
Another limiting factor of IL based electrolytes is their lower rate capability, especially at low
temperatures, mainly due to their high viscosity, particularly when Li salts are added. FSI

100

anion based IL electrolytes have been shown to address this problem.”™ However, reduced

electrochemical stability and safety detract from the suitability of these ILs and require

further investigation.lm'102
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1-5. Research Aim

This work further investigates two different room temperature ionic liquids for use as an
electrolyte for lithium metal batteries: bis(fluorosulfonyl)imide (or FSI) ILs for a fluorinated
ionic liquid and dicyanamide (or DCA) ILs for a non-fluorinated ionic liquid. A number of
electrochemical, physical and spectroscopic methods have been used to increase the
understanding of the properties of these ILs in combination with lithium salts with respect
to their application in lithium metal batteries. The effect of lithium salt concentration and
different lithium salt species is investigated for their performance of lithium metal batteries.
The characteristics and performance of DCA based ILs and the effect of moisture content is

also investigated.

The specific aims of this Ph.D. project are:

Electrochemical characterisation of ionic liquids for lithium metal battery

electrolytes

- Investigation of lithium metal battery cycling and rate capability with IL
electrolytes

- Investigation of lithium transport mechanisms in IL electrolytes

- Demonstration of promising electrolytes in prototype lithium metal batteries.
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Chapter 2. Experimental

2-1 Cyclic Voltammetry (CV)

Among the many important physical and chemical properties, characterising the
electrochemical window (EW), diffusivity of each ion and the ionic conductivity are
especially important for battery electrolyte applications. The EW is usually obtained by cyclic
voltammetry and consideration of IR drop caused by electrode, scanning rate and cut off
current density is important. Moisture content in ILs is also very important and needs to be
considered when comparing ILs, in fact, the sensitivity of CV to moisture can be used to
determine moisture content of ILs."

Reference electrode

A pseudo-reference electrode (or a quasi-reference electrode) is a reference electrode for
which electrochemical reaction is not specifically known. When a pseudo-reference is used
for electrochemical measurement, the real potential of an electrochemical reaction cannot
be determined without comparing to a standard reference electrode. Furthermore, the
pseudo-reference metal may be sensitive to, and has the potential to generate, unwanted
side reactions in the target solution.?

Snook, et al.? reported a Ag | Ag’ reference electrode in a C4mpyrNTf;, ionic liquid which
showed stable and reproducible performance. A number of ionic liquids were studied and
junction potentials were determined and compared with the theoretical value obtained
from Laity’s formula.?

agj = () (F=2-)m(292) @)

Where A is an equivalent conductivity (S.cm™), z is ionic charge number, the subscripts 1
and 2 denote the ions of the target ionic liquid and the reference electrode respectively and
3 is the common ion, R is the gas constant (in J.mol™.K™), T is the temperature (K) and F is

the Faraday constant as A.sec.mol™. >

It was found that the measured junction potential value of the ionic liquids were lower than
the calculated values. It was postulated that when an ionic liquid is used as a reference
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electrode, the ionic mobility of an ion of the reference electrode solution and of the target
liquid are similar at the liquid junction, where mixtures are formed, while Laity’s formula
assumed that ionic mobility remains that of the bulk electrolyte.’

To develop a stable and reproducible reference electrode for further research, a part of
Snook, et al.’s investigation was duplicated and adapted for the DCA system to determine if
using a DCA based reference electrode in this research was possible. The junction potential
between DCA and NTf, was also measured and compared with the calculated value.

Preparation

The basic methodology followed was similar to the method suggested by Snook, et al 3
except for the detailed size of the reference electrode. All preparation and electrochemical
measurements were performed in an Argon filled glove box. As received C4mpyrNTf, and
C4mpyrDCA (purchased from Merck™) was mixed with 10mM of silver
trifluoromethanesulfonate (AgTf, Aldrich™) at 50 °C for 3 hours and used as a solution in the
reference electrode. Glass compartments with an ultra-fine glass frit saltbridge at one end
were filled with these solutions to prepare a reference electrode as shown in figure 2-1.

Ag wire
Glass frit Quartz tube Cap

Figure2-1 Shape of the reference electrode

A Bis(cyclopentadienyl)iron(ll) (ferrocene, Aldrich™) was dissolved into each IL (C;mpyrNTf,
and C;mpyrDCA ) at 50mM concentration and stirred for 3 hours at 50 °C to measure the Fc
| Fc" standard potential in each IL environment. All electrochemical measurements used the
nAutolab type Ill potentiostat/galvanostat (Ecochemie, Netherlands) with GPES manager
v4.9 program at room temperature. The scan rate was 20 mV.s™ unless otherwise stated.
The conductivity measurement to calculate the junction potential was performed with a
two-electrode platinum wire ‘dip’ cell using a Agilent 4284A impedance analyser and HP
impedance analyser Labview 7.1 software (National Instruments) from 20 Hz ~ 400 KHz.
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Junction Potential

6 -0.33

-0.42

15 10 05 00 05
E(V.vs Ag| Ag)

Figure 2-2 Fc |Fc' redox couple in C;mpyrNTf,

Figure 2-2 shows a Fc |Fc' redox couple CV at the room temperature. Since Fc |Fc' redox
potential is affected by the type of IL,*® the measured potential was adjusted by the
reported value as per Torriero et al.* The Ag | Ag’ redox potential Eq (which is the average of
the potential of the forward peak and the reverse peak) in 10mM AgTf : CumpyrNTf, is
0.37V vs. Fc |Fc'. This result deviates by 4% from the result reported by Snook, et al. 3
which may be due to the accuracy of the concentration and the temperature control in
these experiments.
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Figure 2-3 Fc |Fc' redox couple in CsmpyrDCA

When C4ympyrDCA is used as the reference electrode solution and bulk electrolyte, the Fc
| Fc' reversible CV shows a Ag | Ag’ redox potential of Eg = -0.55 vs. Fc | Fc'.

If both ionic liquids in the reference electrode and the target IL have the same cation or the
same anion, then the junction potential 4Ej between the salt bridge can be calculated

directly from the molar conductivity (Equation 2-1).

The ionic charges of both cation and anion in C;mpyrNTf, and C;ympyrDCA are unity so
equation (2-1) can be simplified to equation (2-2) below and the junction potential of the
two different ILs becomes only the function of the ionic conductivities.

AEj = (’;—T) In (j—;z) (2-2)

The measured conductivity of C;mpyrNTf, and C;mpyrDCA at 25 °Cis 3 mS.cm™ and 10
mS.cm ™ respectively. Thus, the calculated junction potential is around 30 mV.

a5 - () n(3) - (B250200) () - oamoy (23
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The junction potential measurement was performed in two ways. First using an NTf, based
reference electrode to measure DCA and then vice versa and the results are shown in figure
2-4 and figure 2-5.

-0.35

-0.43

45 10 05 00 05
E(V.vs Ag| Ag)

Figure 2-4 Fc |Fc' CV in C;mpyrDCA using Ag | Ag" reference electrode in CampyrNTf,

Eo (vs. Fc |Fc') = 0.39V

AEj =0.39V-0.37V = 20mV

6- 0.60

0.51

-6 T T T T T T T T T
0.0 0.2 04 0.6 0.8 10

E(V.vs Ag | Ag")

Figure 2-5 Fc |Fc' CV in C;mpyrNTf, using Ag |Ag’ reference electrode in C;mpyrDCA
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Eo (vs. Fc |Fc') = - 0.56V

AEj =-0.56V — (- 0.55V) = 10 mV

In both cases (each case measured twice) the measured junction potential value was not
more than 20 mV, which is lower than the calculated value of 30 mV and is similar to the
value reported by Snook, et al. * for a CympyrBOB: C;mpyrNTf, system. The similar junction
potential between C;mpyrNTf,:CsmpyrDCA and the C;mpyrBOB: C;mpyrNTf, system®, even
though the DCA anion is smaller than the BOB anion, suggests that the surrounding
environment of the solvated Fc in different ILs alters the Eq values of the Fc | Fc' redox
couple, as recently reported. ** If soluble in the IL system, decamethylferrocene (DmFc) has
been shown to be less susceptible to solvent effects than Fc. *?

2-2 Symmetric coin cell

Li symmetrical cells (2032 coin cells) were used to study the cell cycling ability and to
investigate the Li metal surface. Li metal was cleaned with n-Hexane or n-Pentane to
remove impurities and oxides, and cut into 10mm diameter discs. A separator and a Ni plate
and a Ni flat spring were used for the symmetrical cell. The structure of the coin cell is
presented in Figure 2-6. In most cases, 800 pL of electrolyte was used in all cells. All coin
cells were placed in an oven at 50 °C to insure wetting of the separator and electrodes. Cell
cycling and electrochemical impedance spectroscopy (EIS) measurements were performed
using a Solartron™ 1470 and a Solartron™ 1255 frequency response analyser. The cycling
conditions were typically 0.1 mA.cm™ constant current for 16 minutes charge and discharge
(i.e., 0.096 C.cm™ per polarisation step). Z-plot (ver. 3.2c)/Z-view (ver. 2.9b) software was
used to acquire and fit the EIS data. The data showed 4 to 28% fitting errors for each
assigned resistance.

Ni plate and spacer

. Lithium metal disks
(d=10mm)

Separator
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Figure 2-6 Coincell used for this research (upper) and the internal structure (lower)

A number of EIS models were applied in this research. Figure 2-7 shows the fitting results
obtained for various equivalent circuits applied to EIS data acquired from a typical Li

symmetrical cell.
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Figure 2-7 Different fitting results for EIS data acquired from a Lithium symmetrical cell with

a LiFSI and CsmpyrFSI electrolyte.
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Figure 2-7 (a) consists of simplest RC model. Since it only consists of solution resistance and
surface impedances, it is easy to apply each fitting component to the conceptual physical
status in the cell. However, since the real cell has diffusion effects and the surface is not
ideal, the fitting result does not match the EIS data well.

Figure 2-7(b) incorporates a Warburg diffusion component to fit the low frequency region
and the fitting results are better than (a). Figure 2-7(c) uses constant phase elements
instead of capacitors and shows quite nice fitting results.

Figure 2-7(d) was used to model the data to determine the charge transfer resistance and
SEl resistance, as reported by Lewandowski et al. ® and Lane et al. ’ This model assumes an
evenly distributed SEl is formed on the surface of the lithium metal. The benefit of this
model is that it is simple to determine the resistances by simplifying the SEI behaviour using
a constant phase element. The element C-DL is double layer capacitance, R_CT is for the
charge transfer resistance, W is a Warburg diffusion element, R_SEl is the bulk resistance of
the SEI, CPE_SEl is a constant phase element denoting the pseudo-capacitance of the SEl,
and Rs is the resistance of the solution. "® In this research, specific models were chosen for
each case.

2-3 Spectroscopy

Characterisation of the RTIL interactions with the electrode surface including surface
analysis requires different techniques such as X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS) or Fourier transform infrared spectroscopy (FT-IR) /Raman spectroscopy.
Sutto, et al., % demonstrated the intercalation of imidazolium cations and lithium ion into a
graphite electrode using XRD. C;mim cation does not intercalate into graphite layers while
the C;mim and Csdmim cations do intercalate. In their report, comparing the 26 position of
C,mim with graphite, C4smim and Czdmim exhibit a different peak at lower 26 values, which
indicates cation intercalation into graphite. The theoretical volumetric expansion of graphite
during intercalation of lithium or other ion can be obtained from the d (100 plane). °

Recently, Hashimoto, et al. 10 investigated C;mimDCA using XPS and the results. With depth
profiling research, they suggest that the surface of C;mimDCA is covered by ~1.7 x 10™*
molecules.cm™ of esters and/or carboxylic acids. 10

In this study a Perkin Elmer™ Spectrum 400 FT-IR/FT-NIR Spectrometer with Spectrum ver.
6.3.4 software was used to record FT-IR spectra and a Perkin EImer™ Ramanstation 400F
with Spectrum ver. 10.03.06.0100 was used to acquire Raman spectra. An ATR cell under
argon was used for FT-IR prepared in an argon filled glove box.
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2-4 Diffusion NMR (Nuclear Magnetic Resonance)

The ion self-diffusion properties of each species including the dissolved salt ion can be
determined using diffusion NMR when each ion has different exclusive atoms. For example,
in C,mimFSl, hydrogen and carbon atoms are only located in the C;mim cations while
fluoride atoms are only present in the FSI anion, which makes the diffusivity determination
for each ionic species possible. For the case of C,mimDCA, the absence of protons in the
DCA anion can be used to determine the diffusivity of each ion species.

Since conductivity depends on the temperature, it should ideally follow the Arrhenius
equation, however, sometimes conductivity temperature dependency follows a modified
Arrhenius equation, or Vogel-Tamann-Fulcher (VTF) — equation as follows:

B

i __ 2
o(T)=AT ze ToT (2-4)

where A is proportional to the ion concentration and B is called the pseudo activation

energy. Tpis usually close to Tg.

When the information is combined with ion self-diffusivity and bulk conductivity, the
contribution of each ion to the conductivity can be calculated and the degree of ion
dissociation in the RTIL can be estimated from the Nernst—Einstein equation:

Nge?(Dy+D_) _ F?(Dy+ D)
kT o RT

A=

(2-5)

where N, is Avogadro’s number, e is the electric charge on each ionic carrier, D is the self-
diffusion coefficient of the anion (-) and cation (+), k is Boltzmann’s constant, F is Faraday’s
constant, R the universal gas constant and T is the absolute temperature. In salt mixed
system, the D values are contributed the weight averages of each ion species and can be
modified into the equation below;

2
A== 2EDix;) (2-6)
Where D; is the self-diffusion coefficient of each ion and x; is the mol fraction of each ion.

Comparing the molar conductivity calculated with this equation and bulk ionic conductivity,
the dissociation degree of the RTIL can be obtained. Because the measured ion dissociation
degree is a key property indicating the overall conductivity contributed by each ion, Bayley,
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et al. ** calculated the dissociation parameter for CsmpyrNTf, containing LiTFSI with
different additive environments.™

In this study, pulse-field gradient stimulated echo (PFG-STE) diffusion measurements for 'H,
"Li and *°F were performed on a Bruker 300 MHz Ultrashield with Avance | console utilizing a
Diff30 diffusion probe and GREAT60 amplifier for *H for C;mpyr*, ’Li and 9, following the
method described by Bayley et al.'* A Bruker 500 MHz Ultrashield with Avance | console was
used for °C diffusion measurements.
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Chapter 3. Studies of bis(fluorosulfonyl)imide (FSI) ionic liquids

Introduction:

This chapter describes the properties and performance of Li metal batteries incorporating
pyrrolidinium FSlionic liquid electrolytes. These ionic liquids exhibit higher conductivities
and diffusivities than the corresponding bis(trifluoromethanesulfonyl)imide (TFSI or NTf,)
compounds, and have been regarded as potential electrolytes for lithium metal batteries. A
number of publications have reported on its performance on LiCoO, or LiFePQy, or other
cathode materials.

Due to its high viscosity and reduced conductivity a relatively low Li salt concentration has
typically been employed as an optimal composition for lithium cycle-ability, including rate
capability, in organic liquid based electrolytes. It is also well known that most commercial
lithium ion batteries use about 0.8 to 1.2 M Li salt concentration (in a carbonate based
organic liquid electrolyte) to maximise cell performance by optimising the electrolyte
conductivity and viscosity. However, the optimal Li salt concentration in an ionic liquid
electrolyte, its influence on the lithium transport mechanism and, ultimately, cell
performance is not yet fully understood.

One interesting aspect of this FSl anion is, like TFSI or other asymmetric anions, it exhibits
conformational cis- and trans-isomerism. A number of publications have described the
conformational equilibrium of TFSI or FSI anions in ionic liquids and reported its
temperature dependence. However, there are no reports of its conformational isomerism in
the presence of the lithium ion.

In this chapter, one publication investigates the performance of varying Li salt concentration
in a pyrrolidinium FSl ionic liquid electrolytes in Li | LiCoO; cells, determining rate capability,
cycling stability and the lithium transference number. The dependency of the
electrochemical performance of the electrolyte on the Li salt concentration is investigated
to determine the optimal salt concentration and its relationship to cell performance.

Another publication demonstrates the conformational change of the FSl anion in
pyrrolidinium FSl ionic liquids in the presence of varying lithium salt concentrations, using
spectroscopic and physical measurements to understand its influence on the Li ion transport
mechanism.
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Abstract

Because of their potentially superior safety characteristics, room temperature ionic liquids
(RTILs or ILs) have been vigorously researched to replace current commercial lithium
battery electrolytes, which are based on volatile and flammable organic carbonates. However,
relatively poor battery performance, which is a consequence of the higher viscosity and lower
conductivity of these materials, has prevented them becoming mainstream electrolytes for
commercial lithium batteries.

Amongst various RTILs, those containing the bis(fluorosulfonyl)imide (FSI) anion exhibit
high conductivities and diffusivities, making them interesting potential electrolytes for
lithium metal batteries. Here, we evaluate the electrochemical stability, lithium
electrochemistry, and Li* transference numbers of FSI-based ionic liquid electrolytes
intended for use in rechargeable Li metal batteries. We show that ILs containing high
concentrations of lithium, up to 3.2 mol.kg™ in Csmpyr FSI, have excellent rate capability
(higher than that of standard battery electrolytes) with both the lithium metal electrode and

LiCoO; cathode, in spite of their significantly higher viscosities and lower conductivities.
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This unusual behaviour is ascribed to the concomitant increase in transference number with

increasing Li-salt concentration.

1. Introduction

The challenge to develop suitable electrolytes having wide electrochemical windows and
high Li* transference number for lithium-ion batteries has become increasingly important as
applications require increases in capacity, charging rate and safety.! Room Temperature lonic
Liquids (RTILs or ILs) are potential candidates for electrolytes. These materials came to
prominence in the late 1990’s as solvents suitable for electrochemical reactions. Over the last
15 years, there have been many studies on ILs for battery applications, as evidenced by
significant numbers of patents and publications.® These materials have numerous features
that should lend themselves to use in high energy lithium batteries: negligible volatility,
relatively high decomposition temperatures when compared to traditional lithium battery
electrolytes, high ionic conductivity and wide electrochemical windows.*®

Of all anions to date, the sulfonylimide family are the most studied, and show, in general, the
best electrochemical performance. ILs containing the bis(fluorosulfonyl)imide (FSI) anion
exhibit higher conductivities and diffusivities than the corresponding
bis(trifluoromethanesulfonyl)imide (TFSI or NTf;) compounds, thereby generating interest as
potential electrolytes for lithium metal batteries.”*® However, there are several aspects of
concern, including high temperature stability and corrosion.*”™**

The Li salt concentration in an IL is important for charging and discharging of Li batteries,
because in general, while increasing the Li salt concentration increases the viscosity and
decreases the conductivity, it also increases the amount of lithium ion available in the 1L.%°

Seki et al. studied the effect of LiTFSI salt concentrations (from 0 to 0.8 mol.kg™) on the

performance of 1,2-dimethyl-3-propylimidazolium bis(trifluoromethylsulfonyl)imide
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(DMPIMTEFSI). They measured conductivity, viscosity, cell electrochemical impedance
spectra (EIS) and the rate capability of a LiCoO, cathode based cell, and found that the
optimum salt concentration was 0.4 mol.kg™.%°

In most commercial lithium-ion batteries, a concentration of 0.8 to 1.2 M Li salt in organic
liquid electrolyte is used to maximise cell performance by achieving a balance between
conductivity and viscosity. Nyman et al. confirmed this optimum concentration effect in an
organic liquid electrolyte by measuring both conductivities and transference numbers.?
Following Zhou et al.’s electrochemical and physicochemical studies on N-propyl-N-
methylpyrrolidinium bis(fluorosulfonyl)imide (Csmpyr FSI) and N-butyl-N-
methylpyrrolidinium bis(fluorosulfonyl)imide (C4mpyr FSI),"® Paillard et al. added different
amounts of LiFSI salts (mole ratios from 0 to 0.6, where a mole ratio of 0.6 LiFSI :

0.4 C,mpyr is equivalent to an LiFSI concentration of 4.9 mol.kg™) to Csmpyr FSI and
performed physical and electrochemical studies.** Unlike previous reports showing that
additional lithium salts increased the cathodic electrochemical stability in imidazolium-based
TFSI ILs,?*?® increasing the amount of LiFSI salts in Cympyr FSI decreased the cathodic
stability in their study; this was attributed to the high level of impurities in the commercial
grade LiFSI salt used.'” They also demonstrated that the FSI anion (in contrast to the TFSI
anion) could establish a solid electrolyte interphase (SEI) on graphite anodes without the
need for additives. FSI may also allow the exploitation of the high voltage plateaus of
materials such as LiNipsMn1 50, and LiNig 33Mng 33C00.3302, leading to higher energy
lithium-ion batteries.?*?® However, they did not explain the effect of lithium concentration on
electrochemical and battery properties (other than the increased electrochemical window).
Best and Bhatt studied various lithium salts in CsmpyrFSI at concentrations ranging from 0.2
to 1 mol.kg™, and found that 0.5 mol.kg™ LiBF, showed the widest electrochemical windows

and Li symmetric cell stability.*> %" They also studied the lithium electrochemistry of the FSI
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anion using cyclic voltammetry (CV) and EIS, and showed that these electrolytes can be used
to cycle a Li metal anode.™ ?’

In this work, we examine the effects of salt concentration on various electrochemical
properties of CsmpyrFSI. In cycling lithium-metal symmetric cells as a function of lithium
salt concentration, we show remarkably low cycling over-potentials at various current
densities. We demonstrate that because of the Csmpyr FSI IL’s stability against lithium metal,
the Bruce and Vincent method for measuring transference numbers can be effectively used to
determine ;" without complications from the SEI layer. Finally, we show that ionic liquids
based on Csmpyr FSI with especially high concentrations of LiFSI are able to effectively

cycle batteries consisting of lithium anodes and LiCoO, cathodes at high charge-discharge

rates.

2. Experimental

Materials:

N-propyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide (CsmpyrFSl, purity > 99.9%) and
lithium bis(fluorosulfonyl)imide (LiFSI, purity > 99.5%) were both sourced from Suzhou
Fluolyte Co., Ltd., China. Moisture contents of all electrolytes were (< 20 ppm, as determined
via Karl Fisher titration (Metrohm). Lithium metal was sourced from China Energy Lithium
Co., Ltd. (purity > 99.9%).

Electrolytes for these experiments were prepared by adding LiFSI to CsmpyrFSI IL and
stirring for 24 hours at room temperature in an Ar- filled glove box. Table 1 shows the
concentration of each electrolyte and molar ratio of each ion in solution. The highest Li salt
concentration used in these experiments was 3.2 mol.kg™, which has an ion ratio of 1 Li*: 1

Csmpyr': 2 FSI™.
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Table 1. Salt concentrations in each electrolyte

LiFSI conc. in IL Molar ratio of each ions

(mol.kg™) Li* Csmpyr* FSI
0 (neat IL) 0 0.50 0.50
0.8 0.10 0.40 0.50
1.6 0.17 0.33 0.50
2.4 0.21 0.29 0.50
3.2 0.25 0.25 0.50

Cyclic Voltammetry:

A 1 mm diameter Pt working electrode and a Pt wire counter electrode were employed for
cyclic voltammetry and a 3 mm diameter Ni working electrode was also employed for
comparison. The surface area (0.009 cm®) of the Pt electrode was obtained by measuring a
bis(cyclopentadienyl)iron(ll) (ferrocene, or Fc) Fc | Fc* redox peak currents determined using
5 mM Fc at scanning rates of 20, 50, 100 and 200 mV.sec *, and then applying the Randles-
Sevcik equation.? The surface area of Ni working electrode was not measured but just
calculated from the diameter. The reference electrode consisted of a silver wire immersed in a
solution of 10 mM silver triflate (AgTf, 99.95+% purity, Aldrich) in N-butyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (C,mpyr TFSI, Merck high purity
specification, <100 ppm water, <100 ppm chloride) and separated from the main solution by

a glass frit, as reported by Snook et al..?

Therefore, the CV measurements were performed
against Ag | Ag" reference potential and converted into Li | Li* redox potential. The potential
was checked with a Fc | F¢* internal reference. The scan rate was 20 mV.s™. Measurements

were obtained at 23 £ 3 °C. Potentiostatic control was provided by an Autolab Pgstat302 (Eco

Chimie, Netherlands) controlled with GPES (Version 4.9.005) software.
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Coin cell preparation:

CR2032 size lithium symmetric cells were prepared with 2 10 mm? diameter lithium discs
and a Solupor 7P03A™ separator (Lydall, Inc., UK) in an Ar-filled glove box. Cells were
then stored for 24 hours at 50 °C.

LiCoO; electrodes consisted of 90 wt% LiCoO, (Nippon Chemical Industrial, Japan), 5 wt%
carbon black (Shawinigan) and 5 wt% PVdF binder. Dry ingredients were ball milled
together for 72 h, prior to the addition of the binder (dissolved in N-methylpyrrolidone) to
form a slurry. The slurry was ball milled for a further 72 h prior to being spread onto
aluminium foil using a 60 um graded roller. Coated foils were allowed to dry overnight in a
fume hood and then dried further in a vacuum oven at 100 °C for 72 h. The final LiCoO,
loading was approximately 4.5 mg.cm™. LiCoO, cells were prepared with the prepared
LiCoO, electrodes, Li discs and Solupor 7P03A™ separators (50 pm thick, micro-porous
polyethylene). All cells were then stored for 24 hours at 50 °C before cycling to allow for
wetting. The specific capacities of the prepared electrodes were checked by making cells with

a standard battery electrolyte (1M LiPFg, EC:DMC=50:50 vol.%, Mitsubishi Chemical Co.).

Transference number:

Lithium symmetrical cells were used to determine the Li* transference number with the
method described by Evans, Bruce, and Vincent. %3

Cells were polarized at 25 °C with a constant voltage of 1.0 mV for 5 min. 10 min. 20 min. or
2 hours and the currents during the polarization were measured. The EIS spectra were
measured before and after the polarization using a 1 mV perturbation. 24 hours recovery was
allowed between each experiment. All experiments were conducted using a Solartron™ 1470

Battery test unit connected to a 1255B Frequency response analyser with Corrwave ver. 3.1c

and Zplot ver. 3.1c.
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Coin cell cycling:
Li | LiCoO, cells were charged to 4.2 V and discharged to 2.75V at 0.1 C,05C,1.0C, 1.5C,
2.0C,3.0C, 4.0 Cor 5.0 C constant currents to measure charge and discharge rate capability,

and then cycled at 0.1 C at 25 °C on a Maccor Series 4000 instrument.

3. Results and Discussion

Cyclic Voltammetry:

Cyclic voltammograms (20 mV.sec™ scan rate) are presented for LiFSI dissolved in
CsmpyrFSI at room temperature using mainly a Pt working electrode in figure 1.1t was
known that a Pt working electrode forms an alloy with lithium during the reduction of
lithium® while there is no alloy formation when using a Ni working electrode, the CVs when
using a Ni working electrode were also embedded in the figure 1(a) and 1(d) for a
comparison purpose. In figure 1(a), the Li* reduction peak for 0.8 mol.kg™ solution was
observed at -3.77 V vs. Ag | Ag*, and two distinct oxidation peaks were observed at -3.08 V
and -2.08 V with the main Li stripping occurring at -3.08 V and successive Li under-potential
deposition stripping and residual H,O oxidation at higher potentials.*®

When the salt concentration is increased to 1.6 mol.kg™ (figure 1(b)) the Li* deposition peak
moves to more negative potential, -3.87 V, while the corresponding Li stripping peak moves
to more positive potential, -2.91V, because of decreasing ionic conductivity and increasing
viscosity of the electrolyte. This trend persists at even higher solution concentrations, as
shown in figure 1(c) and 1(d). Unlike Paillard et al., we do not observe a large parasitic
current prior to Li plating (which had been ascribed to the purity of the LiFSI salt).** Figure
1(d) and 1(e) show the electrochemistry at the highest salt concentration, 3.2 mol.kg™; in both
cases, we do not observe a well-defined lithium deposition peak. We have first cycled the

electrolyte to -5 V (figure 1(d)) then to -6.5 V (figure 1(e)) to find the lithium deposition peak.
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After scanning reductively to -6.5V vs. Ag | Ag” (figure 1(e)) a stripping peak is observed on
the first cycle, however, because of coincident electrolyte decomposition and lithium
deposition, the stripping peak current decreases rapidly, and the peak is no longer observable
after 5 cycles. Whilst we do not observe a lithium deposition peak in figure 1(d), the cycling
efficiency is significantly higher when cycled in this narrower electrochemical window.
These two experiments allow us to determine that the bulk IL reduction process occurs
between -5 and -6.5 V in the 3.2 mol.kg™ electrolyte. Figure 1(f) shows that in all the
solutions prepared here, the cathodic stability is unchanged by the presence of various
concentrations of lithium salt. Finally, we note that the shifts in the peak positions of the
lithium deposition and stripping are also influenced by the speciation of Li in solution, as
evidenced by the changing NMR ’Li chemical shift. This effect will be described in more
detail in a forthcoming paper.

Bhatt et al. reported that a salt concentration of 0.45 mol.kg™ shows better cycling stability
than 0.2 mol.kg™.%" However, in this study, the lowest Li concentration in the IL is 0.8
mol.kg™ and all electrolytes in figures 1(c) to 1(f) show essentially stable lithium deposition
and stripping for 5 cycles. Moreover, and very significantly, the lithium deposition current
densities for the highest salt concentrations start at -30 mA.cm™ (figure 1(d)) and increases in
magnitude to -80 mA.cm (figure 1(e)), equivalent to a 27A charge rate (or 7.5C rate) in a
18650 cell having 3.6 Ah capacity with 4 mAh.cm™ loading on both sides of the Al current
collector.®® This shows the potential use of these electrolytes for fast charging lithium
batteries. In addition, this trend also remains when using Ni working electrode. Figure 2
shows the Li deposition and stripping efficiencies for the different salt concentrations studied
in this work. The Coulombic efficiency is higher at concentrations such as 2.4 mol.kg™ or 3.2

mol.kg™, which can be attributed to the high number of charge carriers in solution.
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Figure 1. Cyclic voltammograms (Pt working electrode, 20 mV.sec™, room temperature) for
concentrated LiFSI in CsmpyrFSI ILs: a) 0.8 mol.kg™, b) 1.6 mol.kg™, c) 2.4 mol.kg™,(d) 3.2
mol.kg™ -5V cut-off, () 3.2 mol.kg?, -6.5V cut-off 1% cycle (solid line) and 5™ cycle (dashed
line) compared with the neat IL (dotted line, arbitrary current range) , (f) Anodic
electrochemical limits. The embedded boxes in the figure (a) and (d) are the CV with Ni
working electrode. Note: Top axis is converted to the Li | Li* redox potential from Ag | Ag”

potential (bottom).
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Cycling performance of CzmpyrFSI lithium symmetrical coin cells:

We have constructed Li symmetrical cells to determine if the stability of Li cycling depends
on the lithium salt concentration. These cells have been cycled at different current densities
from 0.01 mA.cm™?to 1 mA.cm™, at room temperature. The voltage-time responses for the
different salt concentrations are shown in Figure 3. Each cell shows that, for any given
applied current density, the over-potential remains relatively stable; the most significant
changes occur with changes in salt concentration. The cell resistance increases with
increasing molar concentrations of Li salt up to 2.4 mol.kg™, and then decreases when the salt
concentration reaches 3.2 mol.kg™. The internal resistance values calculated from the DC
polarizations are several hundred Q.cm™, as expected from the resistivities of the electrolytes
obtained from EIS measurements. When the polarization current density was increased to

0.1 mA.cm™, (Figure 3(b)) the same trend was observed, however, a significant instantaneous
over-potential was observed for every cell. Figure 3(c) shows the voltage-time response at 1

mA.cm™ for the 2.4 mol.kg™ electrolyte.
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Figure 3.Voltage-time profiles for Li symmetric cells: a) 0.01 mA.cm™ for 4 different
electrolyte concentrations, b) 0.1 mA.cm™ for 4 different electrolyte concentrations, c) 1.0
mA.cm™ for 2.4 mol.kg™ electrolyte, d) magnification of c)

There are 2 discrete over-potentials observed during the polarization: the over-potential in the
initial polarization (circled) indicates the kinetic limit of the IL system, and the second one
during the final polarization (arrow) indicates a dendritic lithium morphology.™ ?’ It should
be noted that the over-potential decreases as the polarization continues this was also
previously observed by Best and Bhatt and ascribed to the increasing geometric surface area
of the electrode which meant that the actual applied current density is less than the apparent
applied current density."™ 2" In conclusion, we found no significant correlation between salt

concentration and lithium symmetric cell cycling performance.
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Lithium Transference numbers:

The transference number is the fraction of current transported by Li" in an electrolyte and,
possibly, the most important quantity for lithium batteries.**" It is desirable for electrolytes
to have a transference number of unity.* The traditional method to determine a transference
number is the Hittorf method.® In this method, constant current is applied, and the changes in
voltage with time are used to compare the effective charge carried to the applied charge.
However, this method cannot be directly applied to an electrolyte which consists of several
ionic species, or where there is growing passivation film on the electrode which affects
potential. Initially, when a symmetric cell is polarized, all positive ions (Li*, Csmpyr” in this
experiment) migrate towards the negatively polarized electrode, while negative ions migrate
towards the positively polarized electrode. However, after a certain time a steady state is
reached for a charge concentration gradient established, where only Li* moves toward the
opposite electrode. By measuring the initial and steady state currents, the portion of the
charge carried by Li* can be obtained. Considering the solution concentration gradient and

the increasing passivation layer, Bruce, Evans and Vincent demonstrated that an ion

transference number in a symmetric cell can be calculated as:** %
+ _ Is(AV—1IgRy)
Lt ™ 1, AV - IsRg) Q)

where, AV is the potential applied across the cell, t;;" is the lithium transference number, lo
and I are the initial and steady state currents during the polarization, and Ry and Rs are the
initial and steady state resistances of the passivation layers. The authors applied this equation
to polymer electrolyte systems, but subsequently, researchers have shown that the equation
can be adapted to ionic liquids, where stable passivation layers form.***! This equation may
be used by applying a constant voltage, and measuring the initial and steady state currents,

along with the resistance of the passivation film before and after the polarization. Due to the
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stability of the IL electrolyte towards the Li metal electrode, we show that the impedance

change of the bulk electrolyte before and after the polarization is negligible, which allows us

to use this simplified approach with confidence.

To determine the resistances of passivation layers before and after polarization, an equivalent

circuit proposed by Zugmann et al. was used (as shown in Figure 4(a)).*’
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Figure 4. Polarisation and EIS of Li symmetric cells. (a) Equivalent circuit used to determine

electrode resistances (b) a cell reaching a steady state current. (c) EIS of 0.8 mol.kg™* LiFSl in

CsmpyrFSI (d) EIS of 3.2 mol.kg™ LiFSI in CsmpyrFSI. (e) EIS of the cell used in figure (b),
taken before the cell was polarized,; fit to equivalent circuit in (a) also shown.
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Figure 4(b) is an example of the polarization of a symmetrical cell containing 0.8 mol.kg™
LiFSI in Csmpyr FSI for 300 seconds. In contrast with previous studies on PEO or plastic
crystal electrolytes, which required several hours to reach steady state current, the cells
reached steady state current within several minutes. In some cells, particularly those with
lower Li salt concentration (0.8 mol.kg™), an increase in current was observed after the cell
had been at steady state for some time (Figure 4(d)). This phenomenon was not observed in
the cells with the highest lithium concentrations (3.2 mol.kg™). This may be due to the
presence of an unexpected side reaction on the lithium surface when the concentration of Li*
is not sufficient. To determine Iy and Is, any cells which showed increasing current after
steady state, did not reach steady state or showed short circuit behavior were eliminated, and
the remaining cells were used to calculating average values for each electrolyte concentration.
Figure 4(c) is an example EIS of a Li symmetric cell containing 0.8 mol.kg™ Li salt in the IL
electrolyte, while 4(e) shows the EIS of a cell containing 3.2 mol.kg™ Li salt. With increasing
concentration, R, increases from 7-8 Q in 0.8 mol.kg™ to 28-32 Q in 3.2 mol.kg™, while the
R; + R, value decreases from approximately 2,000 Q in 0.8 mol.kg™ to 600  in 3.2 mol.kg™.
This implies that the passivation layer formed on the lithium electrodes depends strongly on
the concentration of Li", and that an increase in Li* concentration reduces the surface
impedance. The cells were polarized at 1.0 mV for 2 hours 3 times. It should also be noted
that the EIS did not change significantly after these polarizations.

The calculated transference numbers for different salt concentrations are shown in Figure 5
(with error bars) and are collated in Table 2, along with conductivities, viscosities, and
densities at 25 °C. The density and viscosity increase, and the ionic conductivity decreases,
with increasing salt concentration. The transference numbers vary 0.1 to 0.2 as the LiFSI
concentration changes. There is a general trend that increasing salt concentration increases

transference number, although it is not clear if there is an optimum point between 2.4 mol.kg’
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! and 3.2 mol.kg™. This result corresponds with that previously reported by Ferrari et al. in
their N-methoxyethyl-N-methylpyrrolidinium TFSI and LiTFSI systems.* However, they did
not explain why this result was obtained. Our measured transference numbers are similar to
the 0.13 value determined by Seki et al. for 0.32 mol.kg™ LiTFSI in different ILs,* but are
much lower than the 0.6 value reported by Han et al. for a LiFSI-ammoniumFSI equimolar
system™ or the 0.4 value reported by Fernicola et al. for a TFSI-based system.* It should be
noted that most electrolyte research has been conducted in the 0.5 mol.kg™ to 1.0 mol.kg™
range of added Li salts, but in some cases the optimum concentration may be much higher, as

we have demonstrated here for the FSI-based electrolyte.
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Figure 5.Li" transference number for different LiFSI concentrations in Csmpyr FSI, showing
average values and standard deviations

Table 2.Transference numbers of each concentrated Li+ electrolyte at 25 °C

Salt concentration 8 (g.cm™) v (cP) o (mS.cm™) Avet;
0.8 mol.kg'l 1.413 49.4 3.40 0.113
1.6 mol.kg™ 1.454 85.7 2.02 0.140
2.4 mol.kg'l 1.495 136 1.23 0.185
3.2 mol kg™ 1.536 253 0.821 0.183
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Li | LiCoO; cells:

First, the LiCoO; electrode pasted onto Al foil was characterized in combination with a
commercial standard battery electrolyte. Cells were cycled from 2.75 V to 4.2 V at various
rates between 0.1 C and 5.0 C followed by several additional cycles at 0.1 C. The initial 0.1 C
charge capacity was 137 mAh.g™* and discharge capacity was 131 mAh.g™, equating to 96%
initial efficiency in figure 6(a), which is slightly lower than the known practical capacity of
LiCoO,." * When the charge/discharge rate was over 1 C, a small distortion in the profile
was observed in all cells, which became more noticeable at the higher rates. Of 6 replicate
cells tested, only one cell allowed charging up to the 3 C rate (the remaining five couldn’t be
charged at this rate). No cells using this standard liquid electrolyte could be charged above

4 C. These cells recovered their initial capacity when a 0.1 C rate was applied. We confirmed
that the standard liquid electrolyte can be a limiting factor for high rate charge and discharge,
although the actual limiting rate will vary with different electrode formulations, separators
and cell configurations. Thus, in these experiments, the 3 C charging rate was the limit for the
organic liquid electrolyte used, 1M LiPFg in EC:DMC (50:50 vol.%).

Figure 6(b) to (e) presents the results of coin cells containing CsmpyrFSI electrolyte with
different lithium salt concentrations, from 0.8 to 3.2 mol.kg™. The initial 0.1 C capacity with
0.8 mol.kg™ lithium salt was 118 mAh.g™, which is lower than the standard battery
electrolyte reference (Figure 6(b)); this can be ascribed to the higher viscosity and lower
conductivity of this ionic liquid electrolyte.”® When the salt concentration is increased to 1.6
mol.kg™ (Figure 6(c)), surprisingly, the capacity increased to 132 mAh.g™ even though the
viscosity is higher and the conductivity is lower than the 0.8 mol.kg™ solution. This result is
in agreement with the increased current observed in the CV data previously presented in
Figure 1. A decrease in capacity to 120 mAh.g™ at 2.4 mol.kg™ and further increase to 135

mAh.g™ at 3.2 mol.kg™ (figure 6(d) and 6(e)) were also seen.
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Figure 6.Charging and discharging rate capability results for Li | LiCoO, cells with Solupor
7P separator. The conditions were 0.1C, 0.2C, 0.5C, 1.0C, 1.5C, 2.0C, 3.0C, 4.0C and 5.0C
rates consequently from 2.75V to 4.2V at room temperature. (a) 1M LiPFg in EC:DMC (50:
50 vol.%) for comparison, (b) 0.8 mol.kg™,(c) 1.6 mol.kg™, (d) 2.4 mol.kg™, (e) 3.2 mol.kg™

LiFSI in Cgmpyr FSI

The 2 C rate capacity in the 0.8 mol.kg™ electrolyte was also inferior to that of the organic

liquid reference. However, the performance improved when the lithium salt concentration

was increased to 1.6 mol.kg™ or higher. The capacity reached the same charge and discharge
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capacity within a tolerance range at 3 C. A significant difference was observed at the higher
charge/discharge rates of 4 C and 5 C. Whilst no cell successfully charged at 4 C with the
standard electrolyte, all cells with FSI were successfully cycled at4 Cand 5 C
charge/discharge rates. When the salt concentration is 3.2 mol.kg™, 50-60 mAh.g™* (or
approximately 40% of the initial 0.1 C discharge capacity) was observed, as shown in Figure
6(e). To put these results in perspective, Matsumoto et al. conducted similar experiments
using a Csmpyr FSI ionic liquid with 0.3 mol.kg™ LiTFSI,” however, their results showed
approximately 35 mAh.g™ discharge capacity at the 3 C rate with a 1.0-1.5 mg.cm™ LiCoO,

loading (i.e., 3 C current density is 0.42 mA.cm™to 0.81 mA.cm?)%*

compared to the
approximately 4.5 mg.cm™ loading used in this work (i.e., 3 C current density is 2.43
mA.cm™). This clearly demonstrates the superior results of this work with significantly
higher active material loading and salt concentrations.

The 1 C to 5 C charging profiles from figure 6(a) and 6(e) are presented in Figure 7 for
comparative purposes. The cell with the standard organic electrolyte showed significantly
higher over-voltage at the high charging rates at the initial stage; this over-voltage caused by
the coin cell impedance, caused the cell voltage to reach 4.2V instantaneously, resulting in a
premature end of the charging step. Additional cells were prepared and cycled with different

charging method to verify the low rate capability of organic electrolyte at high current rate is

only of the observed over-voltage.
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Figure 7.1 C to 5 C Charging profiles magnified from figure 8: Solid bold line : Organic
liquid electrolyte (1M LiPFgs, EC:DMC=50:50 vol.%, from figure 8(a)), Dash line : 3.2
mol.kg™ LiFSI in CsmpyrFSI from figure 8(e).
The discharging rate capability of the cells with a fixed low current (0.1C) charging rate is
presented in figure 8. Figure 8(a) is the discharging profiles with the standard organic
electrolyte. It was shown that the charging profiles vary with cycles and the efficiency
(discharging capacity / charging capacity) at the 5C rate charging and discharging is much
greater than 100%, which was due to the remained capacity of the previous cycle (4C)
discharge. It is interesting that the cell with the standard organic electrolyte shows relatively
low discharging capability at high C rate over 4C than the cell having FSI IL based
electrolyte (figure 8(b)). This implies that the relatively low discharging capability of the cell
with standard organic electrolyte is not only the problem of over-voltage during high rate
charging, but also of its intrinsic characteristics. Considering charging rate limit caused by
over-voltage problem, since the cell impedance is high for the coin cells in this study, the
charging rate limit in this study may be relatively low when compared to commercial lithium

ion batteries. However, the cells using the FSI based electrolyte, which have the same
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configuration as the cell with standard electrolyte, do not show this over-voltage behavior at
the start of charging in spite of its higher viscosity. This indicates that the Li" transport
mechanism may be different in the ionic liquid electrolyte compared to the standard organic

electrolyte. We will elaborate on this further in our forthcoming paper.
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Figure 8.0.1 C to 5 C discharging rate capability results with fixed 0.1C rate charging for Li |
LiCoO;, cells with Solupor 7P separator; (a) 1M LiPFs in EC:DMC (50: 50 vol.%) for
comparison, (b) 3.2 mol.kg™ LiFSI in Csmpyr FSI

After the rate capacity measurement, the cell with 3.2 mol.kg™ Li salt FSI electrolyte was
cycled successfully, as shown in Figure 9(a). However, the cells with lower lithium
concentrations show significant capacity fade during cycling. Most of the cells containing 0.8
mol.kg™ to 2.4 mol.kg™ Li salt did not survive beyond 5 cycles at 0.1 C after the tests at 5 C,
but the 3.2 mol.kg™ cycled more reliably as shown in Figure 9(b). The cells with lower
lithium concentration electrolytes failed after cycling and could not be charged up to 4.2V.
The cells with 3.2 mol.kg™ Li salt also showed a continuous decrease in discharge capacity
after 5 C cycling. This phenomenon may be due to consumption of lithium ions during the
high rate charge and discharge, or may due to degradation of the prepared LiCoO; electrode

in the presence of the 1L.* Further investigations will be performed to understand this

phenomenon. The important point here is that the barrier to high rate charging and
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discharging because of transport limitations in the cell, as was observed when using a
conventional organic liquid electrolyte system, is overcome in this FSI system. We expect
this FSI system to show even better rate performance when combined with high rate cathode

and anode materials.
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Figure 9.(a) A cycle profile of a Li | LiCoO, coin cell with 3.2 mol.kg™ LiFSI in Csmpyr FSI
electrolyte, (b) Charge/discharge capacity of cells during cycling

4. Conclusion

We describe ionic liquid electrolytes, based on the bis(fluorosulfonyl)imide (FSI) anion with
LiFSI salts, that show high rate charge and discharge characteristics. The CsmpyrFSlI ionic
liquid can dissolve lithium salt up to a 1:1 IL:Li salt concentration ratio; this concentrated
electrolyte then allows the Li metal electrode to be cycled at high current density.
Transference numbers have also been measured in these cells to determine the lithium salt
concentration effect on lithium cell performance. There is a concomitant increase in
transference number from 0.1 to 0.2 with increasing salt concentration.

Li | LiCoO, batteries, prepared using this FSI electrolyte, show better rate capability than
those made with 1M LiPFg in EC:DMC organic liquid electrolyte at higher than 3C charge

and discharge rates, in spite of the significantly higher viscosity and lower conductivity of the
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IL. Importantly, the electrolyte containing 3.2 mol.kg™ Li salt (i.e., a 1:1 molar ratio of salt
and IL) showed the best high-rate cycling performance. This implies that the lithium transport
mechanism in these high lithium concentration IL electrolytes may be different, to allow high
rate charge and discharge. Finally, we expect this FSI system to show better charge and

discharge capability when combined with a fast-charging electrode material.
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ABSTRACT: Electrolytes of bis(fluorosulfonyl)imide (FSI) with a range of LiFSI salt concentrations were characterized using
physical property measurements, as well as NMR, FT-IR and Raman spectroscopy. Different from the behavior at lower concentra-
tions, the FSI electrolyte containing the highest salt concentration (1:1 salt to IL molar ratio) showed less deviation from the KCl
line in the Walden plot, suggesting greater ionic dissociation. Diffusion measurements show higher mobility of lithium ions com-
pared to the other ions, which suggests that the partial conductivity of Li" is higher at higher concentration. Changes in the FT-IR
and Raman peaks indicate that the cis-FSI conformation is preferred with increasing Li salt concentration.

INTRODUCTION

Because of their negligible vapor pressure and wide electro-
chemical windows, ionic liquids (ILs) have been considered
viable replacements for current organic-liquid based electro-
lytes for lithium batteries. Of the various ILs studied, those
which include the bis(fluorosulfonyl)imide (FSI) anion have
gained significant attention for their relatively low viscosity
and high conductivity.> This anion was first introduced by
Armand et al.,’ and organic liquids containing lithium FSI
were successfully used as lithium battery electrolytes by Zagh-
ib et al.®. Matsumoto et al.” reported that FSI-based ILs show
fast charging ability with LiCoO, cathodes, and Ishikawa et
al.’ demonstrated stable cycling ability with graphite anodes,
with no organic diluents or additives.” There have also been
many subsequent studies applying this FSI based electrolyte in
lithium batteries.”"* Some drawbacks of this IL have also been
reported, including concerns about high temperature stability
and its corrosive properties.'*"'®

To understand the superior qualities of FSI-based ILs - in
particular low viscosity and high conductivity, there have been
many investigations of their physicochemical and electro-

chemical properties, including comparative studies with ILs
based on the similar bis(trifluoromethylsulfonyl)imide (TFSI)
anion. Zhou et al. and Paillard et al. investigated the electro-
chemical and physicochemical properties of FSI-based ILs and
their solutions containing Li salts, and demonstrated their su-
periority compared to the respective TFSI counterparts.”’

One interesting aspect of this anion is its conformational
equilibrium, and since the conformational structure of FSI is
similar to that of TFSI, most of this research was originally
performed on TFSI, and subsequently similar approaches were
taken to see if FSI showed different behavior. For example,
Johansson et al. estimated, using ab-initio theoretical calcula-
tions, that the TFSI anion can adopt 2 different conformers in
liquids."” Fujii et al. confirmed, using Raman spectroscopy and
molecular dynamics (MD), that TFSI has 2 conformers: Cl
(cis-) and C2 (trans-) which are in equilibrium in the liquid
state.'® They then showed that the C1(cis-) form is dominant at
higher temperatures, and claimed that the low melting point of
TFSI-based ILs is related to this behavior."® Umebayashi et al.
extended this research to ILs containing Li salts, and showed
that TFSI ILs prefer cis- conformations and coordinate Li" to
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form  Li(TFSI);  or  LiC,mimTFSI"  (l-ethyl-3-
methylimidazolium TFSI). In Li(TFSI),, the Li" coordinates
with 4 oxygen atoms in 2 TFSI anions."” Shirai et al. also stud-
ied the effects of LiTFSI salt concentration on speciation and
coordination in N,N-diethyl-N-methyl-N-(2-
methoxyethyl)ammonium TFSI by investigating the Raman
and NMR shifts.” In their study, Li coordinates with 4 oxygen
atoms within 2 TFSI anions to form Li(TFSI),” at low Li salt
concentration, but forms a lithium oligomer at high Li concen-
trations.”” In addition, Ishiguro et al. studied the temperature
dependence of the speciation in a highly concentrated LiTFSI
(0.171 mol fraction) in C,mimTFSI solution, and showed that
the cis-form of TFSI is more stable than the trans-form at high
lithium salt concentration.”’ This research group also com-
pared the coordination behavior of other metal ions such as Li",
Na’, K' and Cs" in solution of their TFSI salts in
C,mimTFSI..*

After Beran et al.’s report on the cis- form of the FSI anion
in LiFSI salts, showing coordination of Li" and oxygen atoms
in the FSI anion resulting in clustering around Li", Fujii et al.
extended their TFSI research to FSI, and demonstrated that
FSI also behaves similarly to TFSI. FSI shows cis- and trans-
equilibrium in the liquid state, and the low viscosity of FSI is
also related to this conformational equilibrium.”*** The same
conclusion was also reached separately by Lopes et al., based
on Raman spectroscopy and MD calculations.”® Recently,
some interesting findings were reported by Huang et al., who
noted from DSC studies that an exothermic reaction occurs
when LiFSI is added into an FSI based IL, Raman spectrosco-
py was used to show that the Li cation is strongly associated
with the FSI anion.”’

Recently, we have shown that solutions containing a high Li
salt concentration, up to 0.5 mol fraction (3.2 molkg™), in an
FSI electrolyte can successfully cycle Li | LiCoO, cells, with
fast charging and discharging rate capability (up to 5 C rate at
25 °C), in spite of the high viscosity and relatively low con-
ductivity of these solutions.®® This suggests that the Li
transport mechanism at high lithium salt concentration (> 1.6
mol.kg™) is different from that at lower lithium concentration
(< 1.6 molkg™).”® In this present study, we now probe the
intermolecular interactions to understand why this behavior
occurs. We look at physical property changes across a range of
Li salt concentrations in C;mpyr FSI electrolyte, and use ionic
conductivity, DSC, FT-IR, Raman and diffusion NMR meas-
urements to elucidate the conduction mechanisms in these
electrolytes.

EXPERIMENTAL

Materials:

N-propyl-N-methylpyrrolidinium  bis(fluorosulfonyl)imide
(CsmpyrFSI, purity > 99.9%) and lithium
bis(fluorosulfonyl)imide (LiFSI, purity > 99.5%) were both
sourced from Suzhou Fluolyte Co., Ltd., China. Lithium metal

was sourced from China Energy Lithium Co., Ltd. (purity >
99.9%).

Electrolytes in this work were prepared by adding LiFSI
salts into CsmpyrFSI IL and stirring for 24 hours at room tem-

perature in an Ar-filled glove box. Moisture contents (< 20
ppm) and halides (CI < 1 ppm) of all electrolytes were deter-
mined via Karl Fisher titrations (Metrohm) and ICP measure-
ments, respectively. Table 1 lists the concentrations of each
electrolyte and the molar ratio of each ion in solution. The
highest Li salt concentration in this experiment was 3.2
mol.kg”, which has one Li" and one Csmpyr” for every two
FST ions in the solution (i.e., 0.5 mol fraction).

Conductivity, DSC, Viscosity and Density:

To measure ionic conductivity, samples were placed in a
sealed glass conductivity dip-cell equipped with two porous
platinum electrodes; all preparations took place inside an Ar-
filled glove box. 0.01 M KCI solution was used to determine
the cell constant, before and after each sample measurement.
The ionic conductivity was measured from -50 to 100 °C and
then back to 30 °C to check if there was any hysteresis.

Differential scanning calorimetry (DSC) was carried out on
a TA instruments™ DSC 2910. Samples (~10 mg) were sealed
in Al hermetic pans (part numbers 900793.901, 900794.901)
and then were cooled by liquid nitrogen at 10-20 °C.min"
to -150 °C. The DSC traces were recorded during heating at
10 °C.min"' to 100 °C.

An Anton Paar™ Automated Micro Viscometer with Vi-
sioLab ver. 1.0.1 was used to measure viscosity from 25 to
60 °C. An Anton Paar™ DMA 4500M was used to measure
density over the same temperature range.

FT-IR:

A Perkin Elmer™ Spectrum 400 FT-IR/FT-NIR Spectrome-
ter with Spectrum ver. 6.3.4 software was used to record FT-
IR spectra. ATR mode was used at ambient temperature, after
the sample was loaded into the ATR cell under argon.

Raman:

A Perkin Elmer™ Ramanstation 400F with Spectrum ver.
10.03.06.0100 was used to measure Raman spectra. All spec-
tra were measured at ambient temperature. Baseline correction
and normalization to the highest peak or area were applied to
the spectra.

Diffusion NMR:

Pulse-field gradient stimulated echo (PFG-STE) diffusion
measurements were performed on a Bruker 300 MHz Ul-
trashield with Avance I console utilizing a Diff30 diffusion
probe and GREAT60 amplifier, following the method de-
scribed by Bayley et al.” The diffusivities of 'H and °F nuclei
were measured for the Cympyr cation and FSI anion. Li spec-
tra and diffusivities were also measured; the chemical shifts
are reported relative to a 2 M LiCl solution. Each sample was
packed to a height of 50mm in a Smm Schott E NMR tube in
an Ar filled glove box and sealed with Teflon tape and a cap.
Each sample was measured from 278 — 333 K.

RESULTS AND DISCUSSION
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Conductivity and DSC:

Figure 2(a) shows the ionic conductivity data of LiFSI in
C,mpyrFSI at concentrations from the neat IL to 3.2 mol.kg™.
The ionic conductivity values of the neat C;mpyrFSI were 5.6
mS.cm™, 6.5 mS.cm’, and 7.4 mS.cm™ at 20, 25 and 30 °C
respectively, which is lower than the values reported by previ-
ous researchers,” >% ® '* 33! byt closer to more recently re-
ported data.’> We assume this difference arises from variations
in the purity of the neat IL.

The neat IL changes into a solid or plastic crystal phase be-

tween -5 and -10 °C with a huge decrease in ionic conductivity.

This phase transition shifts to more negative temperatures with
increased salt concentration: it is between -15 and -20 °C for
0.4 mol.kg" solution and between -25 and -30 °C for 0.8
mol.kg" solution. This phase transition was not observed
down to -50 °C when the salt concentration was 1.2 mol.kg™"
or greater. We note that the ionic conductivity of the 0.8
mol.kg" sample in the solid phase below -30 °C is higher than
that of 0.4 mol.kg™ in the solid phase or those for the electro-
lytes of higher salt concentrations (in their liquid state) at the
same temperature. The ionic conductivity of the electrolytes in
the solid phase has an optimum point, whilst in the liquid
phase, conductivity appears to decrease as the salt concentra-
tion increases. A similar trend was also observed by Paillard et
al. for LiFSI —C4mpyrFSI electrolyte.'® This suggests that the
ionic conduction mechanism in the solid phase of the FSI elec-
trolyte is quite different to that in the liquid phase. Figure 2(b)
demonstrates the concentration dependence of ionic conduc-
tivity in CsmpyrFSI electrolytes, from neat IL through to 3.2
mol.kg™ at 25 °C, showing that the conductivity continuously

decreases with increasing salt concentration in the liquid phase.

DSC heating traces from -120 to 100 °C are presented in
figure 3 (a) and (b). There are several endothermic transitions
in neat Csmpyr FSI (fig 3(a) bottom curve), including a low
energy solid-solid phase transition (phase III — II) with a peak
at -78 °C, a combined endothermic-exothermic peak at -46 °C
which was described as a mesostable phase transition by Zhou
et al.,” a solid-solid phase transition (phase II-I) at -16 °C and
a melting transition (phase I-liquid) at -6 °C. This DSC result
is exactly the same as that reported previously by Zhou et al.,”
and similar to those reported by Huang et al.”’, and Kunz et
al.,”?* except for small peak temperature differences which
are probably because of the different scan rate. When Li salt
was added to C;mpyr FSI to make a 0.4 molkg™ solution, the
melting point decreased to -15 °C, which correlates with the
previous conductivity data. An exothermic crystallization peak
was observed at -60 °C, and a glass transition at -95 °C. The
glass transition temperature moved from -95 °C to -72 °C with
the introduction of the lithium salt. The crystallization peak
was not observed when the LiFSI salt concentration was 0.2 or
0.3 mol.kg'1 (not shown), but was observed when it was 0.5
mol.kg” or higher (figure 3 (b)). Huang et al has also de-
scribed similar behaviour in solutions of LiTFSI in C;mpyr
FSI or Cympyr TFSL?” However, Paillard et al.'” did not ob-
serve this peak for solutions of LiFSI (from 0 to 2.06 mol.kg™)
in Cympyr FSI (which has one more methyl group in the chain
attached to the pyrrolidinium ring). Instead they found that the
IL solutions remained amorphous from neat IL up to a molar

ratio of LiFSI : Cympyr FSI of 0.4 : 0.6. This suggests that
crystal formation in this FSI electrolyte system more readily
occurs with the smaller Czmpyr" cation.

At higher concentrations, we do note that there is evidence,
in some cases, that multiple steps exist in the Tg shown in
figure 3 (b). This may not be unexpected due to the high salt
concentrations used here; while they are clearly miscible at
room temperature there appears to be a phase separation in the
glassy state as shown by the steps in Tg.

Density, Viscosity and Walden plots:

A Walden plot based on the Walden equation (eq. 1) de-
scribed by Angell and co-workers is an effective qualitative
method to characterise the properties of an IL*

A =C , M

where /1 is the molar conductivity, 1 is the viscosity, a is

an adjustable parameter and C is a temperature dependent
constant.

Recently, MacFarlane et al. suggested and demonstrated a
modified Walden plot including the effect of each ion in an IL,
since the traditional Walden rule assumes all participating ions
are of equal size.’® The role of ion size can be deduced from
the Stokes-Einstein equation (eq. 2) and combined with the
Nernst-Einstein equation (eq. 3) to yield a modified Walden
equation (eq. 4).%

_ KT
bi= 2
_ NAeZ + —
A= (pt4 Do) 3)
, 1 1
A= C(E + ) 4)

where " and # are the respective effective cation and anion
sizes. Since there are 2 different sized cations in the electrolyte,
Li" and Cympyr', r' is the weight average radius of both cati-
ons. From equation 4, we can plot the log molar conductivity
vs. log inverse adjusted viscosity (corrected for effective ion
sizes) to get ¢ and C'.

The Walden plots of each concentrated electrolyte are
shown in figure 4. The slopes of the plots are from 0.9 to 0.95,
which is similar to the values generally observed for other
ILs.>> 3™ The C’ values, which represent the distance from
the ideal KCl line, change from -0.009 to -0.446 when going
from the neat IL to 2.4 mol.kg” LIFSL The trend then changes
direction; at 3.2 mol.kg™ LiFSI, €' =-0.355. A ‘good IL’ has a
line close to the ideal line (a = 1, C' = 0) in the Walden plot;*>
% lines far from the ideal line (C' << 0) mean that more ions
are associated in various forms.*' Hence, the conductivity did
not decrease as much as the viscosity increased when the salt
concentration increased from 2.4 molkg' to 3.2 molkg”,
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which again implies that there may be a different conduction
mechanism in the solution with the highest lithium concentra-
tion; this mechanism may be related to Li coordination with
surrounding ions.

Diffusivity and lonicity:

To understand the local environment surrounding Li" and its
effects on ionic mobility and conductivity, 1D NMR spectra
and PFG-STE NMR diffusion coefficients for 'Li, 'H, and °F
were measured.

In order to set the pulse sequence for the PFG-STE experi-
ment, we have measured the 1D NMR spectra, Figure 5,
which shows that the 'Li NMR peak position unexpectedly
shifts to more negative values with increasing Li salt concen-
tration in the electrolytes. This suggests that, as the number of
Li" ions in the ionic liquid increases, its nearest neighbour
environment (and possibly its coordination) changes, resulting
in the observed chemical shift. We did not observer similar
shifts in either the "’F and 'H spectra under the same experi-
mental conditions, thereby allowing us to rule out magnetic
susceptibility effects for the shift in the "Li spectra.” This is
somewhat in contrast to work by Shirai et al. in their studies
on the effect of LiTFSI concentration in N,N-diethyl-N-
methyl-N-(2-methoxyethyl) ammonium TFSI; they observed a
"F NMR peak shift to higher ppm, whilst the Li peak did not
move.”” With the support of Raman data, they concluded that
Li forms Li(TFSI), in lower concentration solutions and
forms a Li oligomer (as also observed in Li,emim(TFSI); ILs
by Matsumoto et al.*’) at higher salt concentrations. Given that
our results for the FSI electrolytes presented here are the op-
posite of those found for the TFSI system, this suggests,
somewhat surprisingly, that the coordination of Li in the FSI-
based ILs is likely to be different.

The diffusivities of each ion in both the neat IL and the
LiFSI solutions, as measured by PFG-STE NMR, are present-
ed in figure 6. The diffusivities of all ions decreased as the Li"
concentration in solution increased. Figure 6(a) shows the
diffusivity plots for neat C;mpyrFSI, where FSI is faster than
Cmpyr' at 25 °C. The difference in diffusivity between the
two ions became smaller at 60 °C. When 0.8 mol.kg™" of LiFSI
salt was added into the neat IL (figure 6(b) and table 2), the
order of diffusivities of the ions at 25 °C was FSI' > Cympyr’
> Li". As Li salt concentration is further increased up to 3.2
mol.kg”, the diffusivities of all ion species are decreased. Pre-
sumably the addition of Li" decreases the fluidity of the entire
system and hence all ions show a decreased diffusivity, how-
ever, as seen from figure S1, the rate at which the diffusion
coefficient decreases with increasing LiFSI concentration is
greatest for the FSI ion, followed by Cympyr and finally the
Li" diffusivity. Since a high Li" concentration means a rela-
tively smaller amount of Csmpyr’ interacting with the FSI,
this trends implies that the Li~ ion has a much stronger influ-
ence on the FSI™ diffusion and thus possibly implies a more
aggregated structure whereby the ions are not moving inde-
pendently of one another but rather as a larger species. Inter-
estingly, for all concentrations, the temperature dependence of
the diffusion coefficients for both cations is almost identical,
indicating similar activation energies, whereas the anion ap-

pears to have an apparently smaller activation energy for all
compositions, even in the neat ionic liquid.

The diffusivity of each ion followed a simple Arrhenius
equation:

E
D = Dyexp(— ), ®)

where, D is diffusivity at each temperature, D, is self diffu-
sion constant, £, is activation energy and R is the gas constant.
The calculated D, and E, values are presented in table 2. Both
the self diffusion constants and activation energies of all ion
species increased with increased Li salt concentration, hence
the diffusivity decreased with increased salt concentration
because of the increased activation energy, which is related to
the strength of interaction between the ions.

According to Seki*, who compared ILs containing imidazo-
lium and phosphonium cations, a higher D, value results in
lower viscosity and density, and higher ionic conductivity.
However, in contrast to Seki’s study with different ion species,
our present system has the same cation and anion, and only
differs in lithium concentration. In our case, the highest D,
value occurs at the highest concentration, which is the sample
with the highest viscosity and density and lowest ionic con-
ductivity.

The diffusivity obtained by PFG-NMR does not distinguish
between ion pairs and dissociated ions and is, rather, the aver-
age diffusivity over all possible species.”” The NMR conduc-
tivity Anwr, as calculated from the Nernst-Einstein equation
(equation 3), assumes contributions from all individual ions,
regardless of ion association. However, the molar conductivity
obtained by impedance spectroscopy, Aimp, only includes con-
ductivity due to dissociated ions or charged aggregates.”
Hence, the ratio Ay, / Axur is referred to as the ionicity, and
represents the degree of ion correlation within the IL; if the
ionicity is unity, all ions are assumed to be dissociated and no
ion pairs or ionic clusters are present.”” **" The calculated
ionicity values for each solution are presented in table 3. The
ionicity increases as temperature increases, but decreases with
increased salt concentration; consistent with the previous in-
terpretation of the diffusivity data. One interesting point here
is that the ionicity was lowest when the Li salt concentration
was 2.4 mol.kg” and increased again at 3.2 mol.kg”, after the
addition of more Li salt. This also correlates with the Walden
plot (shown previously in figure 4). This may indicate that the
increased Li" concentration enhances the ion pair association
or clustering for the neat IL to the 2.4 molkg™ solutions but
adding more Li" up to 3.2 mol.kg" does not contribute to ion
pairing or clustering; instead the additional Li may exist as
free Li" on the time scales of the measurements here.

In addition, the Li" partial conductivity calculated from the
NMR diffusivity data in figure 6 using the Nernst-Einstein
equation (eq. 3) is presented in figure 7. While the actual total
conductivity decreases with increased salt concentration, the
Li" partial conductivity increases up to 1.6 molkg" salt con-
centration while the contributions of the Csmpyr  and FSI’
conductivities, 0.72 and 1.13 mS.cm™ respectively at 1.6
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mol.kg'l, decrease as the relative molar fraction of Li" increas-
es.

FSI configuration with Li salts:

We have used FT-IR and Raman spectroscopy to study the
interactions between Li", Czmpyr’, and FSI' The FT-IR and
Raman spectra for each Li salt concentration are presented in
figure 8. We have assigned the peaks based on the assign-
mirslts for 0.5 mol.kg™ LiTFSI in CsmpyrFSI by Hardwick et
al.

Figure 8 (a) presents the FT-IR spectra for various LiFSI
concentrations in the Cympyr FSI. The S-N-S stretching peaks
at 730 and 830 cm™ respectively, become restricted and shift
to higher wavenumber, with S-F asymmetrical stretching (830
cm™) closer to the peak position in the pure LiFSI salt. These
changes are anticipated as both symmetric and asymmetric
bond stretching in FSI will be strongly associated with the Li
ion.

Figure 8 (b) shows the FT-IR spectra for the asymmetric
SO, bending that is located at 564 cm™. A shoulder appears at
~595 c¢m” which increases in intensity with increasing salt
concentration, a phenomena was has also been reported by
Huang et al.”’ Raman peaks in figure 8 (c) and 8 (d) were as-
signed according to the previous reports by Fujii et al."® and
Castriota et al.*. The data show that the peaks at 1215 cm™
(0(SO,)) and 720 cm™ (v(SNS)) are shifted toward higher
frequency and peak broadening occurs as the LiFSI salt con-
centration increases. Together, these three spectra imply there
are changes in the coordination between FSI" and Li" which
we ascribe to ion-paring effects in the electrolyte. Due to the
high salt concentrations, and the peaks in the spectra being
quite broad in nature, we would also expect that there are
higher levels of ion-pairing present such as doubles, triples
and polymer-like aggregates. This observation is consistent
with the ionicity data presented earlier. Hardwick et al. also
reported that the Raman peaks shift to higher frequency for the
TFSI system (figure 8 (c)) which indicates that Li~ is bound to
the TFSI anion’; this interpretation is consistent with our ob-
servations in the FSI system studied here.

Furthermore, Fujii et al. calculated theoretical Raman peak
positions and compared them with experimental Raman spec-
tra.”*? The peaks for the trans-form of FSI (or C2 conformer)
were calculated in the liquid phase to be at 353, 316 and 275
em” and the peaks for a cis-form (or C1 conformer) were cal-
culated as 344, 315 and 278 cm’'. While the absolute peak
positions in this experiment are slightly different from these
calculated values, Figure 9 clearly shows that the trans-form of
the FSI conformer is changing into the cis-form with increas-
ing Li" concentration.

The FT-IR and Raman spectra clearly show that a percent-
age of FSI anions are converted from the trans- to cis- con-
former as increasing amounts of Li salt is added to the IL.
Fujii et al. have shown, using Raman and ab-initio calculations,
that the binding energy of Li' in the cis- conformer is lower
than in the trans- conformer.”’ Such a change may allow Li
ions to move via a site activation model, analogous to that
observed in polymer electrolytes. One could therefore postu-

late that these changes could affect the transport mechanism of
Li" at these high salt concentrations, going from being domi-
nated by vehicular transport to a mixed conduction mechanism.

CONCLUSIONS

We have previously shown that high concentration FSI-
based ionic liquid electrolytes display interesting electrochem-
ical properties, exhibit high Li" transport number and excellent
rate capability in lithium batteries. This work seeks to under-
stand why this might be the case through the use of a number
of different physical characterisation techniques. The conduc-
tivity, viscosity, density and DSC data for C;mpyrFSI with
different LiFSI salt concentrations from 0 to 3.2 mol.kg™ (1 : 1:
2 molar ratio of Li" : Csmpyr" : FSI') are reported. The Walden
plots and ionicity data show that these electrolytes exhibit
behaviour closer to that of an ideal IL at the higher salt con-
centration of 3.2 mol.kg'1 (or 0.5 mol fraction). FT-IR and
Raman spectra show two distinct behaviours; ion-paring with
increasing salt concentration and a shift in the preferred con-
formation of the anion to a mixture of cis- / trans- FSI species.
As the lithium concentration increases, the conformation of
FSI' changes from largely trans- to a mostly cis- form. The
changes in the local structure of the FSI based electrolytes
leads us to postulate that this may be the origin of the en-
hanced transport properties.

"Li NMR showed a shift to higher fields, consistent with a
more electron-shielded environment as the Li" concentration
increased. The NMR diffusivity measurements show that, at a
high lithium concentration, the mobility of Li" relative to that
of the other ionic species is greater than in solutions with low-
er lithium concentrations. These results imply that the coordi-
nation of the lithium ion in the FSI-based IL containing a high
Li" concentration is different, and that the Li" transport mech-
anism may be different from that seen in TFSI-based ILs or
FSI-based ILs at low Li salt concentrations.
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Figure 1 The structure of the ionic liquid

73



A study of Pyrrolidinium Bis(fluorosulfonyl)imide and dicyanamide based ionic liquids for lithium metal batteries, H.Yoon 2013

Table 1 Composition of electrolytes investigated.

LiFSI conc. Molar ratio of each ion

(mol.kg™) Li’ C3mpyr” FST
0 (neat IL) 0 0.50 0.50
0.4 0.06 0.44 0.50
0.8 0.10 0.40 0.50
1.2 0.14 0.36 0.50
1.6 0.17 0.33 0.50
2.0 0.19 0.31 0.50
24 0.21 0.29 0.50
2.8 0.23 0.27 0.50
3.2 0.25 0.25 0.50
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Figure 2 (a) Temperature dependence of ionic conductivity of Csmpyr FSI with different LiFSI concen-

trations, (b) Dependence of ionic conductivity on LiFSI concentration in Csmpyr FSI at 25 °C
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Figure 3 DSC traces for Csmpyr FSI with LiFSI ionic liquids as a function of LiFSI concentration. a)
neat CsmpyrFSI and 0.4 molkg"' LiFSI added Ci;mpyrFSI, b) 0.8 to 3.2 molkg' LiFSI added
CsmpyrFSI. The numbers provided indicate the temperatures of the peak positions.
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60 °C. (a) neat Csmpyr FSI; (b) 0.8 mol.kg™, (c) 1.6 mol.kg”, (d) 2.4 molkg™, and (e) 3.2 mol.kg™"
LiFSI in Csmpyr FSIL

79



A study of Pyrrolidinium Bis(fluorosulfonyl)imide and dicyanamide based ionic liquids for lithium metal batteries, H.Yoon 2013

Table 2 Parameters from Arrhenius fits to diffusivity data: self diffusion constant, D, and activation en-
ergy, E4 for each ion in Csmpyr FSI ionic liquid as a function of LiFSI concentration. (< +5%)

Li" Csmpyr’ FSI
Do E, Dy E, Dy E,4
(m’sec’) | (kJ.mol™) | (m?sec) | (kJmol) | (m’sec™) | (kJ.mol™)

Neat IL - - 3.5¢” 23 9.0¢” 19
0.8 molLkg' | 5.9¢” 26 6.2¢” 25 1.4¢” 22
1.6 molkg" | 12¢° 29 1.4 29 1.4¢” 23
24molkg! | 3.2¢° 33 2.8¢° 32 2.7¢” 26
32molkg’ | 4.3e® 34 3.2¢° 33 5.4¢” 29
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Table 3 ‘Ionicity’ of electrolytes indicating the degree of ion dissociation at each temperature and lithi-
um salt concentration. (< +£5%)

Apmp / ANmr 25 °C 30 °C 40 °C 50 °C 60 °C

Neat IL 0.56 0.57 0.57 0.58 0.58
0.8 mol.kg™ 0.50 0.51 0.51 0.53 0.53
1.6 mol.kg™ 0.46 0.48 0.49 0.50 0.50
2.4 mol.kg” 0.35 0.36 0.37 0.39 0.40
3.2 mol.kg™ 0.39 0.40 0.42 0.43 0.43
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Figure 9 Selected regions of Raman spectra in 400 — 250 cm™ range. Note that all peaks were baseline
corrected and normalized to the maximum intensity or area. Arrow indicates direction of increasing
LiFSI concentration.
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bis(fluorosulfonyl)imide in high LiFSI concentration: Supplement
figures
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vibrational neat 0.8 molkg" | 1.6 mol.kg" | 2.4 molkg" | 3.2 molkg™
mode CsmpyrFSI | LiFSIin IL | LiFSIin IL | LiFSIin IL | LiFSIin IL
vCH; Csmpyr | 2980 2981 2982 2982 2983
vCH; Csmpyr | 2889 2889 2890 2890 2891
O0CH,, 1469 1469 1469 1469 1469
CH;Csmpyr
OCH; Csmpyr | 1433 1433 1433 1432 1432
02550, 1376 1376 1376 1375 1374
0asS0; 1359 1359 1358 1358 1357
050, 1217 1217 1218 1219 1220
S0, 1171 1170 1170 1168 1168
FSI(?) 1100 1105 1109 1112 1114
Ring mode | 1003 1003 1003 1003 1003
Commpyr 970 970 970 970 970
939 939 939 939 939
905 905 905 905 905
V.sSNS  and | 826 830 835 839 841
vSF
VsSNS 730 736 741 744 746
OSNS 641 644 645 648 648
8,50, 564 565 566 567 566

Supplement Table 1: FT-IR Peak positions (v:

stretching, 8: bending)
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Supplement Figure 2: Modified Walden plot, Atomic radius from ‘MacFarlane, D. R.; Forsyth, M.;
Izgorodina, E. I.; Abbott, A. P.; Annat, G.; Fraser, K., Phys. Chem. Chem. Phys. 2009, 11 (25), 4962-

4967
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Supplement Figure 3: Viscosity plot of CsmpyrFSI with different LiFSI salt concentrations.
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Chapter 4. Studies of dicyanamide (DCA) ionic liquids

Introduction

In the previous chapter it was shown that lithium metal cells based on FSI IL electrolytes
exhibit exceptionally good rate capability. However, the cost of perfluorinated lithium
battery electrolytes remains high due to the presence of fluorine in the anion. Although the
study of non-fluorinated electrolytes is essential to reduce the battery manufacturing cost,
there are few publications in scientific literature which report lithium metal battery cycling
with non-fluorinated ionic liquid due to the lack of suitable alternatives with sufficient
electrochemical stability and ionic conductivity. This chapter describes the properties and
lithium cell performance of low viscosity, high conductivity non-fluorinated ionic liquids
based on the dicyanamide anion.

The first publication in this chapter compares the electrochemical stability and lithium salt
solubility of some CN-functionalised ionic liquids based on dicyanamide (N(CN), or DCA),
tricyanomethide (C(CN)s’) and tetracyanoborate (B(CN)4) anions. In particular, the role of
moisture content of the DCA based electrolyte is investigated in Li metal | LiFePO, cells and
is shown to be a critical factor determining cell performance. In addition, the performance
of this IL in Li | LisTisO1, cells was studied. The cycling of Li | LiFePO4 cells incorporating a
plastic crystal analogue of the DCA IL was also demonstrated.

The second publication in this chapter describes the physical properties of a pyrrolidinium
DCA IL with a range of lithium salts including LiTFSI, LiFSI, LiBF; and LiDCA. A range of
properties including density, viscosity, conductivity and thermal phase behaviour were
determined. In addition, the diffusivity of each ion was determined using pulse-field
gradient stimulated echo (PFG-STE) diffusion measurements for the *H, ’Li, *°F, and *3C
nulcei. A ‘Walden plot’, which is an effective qualitative tool for understanding the degree of
dissociation in an ionic liquid, was reviewed and compared with the concept of ‘ionicity’ in
the presence of the various lithium salts.
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Lithium electrochemistry and cycling behaviour of ionic
liquids using cyano based anionst

H. Yoon,?® G. H. Lane,?® Y. Shekibi,” P. C. Howlett,© M. Forsyth,© A. S. Best*?
and D. R. MacFarlane®

Lithium based battery technologies are increasingly being considered for large-scale energy storage
applications such as grid storage associated with wind and solar power installations. Safety and cost are
very significant factors in these large scale devices. lonic liquid (IL) electrolytes that are inherently non-
volatile and non-flammable offer a safer alternative to mainstream lithium battery electrolytes, which
are typically based on volatile and flammable organic carbonates. Hence, in recent years there have
been many investigations of ionic liquid electrolytes in lithium batteries with some highly promising
results to date, however in most cases cost of the anion remains a significant impediment to
widespread application. Amongst the various possible combinations the dicyanamide (DCA) anion
based ionic liquids offer exceptionally low viscosities and high conductivities — highly desirable
characteristics for Li electrolyte solvents. DCA ILs can be manufactured relatively inexpensively because
DCA is already a commodity anion, containing only carbon and nitrogen, which is produced in large
amounts for the pharmaceutical industry. In this study we use the non-fluorinated ionic liquid N-methyl-
N-butylpyrrolidinium dicyanamide to form non-volatile lithium battery electrolytes. We demonstrate
good capacity retention for lithium metal and LiFePO,4 in such electrolytes and discharge capacities
above 130 mAh.g™" at 50 °C. We show that it is important to control moisture contents in this
electrolyte system in order to reduce capacity fade and rationalise this observation using cyclic
voltammetry and lithium symmetrical cell cycling. Having approximately 200 ppm of moisture content
produces the optimum cycling ability. We also describe plastic crystal solid state electrolytes based on
the DCA anion in the lithium metal-LiFePO, battery configuration and demonstrate over 150 mAh.g™"
discharge capacity without any significant capacity fading at 80 °C.

Lithium battery technologies have applications in large-scale energy storage such as grid storage and electric vehicles. Safety, energy density, and cost are very

crucial factors in the choice of large scale devices. Currently, mainstream lithium-ion battery electrolytes are based on volatile and flammable organic carbonates
which introduce significant safety issues. Ionic liquid (IL) electrolytes, which are inherently non-volatile and non-flammable, offer a safer alternative. Addi-
tionally, ILs offer the promise of enabling a rechargeable lithium metal electrode to deliver significant increases in energy. Amongst the various possible cation
and anion combinations, ILs using the dicyanamide (DCA) anion, which contain no fluorine reducing cost, offer exceptionally low viscosities and high

conductivities - highly desirable characteristics for Li electrolyte solvents. We have investigated the ionic liquid N-methyl-N-butylpyrrolidinium dicyanamide to
form lithium battery electrolytes which enable good capacity retention for a lithium metal-LiFePO, battery with discharge capacities above 130 mAh.g ™" at 50 °C.
We also describe solid state electrolytes, based on plastic crystals with the DCA anion, in a lithium metal-LiFePO, battery and demonstrate over 150 mAh.g "
discharge capacity without any significant capacity fading at 80 °C.

Introduction

Ionic liquid (IL) electrolytes, which are inherently non-volatile
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in nature,' offer a potentially safer alternative to mainstream
lithium battery electrolytes which are based on volatile and
flammable organic carbonates.>® Hence, in recent years there
have been many investigations of ionic liquid electrolytes in
lithium batteries with some highly promising results to date.*®

The suitability of any particular ionic liquid for use in a
lithium battery is heavily dependent on the type of anode and
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cathode materials used.” One anode material that is of partic-
ular interest to researchers is lithium metal. Lithium has an
enormous specific capacity (3860 mAh.g™")** compared to
graphite (380 mAh.g ") which is commonly used in commercial
lithium-ion devices. However lithium metal exhibits high
reactivity in the presence of electrolytes based on aprotic
organic solvents, leading to excessive electrode-electrolyte side
reactions. Dendrite formation and excessive electrolyte degra-
dation eventually stifles the proper functioning of the battery,
and as yet a rechargeable lithium metal battery has not been
successfully commercialised.*>"*

An early study by Sakaebe and Matsumoto demonstrated
successful cycling, albeit with some capacity fade, of lithium
metal-LiCoO, batteries in ionic liquids based on the bis(tri-
fluoromethanesulfonyl)imide (TFSI) anion."* Howlett et al
studied the lithium metal electrode in isolation using the IL
N-methyl-N-propylpyrrolidinium TFSI (Cympyr TFSI) and
reported excellent cycling behaviour,* thus concluding that the
limited capacity fade observed by Sakaebe probably resulted
from the cathode (LiCoO,) side of the battery. Despite this,
LiCoO,, and its derivatives, continue to be used in many battery
studies involving TFSI type ILs due to the need for high energy
batteries.">™”

With the demonstrated excellent stability of lithium metal in
some TFSI ILs, many researchers have since reported on the
cycling of lithium metal batteries using TFSI based ILs for a
range of cathode materials. More recently, another sulfonyl type
anion, bis(fluoromethanesulfonyl)imide (FSI) has been the
subject of investigation in lithium battery studies.'*** The FSI
ILs, which are more fluid and conductive than their TFSI
counterparts, have become favoured over TFSI ILs due to the
excellent battery cycling behaviour at high rates that can be
obtained using FSI IL electrolytes.'®**** However, there are
some concerns about the thermal stability of FSI.>***

The relative expense (currently) of TFSI and FSI ILs
compared to organic carbonate-based electrolytes detracts from
their attractiveness as commercial electrolytes. Therefore, the
investigation of alternative ILs based on less expensive anions,
especially non-fluorinated anions, is of significance. To our
knowledge there are no publications in the scientific literature
which report lithium metal battery cycling using a non-fluori-
nated ionic liquid. In fact, in lithium metal systems using TFSI
ILs, LiF has been identified as a major component of the solid
electrolyte interphase (SEI) that acts to prevent ongoing degra-
dation of the electrolyte.* Stable cycling behaviour of a fluorine
free system would prove that LiF is not an indispensable SEI
component in IL systems, and may promote the study of fluo-
rine free ILs in the ongoing research effort.

Ionic liquids based on the dicyanamide (DCA) anion have
exceptionally low viscosities,>*® a highly desirable character-
istic for potential electrolyte solvents. DCA ILs can be manu-
factured relatively inexpensively as DCA is already a commodity
anion produced in large amounts for the pharmaceutical
industry. However, for lithium batteries, the DCA anodic
stability is below that of TFSI, by at least 1 V,>**¢ therefore the
lithium ion insertion potential of cathode, such as LiCoO,,
would be likely to exceed the anodic breakdown potential of a

980 | Energy Environ. Sci., 2013, 6, 979-986
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DCA type ionic liquid. This potential problem may explain the
lack of investigation of these ILs in lithium batteries.

In this article we report on the use of IL electrolytes using
DCA and two other related anions based on the cyano-moiety. In
particular we will focus on ionic liquids and plastic crystals
based on N-methyl-N-alkyl-pyrrolidinium dicyanamide (C,mpyr
DCA) in lithium batteries. We include investigations of lithium
metal, Li,TisO;,, and LiFePO, electrode materials, with partic-
ular attention paid to batteries using a lithium metal anode and
LiFePO, (LFP) cathode.

Experimental
Materials

N-Methyl-N-butylpyrrolidinium dicyanamide (C,mpyr DCA with
90 ppm of H,0) and N-methyl-N-butylpyrrolidinium tetracya-
noborate (C;mpyr TCB with 34 ppm of H,0) were both sourced
from Merck™, Germany. N-Methyl-N-butylpyrrolidinium tricya-
nomethanide (C,mpyr TCM) was synthesized from N-methyl-N-
butylpyrrolidinium bromide from Merck™, Germany and
potassium tricyanomethanide from Alfa Aesar™, USA in dry
acetonitrile. Lithium dicyanamide (LiDCA) was synthesized from
sodium dicyanamide with LiCl in dry acetone in our laborato-
ries.”” N-N-Dimethylpyrrolidinium dicyanamide (Cympyr DCA)
was synthesized following the previously reported method by
MacFarlane et al.*® Moisture contents were determined via a Karl
Fisher titration 756KF coulometer.

Cyclic voltammetry

For cyclic voltammetric studies, a 500 pm dia. Pt working
electrode and a Pt wire counter electrode were employed. The
reference electrode consisted of a silver wire immersed in a
solution of 10 mM silver triflate in N-methyl, N-butylpyrrolidi-
nium bis(trifluoromethanesulfonyl)imide (C,mpyr TFSI) and
separated from the main solution by a glass frit as reported by
Snook et al.?® The scan rate was 20 mV s~ '. Measurements were
obtained at ambient temperature. Potentiostatic control was
provided by an Autolab pgstat302 (Eco Chemie, Netherlands)
controlled with GPES (Version 4.9.005) software.

Coin cells

LiFePO, electrodes consisted of 75 wt% LiFePO, coated with
carbon [1.6 wt%] (Phostech), 15 wt% carbon black (Shawinigan)
and 10 wt% PVdF binder. Dry ingredients were milled together
for 72 h, prior to the addition of the binder (dissolved in N-
methylpyrrolidone) to form a slurry. The slurry was milled for a
further 72 h prior to being spread on aluminium foil using a
100 um graded roller giving its loading of 2.5 mg.cm 2. Foils for
the plastic crystal C;mpyr DCA used a 60 um graded roller
giving its loading of 1.5 mg.cm 2. All coated foils were allowed
to dry overnight in a fume hood prior to being dried in a vacuum
oven at 100 °C for 72 h.

Coin cells consisted of a CR2032 stainless steel coin cell case,
a 10 mm diameter disc cathode, a 10 mm diameter disc of
lithium foil (China Energy Lithium, 0.33 mm thick, cleaned
with n-pentane) anode, and 30 um thick Separion® (Evonik

This journal is © The Royal Society of Chemistry 2013
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Industries, Germany, dried under vacuum at 100 °C) separator.
An internal spring and spacer provided uniform pressure inside
the cells. Cells were assembled in an argon filled glove box
(<5 ppm H,0, 10 ppm O,).

Cells were cycled on a Maccor series 4000 battery tester. The
test temperature was 50 °C unless stated otherwise.

Results and discussion
Electrochemical windows

In order to determine the electrochemical stability of the cyano-
based anions, we have chosen to use the pyrrolidinium cation
for these experiments. Whilst ionic liquids using these cations
do not have the highest conductivity or lowest viscosity, they
have superior electrochemical stability when compared to imi-
dazolium-based ionic liquids.>**°

We have checked the solubility of various lithium salts in
C,mpyr DCA, C;mpyr TCM and C,mpyr TCB (whose structures
are shown in Fig. 1) to determine their possible application as
lithium battery electrolytes. LiDCA salts could be dissolved into
C,mpyr DCA to approximately 0.75 molkg ', and up to
1.5 mol.kg™! into C;mpyr TCM. We have tried to solubilise a
range of lithium salts (e.g., LIDCA, LiTFSI, LiFSI, LiPF¢ and
LiBF,) into C,mpyr TCB with no success above a concentration
of 0.3 mol.kg ", which limits the viability of C;mpyr TCB for use
as a lithium battery electrolyte. Scheers et al.** have reported the
same issue for TCB based ILs; in order to overcome this, they
introduced glycol dimethyl ether to dissolve the Li salts in the
mixture, which is similar to the approach of Watanabe and
co-workers.***> For C,mpyr DCA, we have chosen to use a salt
concentration of 0.5 mol.kg™" LiDCA as this was found to
exhibit the optimum Li|Li" behaviour in solution.

Fig. 2 shows the electrochemical windows of the ionic liquids
chosen for this study. For the DCA, TCB and reference NTf, (or
TFSI) ILs, the CV started at 0 V scanning reductively first. After
completion of the scan, the working electrode was polished
before starting at 0 V and scanning in the oxidative direction.
Only in the TCM case did this change; the CV started at 0 V for
reductive direction and —2 V in the oxidative direction. In this

A

+N //
N7
Dicyanamide (DCA or N(CN),)

N-butyl-N-methylpyrrolidinium (C mpyr*)

N

I
é/\C'/\%N rB_/\%N
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Tricyanomethanide (TCM or C(CN);) Tetracyanoborate (TCB or B(CN),)

Fig. 1 Structures of ions examined in this study.
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Fig. 2 Comparison of the electrochemical window of three cyano-based ionic
liquids with a pyrrolidinium cation (scan rate: 20 mV s~ at r.t.); where (a) C4mpyr
DCA, (b) C4mpyr TCM, (c) C4mpyr TCB, (d) Cysmpyr NTf, (added for comparative
purposes).2® Note values in the top x-axis are converted from Ag|Ag* to Li|Li* for
comparative purpose. The moisture content of each IL was 90 ppm, 40 ppm,
28 ppm and 21 ppm for (a) to (d) respectively.

way, we sought to isolate the products generated as a result of
the scan direction.

Fig. 2(a) shows that C;mpyr DCA has wider electrochemical
window than C,mpyr TCM but narrower electrochemical
window than C,mpyr TCB. On the reverse (cathodic) scan, a
noticeable peak is present at —2.7 V, which may be due to an
unknown impurity or potential cation reduction. Using a
threshold current density of 0.014 mA.cm ™2 above background,
the reductive breakdown of the IL is underway by —3.62 V, and
the oxidative breakdown by +0.59 V, giving an electrochemical
window of 4.2 V. C;mpyr TCM in Fig. 2(b) exhibits the narrowest
electrochemical window of the cyano-based ILs. The rapid
oxidation behaviour at the electrochemical limit is not observed
in the case of C,;mpyr TCB (Fig. 2(c)); it is unclear why this is the
case.

The TCM and DCA ILs are at least 1 V (vs. Ag|Ag") less elec-
trochemically stable than the NTf, ILs, limiting the scope for
using these materials with common cathodes such as LiCoO, or
LiMn,0,. For this reason in the battery cycling work described
later, we have focused on LiFePO, (LFP) cathodes. Whilst the
TCB based IL appears to have an equivalent electrochemical
window to C;mpyr NTf, (or TFSI) and FSI based ILs, the very
limited Li salt solubility precludes its further study in this work.
Consequently, we focused the further investigation described
below on the DCA-based ionic liquids.

Cycling stability of C;mpyr DCA with different moisture
content

We have found that cyano based ionic liquids have a strong
affinity for moisture and it is therefore very difficult to remove
all moisture from the solution. Electrolytes composed of fluo-
rine based anions or salts in the presence of moisture may have
an unfavourable effect on the lithium plating process and SEI

Energy Environ. Sci., 2013, 6, 979-986 | 981
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formation.*** There are few reports on the role of trace
amounts of H,O in non-fluorinated ionic liquid based electro-
lytes, however, Scheers et al. investigated the role of relatively
large amount of H,O in 4,5-dicyano-(2-trifluoromethyl)imida-
zolium based ionic liquids on lithium ion co-ordination
behaviour.*?® Hence, we have conducted a number of experi-
ments to understand the role of H,O on the lithium electro-
chemistry in the electrolyte of C;mpyr DCA + 0.5 mol.kg "
LiDCA. We have systematically increased the moisture content
of the electrolyte from 36 ppm up to 630 ppm. The electrolyte
with 36 ppm of H,0 was prepared by eliminating moisture from
the solution via contacting it with lithium metal for up to three
months. The CV of this electrolyte, shown in Fig. 3(a), indicates
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Fig.3 (a) CVsof 0.5 mol.kg™" LIDCA in C;mpyr DCA with 36 ppm H,0 showing 5
cycles at ambient temperature (scan rate is 20 mV s71). (b) CV with 97 ppm H,0.
(c) Li deposition and dissolution peak current at the first cycle with different
amount of H,0. Note: CVs for electrolytes with different H,O content are pre-
sented in the ESI.t
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that no lithium dissolution was possible following a strong
reduction peak at ~ —3.7 V vs. Ag|Ag’. We ascribe this peak to
be related to ionic liquid decomposition, more specifically
C,mpyr reduction, due to insufficient moisture to form an SEIL
We do note that the electrolyte was slightly discoloured after
being exposed to the Li metal for the extended period of time.

Fig. 3(b) shows the cyclic voltammetry for the 0.5 mol.kg™*
LiDCA solution with 97 ppm H,O. The Li" reduction peak,
beginning at —3.9 V (vs. Ag|Ag’), reaches a maximum current
density of 4 mA.cm™? on the first scan. On the reverse scan a
clear bulk lithium metal stripping is present at —3.95 V (vs. Ag|
Ag"), along with some smaller peaks which are due to the
stripping of Li from Li-Pt alloys."**** The Li stripping peak of
the 2nd scan is bigger than the first scan and then reduces in
subsequent scans. We attribute this change to the formation of
a passivation layer that grows with continued cycling. The
tendency of decreasing peak currents for Li* deposition and Li
stripping during cycles are commonly observed in all samples
with different H,O amount but, the highest peak current value
was observed when the water content is 97 ppm. In all instances
we have not found it possible to clearly resolve the deposition
peak; it appears that bulk electrolyte decomposition is almost
co-incident with lithium deposition. Of note is the increase in
current density for the peak at —2.5 V vs. Ag|Ag"” which can be
attributed to the increasing presence of moisture in the
electrolyte.

Fig. 3(c) shows a trend for the peak current density of the
plating of lithium decreasing as increasing amounts of H,O are
added to the electrolyte. Comparing the sample which has
97 ppm H,0 and the sample which has 630 ppm of H,O, a
significant decrease in the current density for both Li* deposi-
tion and stripping can be seen, suggesting increasing amounts
of moisture are detrimental to electrochemical kinetics. Cyclic
voltammetry experiments clearly show the feasibility and
stability of lithium cycling in the Cympyr DCA ionic liquid with
non-fluorinated lithium salt and an optimum moisture content
contributes to higher current densities and efficiencies.

Cyclic performance of C;mpyr DCA lithium symmetrical cells

Lithium symmetrical cells, with 0.5 mol.kg™' LiDCA in C,mpyr
DCA and different moisture contents, were prepared and cycled
100 times at 50 °C and at a current density of 0.1 mA.cm > for
16 min (0.1 C cm ™) for each polarisation. Fig. 4(b)-(d) show the
cycling results using electrolytes and Fig. 4(f)-(h) show the EIS
before and after the cycling with 226 ppm, 291 ppm and
443 ppm moisture respectively. In all cases, the over-potentials
of the symmetrical cells start at approximately the same point;
however, with continued cycling the cells exhibit increasing
over-potentials, which vary dramatically with moisture content.
We have ascribed this change to unrestrained growth of the SEI
on the lithium metal electrode, leading to increased impedance
and hence, the over-potential. The cell impedance of the elec-
trolyte containing 36 ppm water increases most rapidly with
cycling leading to the high over-potentials recorded here (Fig. 4a
and e). From this experiment, it appears that a certain amount
of moisture is required to form and stabilise an SEI layer in

This journal is © The Royal Society of Chemistry 2013
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DCA with different H,O contents; (a) and (e) 36 ppm, (b) and (f) 226 ppm, (c) and (g) 291 ppm, (d) and (h) 443 ppm.

presence of the DCA anion during lithium cycling. This indi-
cates that the moisture content of the electrolyte has a signifi-
cant effect on the SEI that forms on the lithium surface in DCA
electrolyte systems; however, this can be managed to allow
effective cycling of the cell.

In support of this assertion, we prepared a lithium
symmetrical cell doped with 223 ppm of water and cycled the
cell 100 times at 50 °C, with a 15 h, 1 h and 24 h interval after the
10th, 30th and 50th cycles, respectively. During the cycling
interval, the cell was maintained at 50 °C and open circuit. Fig. 5
shows that even when no current is applied to the cell the
impedance continues to increase during the storage period at
50 °C. This implies that the increasing cell impedance is not
driven by a potential dependant thermodynamic reaction but
rather by a temperature and time dependant kinetic reaction.

Li|LiFePO, cells

Li|LiFePO, cells were constructed using cathodes with a loading
of 2.5 mg.cm > and LiDCA salt (0.5 mol.kg™") in C,;mpyr DCA
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Fig. 5 Li symmetrical cell cycling results: 0.1 mA.cm~2 constant current for 16
minutes, 100 cycles at 50 °C using 0.5 mol.kg ™" LIDCA in C;mpyr DCA at 223 ppm
H,0. Cycling procedure were 10 cycles, 15 hours at OCV or “rest”, 10 cycles, 1 hour
at OCV or "rest”, 30 cycles, 24 hours at OCV or “rest”, and 50 cycles.
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with 226 ppm and 443 ppm of moisture. These cells were cycled
between 3.0 V and 3.8 V with 0.35 mA.cm™> constant current
(about 1 C rate) at 50 °C. For each cell, we observed an initial
capacity of more than 130 mAh.g ' discharging capacity as
shown in Fig. 6. The cell with 443 ppm of H,O shows a larger
initial irreversible capacity, lower efficiency (93-95% over
20 cycles) and more rapid capacity fade (93% of initial discharge
capacity after 10th cycles) than the cell containing 226 ppm of
H,0, which has 137 mAh.g™' maximum discharge capacity at
the 2nd cycle, over 97% efficiency and over 97% discharge
capacity remaining after 10 cycles. We ascribe the difference in
the cycling efficiency and capacity fade to be due to the different
amounts of moisture in the cell and the evolution of the SEI on
the lithium metal electrode. Importantly, these results show
that good performance in a real battery at a relatively high C rate
can be achieved with this non-fluorinated electrolyte system.

Li|Li,Ti5O;, cells

Li,TisOq, is a cheap, high capacity and high cycleability material
having zero strain with minimal SEI formation and has been
researched vigorously for the application as an alternative
anode material.*»** The compatibility of Li,TisO,, with the
C,mpy DCA based electrolyte was also investigated. A Li|
Li TisO;, cell was prepared with a loading of 1.23 mg.cm ™2 and
cycled at 50 °C. The cell was cycled at 1 C rate at 50 °C and
displayed a capacity of around 130 mAh.g~" (Fig. 7), the theo-
retical capacity for this material is 175 mAh.g '. Clearly
Li,TisO4, is a viable electrode material for Cympyr DCA based
electrolytes.

Plastic crystal electrolytes based on C;mpyr DCA

Plastic crystal electrolytes have also been researched widely
since they have flexibility and durability during volumetric
change.”** Recently, Adebahr et al. have reported the possi-
bility of using Cympyr DCA as a plastic crystal electrolyte having
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a high conductivity at elevated temperatures with the addition
of lithium salts.**

Molten Cympyr DCA with 0.5 mol.kg ' LiDCA binary
composite electrolyte, was incorporated in a PVdF separator at
130 °C inside an argon filled glove box. This material was kept at
this temperature for more than two hours until the electrolyte
was fully absorbed into the separator. The laden separator was
then placed on the surface of LiFePO,, which was already wetted
with a thin layer of molten electrolyte at the same temperature.
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Fig.9 Li|LiFePO, coin cell cycling at C/10 rate using Cympyr LIDCA in PVdF at 80 °C.

This combined assembly was then left at 130 °C for a further two
hours. The assembly was cooled to room temperature before
assembly with a Li metal anode in a battery cell. Cycling
performance of the cell was tested at C/10 rate at 80 °C to
examine the specific capacity and cycle-ability of this composite
in its solid-state phase. Initially, the cell showed a capacity at
about 162 mAh.g™', which was followed a by linear drop
reaching 158 mAh.g™" for the next 10 cycles (Fig. 8). Conse-
quently, the cell showed a slow capacity loss from 158 mAh.g ™"
to 140 mAh.g™" after 200 cycles. Further studies need to be
conducted on this composite electrolyte using a separator more
suitable for application at higher temperatures.

Fig. 9 shows charge and discharge curves of the 10th, 50th
and 100th cycles. The first 20 cycles, shows the cell to have poor
efficiency and we ascribe this behaviour to the electrolyte
decomposing slowly to form the SEI on Li metal, consistent with
our earlier observations. At later cycles (>75), the cell reached
and continuously maintained 98% efficiency.

Conclusions

The use of a non-fluorinated anion, as part of an ionic liquid and
electrolyte thereof, goes to the heart of the challenge of adopting
these exciting materials in lithium battery applications; afford-
ability, availability and electrochemical stability. The
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dicyanamide anion is well adopted in a number of different
technology areas and is relatively cheap. We have now studied
this important family of non-fluorinated ionic liquid electrolytes
for potential application in lithium metal batteries. We show that
there is promise in the use of these materials for energy storage.

Our studies have shown that the electrochemical stability of
DCA is higher than TCM but lower than and TCB analogues. On
the other hand, the Li salt solubility shows that the TCM is able
to solubilise more salt than DCA and TCB (a very poor solvent
for lithium salts). We do note, however, that the electrochemical
window of this DCA is still inferior to NTf, based ionic liquids.

For the DCA based electrolytes, we have found a strong
relationship with the amount of H,O on the cycle-ability of the
lithium anode. When there is less than 100 ppm of H,O present
in the electrolyte, this reduces the lithium cycle-ability signifi-
cantly, whilst having between 100 and 200 ppm of H,O provided
the best cycling ability in Li|Li symmetrical cells.

Li|LiFePO, cells with Cy;mpyr DCA ionic liquid showed over
130 mAh.g~" of discharge capacity without a significant capacity
reduction over to 20 cycles. We also demonstrated utility of Li|
Li,TisO;, cells at 50 °C. An organic ionic plastic crystal, C;mpyr
DCA, showed 150 mAh.g™ " discharge capacity in a Li|LiFePO,
without a significant capacity fade for up to 200 cycles at 80 °C. In
conclusion, these non-fluorinated ionic liquids based on cyano-
based anions have proved to be a promising base for potentially
safer and economical electrolytes for lithium metal batteries.
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ABSTRACT: The physical properties of the ionic liquid N-butyl-N-methylpyrrolidinium
dicyanamide (CsmpyrDCA), with a range of salts including LiNTf,, LiFSI, LiBF, and
LiDCA have been investigated, including density, viscosity, conductivity, DSC and the
diffusivity of each ion from Pulse-field gradient stimulated echo (PFG-STE) diffusion
measurements for *H, 'Li, *°F, and **C. When the same amount of lithium salts are added to
the IL, LiIDCA showed the lowest viscosity and highest ion mobility for all ionic species in
the solution while LiBF4 showed the highest viscosity and lowest ion mobility. Comparing
the results in the perspective of the Walden and lonicity plots, suggests that there is greater
ion aggregation in the lithium salt mixtures. Correlation of the physical properties with the
SEI forming properties of the mixtures shows that more ion aggregation reduces the surface

impedance of lithium surface.

INTRODUCTION
Due to their non-volatility, which potentially offers a safer alternative to the mainstream
volatile and flammable organic carbonate-based lithium battery electrolytes,* ionic liquids

(ILs) have been investigated for application in a range of different lithium battery types. A
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major concentration of these studies has centered around ILs based on either the NTf, or FSI
anions, based on their relatively higher conductivity and lower viscosity with several
significant results reported on these materials.>® However, the relative expense of these
materials when compared to organic carbonate-based electrolytes has been a significant
barrier to their commercial use in energy storage devices. Therefore, studies on alternative
ILs which could be potentially less expensive, especially those consist no fluorine in its
components, are necessary. Of note, there are few academic publications or patents on this
topic compared with ILs utilizing fluorinated anions.”*

In the search for non-fluorinated ILs, we have examined the cyano-based family of anions
including tricyanomethanide, tetracyanoborate and dicyanamide. Of these three anions,
dicyanamide (N(CN), or DCA) based ionic liquids, exhibit moderate electrochemical
windows and have exceptionally low viscosities and relatively low cost.® ***? MacFarlane, et
al. first introduced and investigated the pyrrollidinium based DCA anion ionic liquids,
investigating their physical and electrochemical properties, showing that they were promising
candidate as electrolytes for many electrochemical devices.® These DCA ionic liquids with
various other cations have been investigated for the use in gel polymer electrolyte, plastic

1418 and dye-sensitized solar cell applications.’”*® Compared to the other

crystal electrolytes,
similar anions having nitrile group, such as C(CN)3;" or B(CN)4, DCA ionic liquids have
relatively high solubility for various lithium salts."* We have also demonstrated that the
capacity and cycleability of lithium metal cells with this non-fluorinated anion in our recent
report.’? There was also an attempt to utilize a partly fluorinated B(CN), derivative by
Scheers, et al. in their non-fluorinated IL research.” *°

On the other hand, LiF, a bi-product during charging and discharging of lithium cells based

on fluorine containing ILs, was thought to be an important component in the formation of a

stable, solid electrolyte interphase (SE1)?>* . Our recent work showed that stable SEI layers
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could be formed from in the DCA case in the presence of small but significant amounts of
water, suggesting that it had a critical role in the chemistry of the SEI. In this paper, to
explore whether the excellent SEI forming properties of the fluorinated anions could be
introduced via the lithium salt, we have further investigated the properties of N-butyl-N-
methylpyrrolidinium dicyanamide (C.mpyrDCA) IL when it is mixed with a range of
fluorinated lithium salts, LiNTf,, LiFSI, LiBF, , using the IL-LiDCA as the basis for
comparison at constant composition. Correlations between SEI formation and physical

properties of the mixtures are discussed.

EXPERIMENTAL

Materials:

N-butyl-N-methylpyrrolidinium dicyanamide (CsmpyrDCA), 90 ppm HO, synthesis grade,
Merck™) was used as received after checking moisture contents (< 200 ppm) via Karl Fisher
titrations (Metrohm). Lithium dicyanamide (LiDCA) was synthesized from sodium
dicyanamide with LiCl in dry acetone in our laboratories as described in our previous paper.'*
22 |Lithium bis(trifluoromethanesulfonyl)imide (LiNTf,) and lithium tetrafluoroborate (LiBFy)
were sourced from Stella Corporation and lithium bis(fluorosulfonyl)imide (LiFSI) was
sourced from Suzhou Fluolyte Co., Ltd. All lithium salts were dried at 140 °C under vacuum
for 48 hours before use. Electrolytes in this experiment were prepared by adding 0.5 mol.kg™
of each salt into CympyrDCA IL and stirring for 24 hours at 50 °C in an Ar-filled glove box.
Moisture contents were determined (less than 130 ppm for all solutions) via Karl Fisher
titration 756 coulometer.

An Anton Paar™ DMA 4500M was used to measure density from 20 °C to 60 °C and an
Anton Paar™ Automated Micro Viscometer with VisioLab ver. 1.0.1 was used to measure

viscosity over the same temperature range.
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Differential scanning calorimetry (DSC) was carried out on a TA instruments™ DSC 2910.
Samples (~10 mg) were sealed in Al hermetic pans and lids and then were cooled by liquid
nitrogen at 10-20 °C.min* to 150 °C. The DSC traces were recorded during heating at

10 °C.min to 100 °C.

lonic conductivity was measured with a sealed glass conductivity dip-cell equipped with two
porous platinum electrodes; all preparations took place inside an Ar-filled glove box and the
moisture contents were determined again after conductivity measurement; even though we
used a sealed dip-cell, the moisture contents after conductivity measurement were increased
to ~ 400 ppm for all samples. A 0.01 M KCI solution was used to determine the cell constant,
before and after each sample measurement. The ionic conductivity was measured from -30 to
100 °C and then back to 30 °C to check for any hysteresis.

Pulse-field gradient stimulated echo (PFG-STE) diffusion measurements for *H for C;mpyr”,
"Li and *°F were performed on a Bruker 300 MHz Ultrashield with Avance | console utilizing
a Diff30 diffusion probe and GREAT60 amplifier for *H for Cympyr*, "Li and *°F, following
the method described by Bayley et al.” and another Bruker 500 MHz Ultrashield with
Avance | console was used for **C diffusion for DCA anion. Each sample was packed to a
height of 50mm in a 5mm Schott E NMR tube in an Ar filled glove box and sealed with
Teflon tape and a cap. Each sample was measured from 278 — 333 K.

CR2032 size lithium symmetric cells were prepared for EIS measurement with 2 10 mm2
diameter lithium discs and a 30 mm thick Separion® (Evonik Industries, Germany, dried
under vacuum at 100 °C) separator in an Ar-filled glove box. The EIS was measured using 1
mV perturbation after cell preparation preparation and the cells were polarized with a
constant voltage of 1.0 V for 5 minutes at 25 °C and the EIS was measured. These
experiments were conducted using a Solartron™ 1470 Battery test unit connected to a 1255B

Frequency response analyzer with Corrwave ver. 3.1c and Z-plot ver. 3.1c.

105



A study of Pyrrolidinium Bis(fluorosulfonyl)imide and dicyanamide based ionic liquids for lithium metal batteries, H.Yoon 2013

RESULTS AND DISCUSSION

Density, Viscosity, DSC and Conductivity:

Density and viscosity of CympyrDCA with the various lithium salts is shown in figure 1. The
density and dynamic viscosity of neat CsmpyrDCA is 1.01 g.cm™ and 35 cP at 25 °C,
consistent with other recently published data for this compound.'® However, the measured
density is higher and the viscosity is lower than older reported values of 0.95 g.cm™and 50

cP respectively,™

which may be due the different impurity and moisture content between
these reports. The density increases when 0.5 mol.kg™ of the lithium salt is added and the
increase follows the molecular weight of each salt. The viscosity which is shown in figure
1(b) shows a different behavior. LIDCA, the lowest molecular weight lithium salt in this

report, showed the lowest density and lowest viscosity. However, LiBF4, shows higher

viscosity than the larger and heavier lithium salts such as LiNTf,or LiFSI.
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Figure 1 (a) Density and (b) Dynamic viscosity of C;mpyrDCA with 0.5 mol.kg™ of various lithium salts

DSC traces for both the neat IL and electrolytes thereof are presented in figure 2. The onset
temperature of melting in the neat IL is -16 °C. A transition is observed at -89 °C which we
ascribe to the glass transition in the quenched material and this is followed by a large, broad

exothermic peak during heating at -44 °C, due to crystallization of the neat IL.* When 0.5
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mol.kg™* LiDCA was added, the crystallization peak at -44 °C and melting peak disappear,
showing only the glass transition at between -99 °C and -89 °C. This is also observed in a
similar temperature range when the IL is mixed with the other lithium salts. Another broad
peak was also observed in the lithium salt mixtures between 0 °C and 40 °C. This peak which
is shown clearly with LiNTT,, but not so clearly with LIDCA may be related to the solubility
of the lithium salts. We hypothesize that the lithium salts crystallize during cooling due to

low solubility at lower temperature and dissolve again during heating in this temperature

range.

05 mol.kg™ LiBF,

0.5 mol.kg LiFSI
0.5 mol.kg™ LiNTF,

0.5 mol.kg™ LIDCA

neat C,mpyrDCA

Heat Flow (arb.)

T T T T T 1
-100 -50 0 50 100

Figure 2 DSC of C;mpyrDCA with various lithium salts (Exo up, heating rate : 10 °C.min™)

Table S1 provides the summary of the physical properties of some reported ionic liquids
having the DCA anion with various cation species. The conductivity of the C;mpyrDCA -
lithium salt mixtures is presented in figure 3. The conductivity of neat CampyrDCA is 6
mS.cm™ at 25 °C which is lower than the previously reported value of CsmpyrFSI but higher

than the on of CympyrNTf,.(Table S2) This conductivity decreases with temperature and
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rapidly drops from -15 °C as it passes the melting point as we saw in the DSC data. When 0.5

mol.kg™ of salt is added to the IL, the drop due to the freezing of the IL is eliminated. The

mixture containing LiDCA shows the highest conductivity followed by LiFSI, LiBF, and

LiNTf, order at 25 °C. However, the temperature dependency of LiBF, containing solution is

higher than the others, such that it showed the lowest conductivity at -30 °C.
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Figure 3 Conductivity of C;mpyrDCA with 0.5 mol.kg™ of various lithium salts
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Table S1 Physical properties of DCA ionic liquids with various cations

Cation Tg M.P Density (g.cm'S, Vis.(cP, Cond.(mS.cm™, | Ref.
(°C) (°C) at 25°C) at 25°C) at 25°C)
1,3-dimethylimidazolium 34 1.14 (at20°C) | 15.5 36 *
1-ethyl-3-methylimidazolium -104 21 1.06 21 113,27
-101 -15 ©
1-butyl-3-methylimidazolium -90 6 1.06 (at 24°C) ®
94 -10 1.06 29.3 11 »
1-hexyl-3-methylimidazolium -90 1.04 (at 20°C) 47.4 5.1 *
1-oxyl-3-methylimidazolium -89 -49 1.00 %0
-93 34 B
1-decyl-3-methylimidazolium -23 76 3
1-benzyl-3-methylimidazolium -78 40 3
1,3-dibenzylimidazolium -45 202 3
1-(n-butyl)-2,3-dimethylimidazolium -81 26 1.09 67.2 49 >
1-(n-butyl)-1,3'-dimethyl-2,2'-biimidazolium -42 117 977 0.41 ®
1-(i-butyl)-3-methylimidazolium -80 1.08 61.1 55 »
1-(t-butyl)-3-methylimidazolium 59 1.12 0.046 »
N-Pentyl-N,N,N-triethylammonium -85 "
N-Hexyl-N,N,N-triethylammonium -82 11
N-Hexyl-N,N,N-tributylammonium -43 s
tricapryl-methylammonium -90 300 3
benzyltriethylammonium -83 3
phynyltrimethylammonium -117 3
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dimethyldihexylguanidinium -77 267 3
1-ethyl-2-methylpyrazolium 13 1.16 (at 20°C) 24.6 17 *
N-ethylthiazolium 57 *
N,N-dimethylpyrrolidinium 115 s
N-Ethyl-N-methylpyrrolidinium -10 s
-14 1.06 (at 20°C) 27.5 20 *
N-Propyl-N-methylpyrrolidinium -35 0.92 45 11
N-Butyl-N-methylpyrrolidinium -106 50 s
N-Hexyl-N-methylpyrrolidinium -100 -11 0.92 45 s
Table 2 Physical properties of ionic liquids with lithium salts
Electroylte Tg m.p. Cond. Viscosity F F “Li 'H
(°c) (°c (s.cm™) (mm?.s™?) (m>.s™) (Fsl) (m>.s™) (NTF,) (m%s™) (m%s™)
(Pyr.)
CsmpyrNTf, -73% 12 | 1.4e-3(60°C)* 138 (20°C) *® 1.47e-11 (20 °C) 3.42e-
89 (25 °c)* 3 11 (60
75411 (60 °C) °c) ¥
CsmpyrNTf,+ -14” | 8.8e-4(20°C) ® 157 (20°C) * 4.68e-12(20°C) | 3.1e-11(60
0.5 mol.kg™ Li 3.5e-3(60 °C) 3 °c) *
NTf, 33.48e—11(60 °C)
C,mpyrNTf, 10
CsmpyrFSI 5% 9.14e-3(20 °C) * 37(20°¢) ® 3.44e-11(20 2.87e-
12(60 °C) ® °c)® 11(20
1.24e-10(60 °c)®
°c) * 1.05e-
10(60
oc) 33
CsmpyrFSi+ 28" | 1.12e-3(20°0) ® 60(20°C) ® 2.01e-11(20 | 1.06e-11(20°C) | 4.67e- 1.74e-
0.5 mol.kg™ Li 6.90e-3(50°C) 2) ® | 17(60°C)* °c) ® 3 11(60°c) ® | 11(20
NTf, 6.38e-11(60 | 4.95e-11(60 °C) °q)®
OC) 33 33 4.86e-
L9
oC)
CsmpyrDCA 35" | 1.93e-4(25°C) * 25.6(25°C) ®
13 45 (25 oc) 11,13
C,mpyrDCA -106™ " 50"
PFG-STE NMR:

Figure 4 shows the diffusivity of each ion in the neat IL and each lithium salt containing

electrolyte measured by PFG-STE NMR. The *H NMR results in figure 4(a) for the Csmpyr

cation shows that it has the highest mobility in the neat IL and that the addition of the lithium

salts causes a significant drop in diffusivity. The mixture containing LiBF, has the lowest

diffusivity followed by LiNTf,, LiFSI and LiDCA. This order is the same as the order that we

have seen at the dynamic viscosity data in figure 1(b). The ‘Li NMR results in figure 4(b)

109




A study of Pyrrolidinium Bis(fluorosulfonyl)imide and dicyanamide based ionic liquids for lithium metal batteries, H.Yoon 2013

also show the same trends. In the case of **C NMR signal from the DCA anion in figure 4(c),

due to its experimental complexity and resulting experimental error, the diffusivity difference

between each salt containing solution is not as clear, but it is still obvious that the LIDCA

containing solution shows the highest diffusivity except the neat IL, while the LiBF,4

containing solution shows the lowest diffusivity.
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Figure 4 The diffusivity of each ions measured by PFG-STE NMR, a) 'H diffusion for Cympyr, b) ’Li
diffusion for Li*, c) 3¢ diffusion for DCA anion, d) 9 diffusion for the added anion from lithium salts.

Measured from 25 °C to 60 °C

An interesting behavior was found in the *°F diffusion data, figure 4(d); the diffusivity of the

fluorinate containing anions is slowest for BF, followed by NTf," and FSI. However, the

diffusivity of °F FSI" is unusually high comparing to the other *H, ‘Li and **C diffusivity. It
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also should be noted that while the *°F diffusivities are similar to the *H diffusivities in
LiNTf, or LiBF, added solution, °F diffusivity in LiFSI added solution are noticeably higher
than the diffusivity of other ions. This indicates that the surrounding environment of FSI" in
this IL is different from the surrounding environment of NTf,” or BF4, and makes FSI” more
mobile. This may indicates that the ion pares or clusters formed in LiFSI containing solution

does not contain FSI, while NTf," or BF4" are more bound to the ion pares or clusters..

Walden plot and lonicity:
A log-log plot of molar conductivity versus inverse viscosity, as described by Angell and co-

workers, is a useful depiction of the Walden rule.? %

A% =C 1)

where A is the molar conductivity and 7 is the viscosity, « is an adjustable parameter and C is
temperature dependent constant. A reference line is added to the plot based on data from
infinitely dilute aqueous KCI data in the temperature range 15 — 50°C,*" as these solutions are
thought to represent good example of well dissociated ions that are able to move
independently of one another.>” The temperature dependence of the infinitely diluted KCI
data is such that o in equation 1 is 0.87 and thus the reference line has a slope that is different
to the traditionally used line on these plots which is based on a single temperature only. It is
important to note that the Walden rule applies equally well to molten salts and the same
reference line equally describes a number of well characterised molten salt systems.*® Where
substantial negative deviations from this rule are observed, this has been interpreted as an

indication of ion aggregation or pairing.’
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Figure 5 (a) Relationships between log inversed viscosity and log molar conductivity (Walden plot)
for CympyrDCA with 0.5 mol.kg™* of various lithium salts (some high temperature molten salt data
also included for comparision) and (b) the vertical distance from the infinitely dilute KCl line.

The Walden plot of CympyrDCA with each of the lithium salt mixtures is presented in figure
5(a). The non-unity value of a, which is evident from the non-unity slope of the line is very
evident in these data sets. It has been known that a ‘good IL’ in Walden plot shows proximity
to the ideal line (o = 1, C = 0).2*° Linear fitting in figure 5(a) reveals values of 0.82 for the
neat IL and 0.84 to 0.86 for the salt containing solutions, similar to those generally observed
in other 1Ls.> ¥ The vertical distance from the traditional ideal KCI line, C values, are
similar for all solutions having strong temperature dependency (affected by o). However, the
vertical distances from the infinitely diluted KCI line which representing the “fractional

Walden rule”®’

(presented in figure 5(b)) more clearly shows that the temperature dependency
is reduced when LIiDCA or LiFSI is added in CsampyrDCA. It was also shown that LINTT,
and LiFSI added solution show the most non-ideal behavior comparing to the other solution.

Therefore, more ions are associated in LiINTf, and LiFSI containing solutions than the

others.*® We also tried to adapt the ‘modified Walden plot’ which included the effect of ion
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sizes introduced by MacFarlane, et al. ® to see the difference between neat IL and LiDCA,
LiBF, containing solution, but that also showed the same trend.

Having a similar purpose to a Walden plot, the “ionicity’, the ratio of differently obtained
conductivity by impedance spectroscopy and diffusion NMR, Aimp / Anmr also describes the
degree of ion dissociation in the ionic liquid since the value obtained by impedance
spectroscopy, 4.y, is contributed by all species in the solution while the calculated
conductivity from the diffusion NMR by the Nernst-Einstein equation (equation 2) includes

contributions from associated species.**

Nge?
A= -4
kT

(2X Dix;) (2)

where N, is the Avogadro’s number, k is Boltzmann’s constant, and D; is the diffusivity of

each ion and x; is the mol fraction of each ion.
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-~0-- LiDCA + C,mpyrDCA
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Figure 6 The ratio of molar conductivity from EIS and NMR conductivity (Aimp / Anmr, ‘lonicity’) of
CsmpyrDCA with various lithium salts.
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Figure 6 shows the ionicity of each salt containing solution at different temperatures. It is
shown that the ionicity decreases with increased temperature, which indicates ions more tend
to form pairs or neural clusters at higher temperature in these tested solutions. An interesting
observation is the ionicity of neat IL is the lowest and all lithium salt added solution showed
higher ionicity. The solution containing LiDCA or LiBF, showed the highest ionicity, which
is the opposite of the result from the Walden plot presented in figure 5. This result was
compared with a different plotting method which was described by MacFarlane, et al, * the
‘ionicity plot” in figure 7 and the vertical distance from the ideal line in table 3, which also
shows the same trend shown in figure 6. This observation also correlates with the viscosity
result presented at figure 1(b) of the solution having LiBF4, which has lower density but

shows higher viscosity.
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Figure 7 The ‘lonicity plot’; molar conductivity from EIS vs. molar NMR conductivity of C;mpyrDCA
with various lithium salts.

There are 2 possibilities for this inconsistency between the “‘Walden plot’ and ‘lonicity’. At

first, the Walden rule may not be directly used for a solution containing salts, having more
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than 2 ionic species in the solution for comparative purposes with a neat IL. Secondly, there

is a possibility that LiBF, and LiDCA containing solutions tend to form “salt rich” clusters

with high numbers of ions that lowering the diffusivity of each ion in the solution than the

expected values when ions were dissociated or only forms ion pairs.

Table 3 Vertical distance of each solution from the ideal line in figure 7

Temperature | Neat 0.5 mol.kg™ 0.5 mol.kg? Li | 0.5 mol.kg™ 0.5 mol.kg™

(°C) C,mpyrDCA | LiDCAin NTF, in LiFSl in LiBF, in
CsmpyrDCA CsmpyrDCA CsmpyrDCA CsmpyrDCA

25 0.41 0.36 0.38 0.37 0.37

30 0.44 0.39 0.41 0.41 0.39

40 0.52 0.45 0.47 0.46 0.45

50 0.58 0.51 0.55 0.52 0.50

60 0.65 0.57 0.62 0.61 0.58

Symmetrical cell EIS:

Li symmetrical cells were prepared to determine the dependence of the electrochemical

behaviour to lithium metal surface on the different dissolved Li salts. EIS spectra were

measured 2 hours after cell preparation. The cells were then subjected to a 1 V polarisation

for 5 min and subsequent EIS spectra were acquired. The EIS spectra are presented in figure

8.
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Figure 8 EIS of Li symmetrical coin cells containing of each solution; 2 EIS curves with arrows for each
solution indicate 1%, after the cell prepared (before polarized) and 2™ after polarized.

It is immediately obvious that the addition of perfluorinated salts produces lower interfacial
impedance at the Li surface compared to the DCA system in these cells. The initial
impedance of the EIS spectra acquired from the 0.5 mol.kg™ LiDCA in C;mpyrDCA cell
ranged from 10 to 20 thousand ohms the impedance did not change significantly after cell
polarization. Similar stability after polarization was also observed with the cell with LINTf,
salt. However, when the cell contained LiBF, salt, the impedance increased rapidly after
polarization. The solution with LiFSI salt showed the lowest impedance in the prepared

solutions and the second measured impedance was lower than the first measurement. This
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may be caused by increasing lithium surface area by a corrosion process during the initial

polarization, which was reported previously.*’

R1 R2 R3
CPEL CPE2
— —

Figure 9 Fitting model for the EIS with 2 constant phase elements.

The surface impedance was modelled by fitting the equivalent circuit shown in figure 9 and
the results are presented in table 4. The surface impedance of the cells after polarisation (R2
+ R3) was high when LiDCA or LiBF, salts were used, while LiNTf, or LiFSI salts shows
relatively lower surface impedance. This may correlate with the relatively high ionicity of the
solutions with LIDCA or LiBF, compared to LiINTf, or LiFSI as shown here. It has
previously been shown*’ that chemical processes derived from decomposition of the IL anion
often dominate the surface impedance. However, it is not clear what role the degree of ionic
association in the IL or the ability of the IL to structure at the interface play in this process.
We will investigate the relationship between ionicity and Li surface impedance in further
work. The initial measurements shown here indicate that the use of alternative Li salts in
DCA based ILs offer a promising method to control the development of surface impedance in

Li based cells, with potential for improved performance.

Table 4 EIS fitting results (numbers in the bracket indicates the fitting errors)

ElS R1(Q) R2 (Q) R3 (Q)
1, .
0.5 mol.kg " LIDCA, 20 (2.5%) 22,417 (16.4%) 8,055 (42.8%)
before polarization
. l.kg™ LIiDCA
0.5 mol.kg" LIDCA, 20 (2.9%) 22183 (13.3%) 5,976 (47.5%)
after polarization
1, .
0.5 mol kg™ L NTf, 62 (1.7%) 16,447 (6.7%) 4,400 (19.0%)
before polarization
0.5 mol.kg™ Li NTf,, 48 (1.7%) 15,396 (9.2%) 5,961 (19.1%)
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after polarization

0.5 mol.kg™ LiFSI,

0, ) o,
before polarization 20 (4.4%) 9,524 (9.7%) 6,393 (15.8%)

0.5 mol.kg™ LiFSI,

0, 0, 0,
after polarization 21 (5.0%) 5,089 (18.7%) 7,746 (13.4%)

0.5 mol.kg™ LiBF,,

0, o) o,
before polarization 14 (14.4%) 27,360 (8.2%) 4,491 (11.9%)

0.5 mol.kg™ LiBF,,

0 o o
after polarization 15 (11.0%) 27,426 (7.1%) 5,102 (8.0%)

CONCLUSIONS

We have investigated the physical properties of C;ampyrDCA with a class of lithium salts
dissolved in it by density, viscosity, DSC, conductivity and diffusion NMR experiments. It
was shown that when LiDCA was added, the solution has the lowest viscosity and highest
ionic mobility with highest degree of ionization while when LiBF, was added the solution has
the opposite properties. Unlike the other added salt anion species, BF, was shown to make a
larger cluster than simple ion pairs. FSI- anion also showed different behaviours from the
other anions, which has unusually high mobility which can be interpreted to be isolated from
a cluster formed by other ionic species in this DCA solution. We also note that the fractional
Walden plots with infinitely diluted KCI line distinguish more effectively than the traditional
Walden plot the difference between the solutions having different salts. The ‘ionicity’, the
ratio of the molar electroscopic conductivity versus the conductivity obtained by the diffusion
NMR by Nernst-Einstein equation represent better than the Walden plot when comparing a
neat IL to a salt mixed system. The EIS experiments show the positive correlation between

ionicity and lithium surface impedance.
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Chapter 5. Summary and future work

This chapter summarizes the conclusion of this thesis and comments more broadly on the
issues facing ionic liquid based electrolytes for battery applications as well as possible
directions for future research.

Summary

This thesis examined two different ionic liquids; a fluorinated anion based ionic liquid, FSI
and a non-fluorinated ionic liquid, based on the DCA anion. FSI was chosen for its higher
conductivities and diffusivities than the corresponding NTf, compounds, and DCA for its
relatively wide electrochemical window and high lithium salt solubility among other non-
fluorinated nitrile compounds.

FSl anion based ILs showed excellent rate capability (even higher than that of standard EC :
DMC with 1M LiPFg standard battery electrolyte) at high lithium concentrations (3.2 mol.kg™
LiFSI in Csmpyr FSI, or 1:1 molar ratio of the salt : IL), with both the lithium metal electrode
and LiCoO, cathode, in spite of their significantly higher viscosities and lower conductivities.
This unusual behaviour was investigated using electrochemical and spectroscopic
techniques and it was rationalised that the FSI electrolyte containing the highest salt
concentration (1:1 salt to IL molar ratio) showed more ideal behaviour in the Walden plot,
with greater ionic dissociation and higher mobility of lithium ions compared to the other
ions, which means that the partial conductivity of Li* is higher at higher concentration.
Spectroscopic measurements including FT-IR, Raman and NMR showed that the trans-FSlI
conformation changed to cis with increasing Li salt concentration. These observations
suggest that the Li* transport mechanism at high salt concentrations is strongly influenced
by the trans- to cis- conformational change of the FSI anion.

Amongst the nitrile anion based ILs, it was shown that the electrochemical stability of DCA
was higher than TCM but lower than its TCB analogues. However, TCM is able to solubilise
more salt than DCA and TCB. The electrochemical window of the DCA IL is inferior to the
NTf, based ILs. The cycle-ability of the lithium anode in DCA based electrolytes has a strong
relationship with the amount of H,O in the IL, indicating some role for water in the
formation of the SEl layer. A Li | LiFePO4 cell with CympyrDCA electrolyte showed over 130
mAh.g" of discharge capacity without significant capacity reduction beyond 20 cycles. The
physical properties of this DCA IL were characterised with a range of salts including LiNTf,,
LiFSI, LiBF4 and LiDCA. LiDCA showed the lowest viscosity and highest ion mobility for all
ionic species in the solution while LiBF; showed the highest viscosity and lowest ion mobility
forming large clusters. FSI anion in DCA based electrolyte also showed different behaviours
from the other salt anions, which has unusually high mobility which can be interpreted to be
isolated from a cluster formed by other ionic species in this DCA solution. It was also shown
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that the ‘ionicity’ concept is better to describe the properties than the ‘Walden plot” when a
salt is added in the IL so the solution has several different ionic species.

Challenges remaining for IL electrolyte applications in Li batteries.

In spite of the superior rate capability of FSI based electrolytes with high concentration of
LiFSI salts found in this research, several drawbacks have been reported previously. Wang,
et al. who tested several ionic liquids including CsmpyrFSI and showed that in their
Accelarating Rate Calorimetry tests, CsmpyrFSl is not safer than organic electrolytes.
Vijayaraghavan, et al. also investigated various ionic liquids and showed that, some ionic
liquids containing FSI exhibited exothermic and self-heating behaviours over 200 °C,
accompanied by pressure increases.”> Another problem in the FSI system reported by
Abouimrane, et al. showed that an electrolyte containing LiFSI corrodes the aluminium
current collector at 3.3 V vs. Li | Li*.?

It also should be noted that unlike previous reports showing that additional lithium salts
increased the cathodic electrochemical stability in imidazolium-based NTf, ILs,* increasing
the amount of LiFSl salts in CampyrFSI decreased the cathodic stability in the study of
Paillard et al which was attributed to the high level of impurities in the commercial grade
LiFSI salt used.® There was no evidence found in this thesis that the increased amount of
LiFSI in CsmpyrFSl increases the cathodic electrochemical stability. Many of the Li | LiCoO,
cells prepared failed cycling after a few cycles and the best cycled cell (one of 3.2 mol.kg™
LiFSI in CsmpyrFSl) also failed after 20 cycles without reaching 4.2V during the charging
process. This may be caused by its relatively low cathodic stability above 4.0V vs. Li | Li*
compared to the NTf, anion. There are some reports that the FSI anion could establish a
solid electrolyte interphase (SEl) on graphite anodes without the need for additives,®
however, the trial to duplicate that experiment on graphite anodes during this research
period failed, showing less than 10% of initial discharge capacity of the theoretical capacity
of graphite. Hence further investigation of the modes of cathode instability and the
optimum materials for use with FSI electrolytes are needed.

It was shown that the DCA based electrolyte is extremely sensitive to the amount of
moisture, having around 200 ppm as an optimum moisture concentration in the solution for
improved Li metal battery cycling. The mechanism of the moisture sensitivity is not yet fully
understood and needs further investigation. This extreme moisture sensitivity is an
important issue in commercialising this electrolyte for lithium battery applications. The
relatively low cathodic electrochemical stability’® also prevents its use with LiCoO, cathode
materials or other high voltage cathode materials. It is also interesting that this low viscosity
IL does not show any cycling ability at room temperature, but only at higher temperatures
such as 50 °C.
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Tetracyanoborate (TCB) is an attractive candidate for non-fluorinated ionic liquid for lithium
battery electrolyte since it has relatively high cathodic electrochemical stability as shown in
this thesis. However, there is a problem that it has poor lithium salt solubility. To avoid this
problem, Scheers, et al.’ have successfully demonstrated glycol dimethyl ether as an
additive in this TCB to maximise the salt solubility. This approach is worthy of further
investigation. Using equimolar glycol to lithium salt mixtures to make ionic liquid like

10-13

structures as suggested by Watanabe and co-workers may also be a possible approach.

Future work

The research trends in lithium secondary batteries are currently mainly focused on electric
vehicle applications to increase range and reduce costs.** To accomplish this goal, several
research directions are progressing widely, including improving cathode, anode and
electrolyte performance as well as including new types of batteries. One of the important
research trends is high voltage cathode materials. Several significant steps have been
reported in this field™ 8 but, there is still a lack of electrolyte candidates for these high
voltage applications. lonic liquid based electrolytes have been regarded as promising
candidates, but due to its stability NTf; ILs are still the only viable candidates. The
electrochemical origins of this feature of IL properties is an important area for future study

Another important research field is fast charging battery technology, which is mainly

regarded as a matter more related to electrode performance than the electrolyte.'**

However, research into the lithium transport mechanisms in the high rate materials
discovered in this thesis could produce greater understanding of its origins and potentially
indicate further improvements.

References

1. Wang, Y.; Zaghib, K.; Guerfi, A.; Bazito, F. F. C.; Torresi, R. M.; Dahn, J. R., Accelerating rate
calorimetry studies of the reactions between ionic liquids and charged lithium ion battery electrode
materials. Electrochimica Acta 2007, 52 (22), 6346-6352.

2. Vijayaraghavan, R.; Surianarayanan, M.; Armel, V.; MacFarlane, D. R.; Sridhar, V. P.,
Exothermic and thermal runaway behaviour of some ionic liquids at elevated temperatures.
Chemical Communications 2009, (41), 6297-6299.

3. Abouimrane, A.; Ding, J.; Davidson, I. J., Liquid electrolyte based on lithium bis-fluorosulfonyl
imide salt: Aluminum corrosion studies and lithium ion battery investigations. Journal of Power
Sources 2009, 189 (1), 693-696.

4, Shin, J. H.; Henderson, W. A.; Appetecchi, G. B.; Alessandrini, F.; Passerini, S., Recent
developments in the ENEA lithium metal battery project. Electrochimica Acta 2005, 50 (19), 3859-
3865.

124



A study of Pyrrolidinium Bis(fluorosulfonyl)imide and dicyanamide based ionic liquids for lithium metal batteries, H.Yoon 2013

5. Randstroem, S.; Appetecchi, G. B.; Lagergren, C.; Moreno, A.; Passerini, S., The influence of
air and its components on the cathodic stability of N-butyl-N-methylpyffolidinium
bis(trifluoromethanesulfonyl)imide. Electrochimica Acta 2007, 53 (4), 1837-1842.

6. Paillard, E.; Zhou, Q.; Henderson, W. A.; Appetecchi, G. B.; Montanino, M.; Passerini, S.,
Electrochemical and Physicochemical Properties of PY(14)FSI-Based Electrolytes with LiFSI. Journal of
the Electrochemical Society 2009, 156 (11), A891-A895.

7. MacFarlane, D. R.; Forsyth, S. A.; Golding, J.; Deacon, G. B., lonic liquids based on
imidazolium, ammonium and pyrrolidinium salts of the dicyanamide anion. Green Chemistry 2002, 4
(5), 444-448.

8. MacFarlane, D. R.; Meakin, P.; Sun, J.; Amini, N.; Forsyth, M., Pyrrolidinium imides: A new
family of molten salts and conductive plastic crystal phases. Journal of Physical Chemistry B 1999,
103 (20), 4164-4170.

9. Scheers, J.; Pitawala, J.; Thebault, F.; Kim, J.-K.; Ahn, J.-H.; Matic, A.; Johansson, P.; Jacobsson,
P., lonic liquids and oligomer electrolytes based on the B(CN)(4)(-) anion; ion association, physical
and electrochemical propertiesw. Physical Chemistry Chemical Physics 2011, 13 (33), 14953-14959.
10. Tamura, T.; Hachida, T.; Yoshida, K.; Tachikawa, N.; Dokko, K.; Watanabe, M., New glyme-
cyclic imide lithium salt complexes as thermally stable electrolytes for lithium batteries. Journal of
Power Sources 2010, 195 (18), 6095-6100.

11. Seki, S.; Takei, K.; Miyashiro, H.; Watanabe, M., Physicochemical and Electrochemical
Properties of Glyme-LiN(SO2F)(2) Complex for Safe Lithium-ion Secondary Battery Electrolyte.
Journal of the Electrochemical Society 2011, 158 (6), A769-A774.

12. Yoshida, K.; Tsuchiya, M.; Tachikawa, N.; Dokko, K.; Watanabe, M., Correlation between
Battery Performance and Lithium lon Diffusion in Glyme-Lithium Bis(trifluoromethanesulfonyl)amide
Equimolar Complexes. Journal of the Electrochemical Society 2012, 159 (7), A1005-A1012.

13. Ueno, K.; Yoshida, K.; Tsuchiya, M.; Tachikawa, N.; Dokko, K.; Watanabe, M., Glyme-Lithium
Salt Equimolar Molten Mixtures: Concentrated Solutions or Solvate lonic Liquids? Journal of Physical
Chemistry B 2012, 116 (36), 11323-11331.

14. Aurbach, D., A review on new solutions, new measurements procedures and new materials
for rechargeable Li batteries. Journal of Power Sources 2005, 146 (1-2), 71-78.
15. Goodenough, J. B., Cathode materials: A personal perspective. Journal of Power Sources

2007, 174 (2), 996-1000.

16. Goodenough, J. B.; Kim, Y., Challenges for Rechargeable Li Batteries. Chemistry of Materials
2010, 22 (3), 587-603.

17. Yamamoto, T.; Hara, T.; Segawa, K.; Honda, K.; Akashi, H., 4.4 V lithium-ion polymer batteries
with a chemical stable gel electrolyte. Journal of Power Sources 2007, 174 (2), 1036-1040.

18. Borgel, V.; Markevich, E.; Aurbach, D.; Semrau, G.; Schmidt, M., On the application of ionic
liquids for rechargeable Li batteries: High voltage systems. Journal of Power Sources 2009, 189 (1),
331-336.

19. Matsumoto, H.; Sakaebe, H.; Tatsumi, K.; Kikuta, M.; Ishiko, E.; Kono, M., Fast cycling of
Li/LiCoO2 cell with low-viscosity ionic liquids based on bis(fluorosulfonyl)imide [FSI]. Journal of
Power Sources 2006, 160 (2), 1308-1313.

20. Kang, K. S.; Meng, Y. S.; Breger, J.; Grey, C. P.; Ceder, G., Electrodes with high power and high
capacity for rechargeable lithium batteries. Science 2006, 311 (5763), 977-980.

125



A study of Pyrrolidinium Bis(fluorosulfonyl)imide and dicyanamide based ionic liquids for lithium metal batteries, H.Yoon 2013

126



A study of Pyrrolidinium Bis(fluorosulfonyl)imide and dicyanamide based ionic liquids for lithium metal batteries, H.Yoon 2013

127



	Lithium electrochemistry and cycling behaviour of ionic liquids using cyano based anionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ee23753b
	Lithium electrochemistry and cycling behaviour of ionic liquids using cyano based anionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ee23753b
	Lithium electrochemistry and cycling behaviour of ionic liquids using cyano based anionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ee23753b
	Lithium electrochemistry and cycling behaviour of ionic liquids using cyano based anionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ee23753b
	Lithium electrochemistry and cycling behaviour of ionic liquids using cyano based anionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ee23753b
	Lithium electrochemistry and cycling behaviour of ionic liquids using cyano based anionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ee23753b

	Lithium electrochemistry and cycling behaviour of ionic liquids using cyano based anionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ee23753b
	Lithium electrochemistry and cycling behaviour of ionic liquids using cyano based anionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ee23753b
	Lithium electrochemistry and cycling behaviour of ionic liquids using cyano based anionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ee23753b
	Lithium electrochemistry and cycling behaviour of ionic liquids using cyano based anionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ee23753b
	Lithium electrochemistry and cycling behaviour of ionic liquids using cyano based anionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ee23753b
	Lithium electrochemistry and cycling behaviour of ionic liquids using cyano based anionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ee23753b
	Lithium electrochemistry and cycling behaviour of ionic liquids using cyano based anionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ee23753b

	Lithium electrochemistry and cycling behaviour of ionic liquids using cyano based anionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ee23753b
	Lithium electrochemistry and cycling behaviour of ionic liquids using cyano based anionsElectronic supplementary information (ESI) available. See DOI: 10.1039/c3ee23753b




