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ABSTRACT

Introduction: lonic liquids (ILs) have become a prospective candidate to replace the conventional
electrolytes based on the volatile organic-solvents in lithium-ion batteries. However, the draw-
backs of high viscosity and low ionic conductivity have restricted the high rate capacity and en-
ergy density in practical batteries. With the aims to resolve these problems and design a safe elec-
trolytes with high electrochemical stability, mixtures of ionic liquid 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl) imide (EMITFSI) with different amounts of ethylene carbonate (EC)
was prepared and characterized as electrolytes for Li-ion batteries. Methods: In this work, we
investigated four factors to demonstrate the performance of EMITFSI as electrolytes for Li-ion bat-
teries. These factors include: thermal properties of mixed electrolytes (Mettler Toledo DSC1 Star
-DSC, Q500-TGA), Conductivity (HP- AC impedance spectroscopy), Viscosity (Ostwald viscometer
CANNON) and electrochemical window (cyclic voltammetry-MGP2 Biologic Instrument). All exper-
iments were repeated three times with the exception of TGA-DSC methods. Results: The study
indicated that 20 % wt. ethylene carbonate (EC) when mixed with EMITFSI could significantly de-
crease the electrolyte viscosity while improving ionic conductivity and maintain similar electro-
chemical stability as pure ionic liquid. Lithium diffusion coefficient of mixed electrolytes was lower
than commercial electrolytes based on conventional solvents, however, the thermal stability was
enhanced. Conclusion: EMITFSI can be used to replace conventional carbonate-based liquids as
a high-performance electrolyte for Li-ion batteries.
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INTRODUCTION

Rechargeable lithium-ion battery (LIB) plays a vital
role in storage technologies (EES) due to the high
energy density and voltage. Nowadays, LIBs have
been extensively used not only in the field of hand-
held electronics but also in electric vehicles and large
stationary applications'. Therefore, the command
for LIBs will increase electrode-material cost, while
lithium resource is limiting. Besides, concerns about
the safety problems have limited the commercializa-
tion of lithium batteries in mobile market, opposing
the requirement of batteries. As a result, studies have
been focused on redesigning electrolytes rather than
improving safety > .

Ethylene carbonate (EC) is widely used as an effective
membrane forming agent to protect the electrolyte-
electrolyte interface in lithium-ion batteries. The elec-
trolyte deactivation during the initial charging pro-
cess produces a thin film called a solid electrolyte in-
terface (SEI) on the electrode surface, which continu-
ously prevents the depth reduction of electrolyte next
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to electrode structure. Due to the high flash point and
high viscosity, EC should be combined with other car-
bonates to obtain the optimal electrolytes*™.

In recent years, ionic liquid electrolytes have been
included in lithium batteries because of its non-
flammable, low-moisture steaming, and high thermal
stability characteristics. Different types of ionic lig-
uids are currently adulterated with other substances
such as electrolytes, which are safe for use on various
electrode materials with good compatibility. These
mixtures stabilize the SEI layer to avoid a continuous
reduction in electrolytes*®. However, high viscos-
ity remains a major problem in high-rate and high-
temperature tests. In our previous report, the viscos-
ity, conductivity as well as the electrochemical stabil-
ity were improved considerably by using 20 %vol. EC
in electrolyte mixtures”.

In this
based on

work, mixed electrolytes
1-ethyl-3-methylimidazolium
(EMITESI)

and different amounts of EC were prepared in

bis(trifluoromethanesulfonyl)imide

gloveboxes to obtain the homogenous, water- and
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moist-free solution. The physical chemical properties
(thermal stability, viscosity, ionic conductivity) and
electrochemical oxidation stability were investigated
to determine the suitable electrolyte composition for
using in the lithium-ion batteries.

EXPERIMENTAL

Preparation of electrolytes

The chemical reagents including 1-alkyl-3-
methylimidazolium  bis(trifluorormethanesulfonyl)
imide  ionic  liquids  (EMITFSI), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and

EC from Sigma-Aldrich were stored in a controlled
argon dry box with a humidity content below 5 ppm
to avoid any contamination. Ionic liquid-based elec-
trolytes were obtained by mixing different amounts
(5, 10, 15, 20 and 25 %vol.) of EC into EMITFSI
and 1M LiTFSI. These mixtures were continuously
stirred with a magnetic paddle for 24 hours to ensure
homogeneity.

Thermal analysis

Differential Scanning Calorimetry (DSC) measure-
ments were performed on Mettler Toledo DSC1 Star.
To be more precise, signals were recorded from -80 °C
to 100 °C at a heating rate of 10 °C.min™". Thermo-
gravimetric analysis (TGA) measurements were car-
ried out in a TGA Q500 V20.10 Build at a scan rate of
10 °C.min"! from room temperature up to 600 °C.
All samples were measured with stable Nitrogen flow
in a temperature-control chamber.

Physical analysis

The ionic conductivity measurements were carried by
the AC impedance spectroscopy using an HP 4192A
impedance analyzer in the frequency range 5 Hz -
13 MHz, dipping in the solutions a test cell with pla-
tinized platinum blocking electrodes and known cell
constant. All the measurements were performed in
a temperature range from 10°C to 60°C. Before each
measurement, cells were kept at a constant tempera-
ture for one day and calibrated to reach thermal equi-
libration. The cell constant was determined by using
a 0.01M KCl solution.

The Ostwald viscometer CANNON was used for vis-
cosity measurement of electrolytes, which was pre-
pared in a glove box in a temperature-controlled bath.
All measurements were repeated three times to cer-
tain accuracy.

The temperature dependence of the electrical conduc-
tivity for all measured ILs can be fitted using a Vogel-
Tamman-Fulcher (VTF) type equation to obtain the
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activation energy. It is common for researchers to uti-
lize the Vogel—Tammann—Fulcher (VTF) equation
as a means to separate the effects of charged carrier
concentration, which is often related to the pre-factor,
A, and segmental motion, which is related to the acti-
vation energy, E,, on the overall conductivity, o, ata
given temperature T '°.

T, in this equation is referred to as the Vogel temper-
ature, equal to the glass transition in ideal glasses“,
but typically taken as 50 °C below the glass transition
temperature in several electrolytes.

Electrochemical analysis

Cyclic voltammetry (CV) is one of the electrochemi-
cal techniques to study the oxidation - reduction sta-
bility of mixed electrolytes. The measurements were
performed in triplicates at the scan rate of 1 mV.s™*
recorded on MGP2 Biologic Instrument (France) by
using a standard three-electrode cell. The working
electrode was a Pt micro-electrode with a diameter of
25 pm and the counter electrode was a Pt wire. The
reference electrode was a silver wire maintained in
AgNO3 10 mM in acetonitrile + 0.1 M tetrabutylam-
monium perchlorate (TBAP).

RESULT

Table 1showed featured thermal and physicochemi-
cal properties of different electrolytes. The melting
point (T,,) of pure EMI-TFSI was -33.5 °C due to
the combination of low symmetry and a large size
cation with low symmetry and a relatively large size
anion. Owing to the melting state at low tempera-
ture, EMI-TFSI recrystallized at -18.5°C (T.) in the
cooling down step. When mixing with different ra-
tios of EC, thermal properties as well as other physic-
ochemical properties of ionic liquids changed signifi-
cantly. The lowest T,,, T. were obtained at 15 %vol.
EC mixed in EMITFSI. Additionally, crystalline point
of pure EMI-TFSI was not detected at 15 % wt. EC.

The mixtures with different EC underwent 2 stages of
decomposition while the pure stable exhibited only
one degradation step at about 415°C (Figure 2and Ta-
ble 1). The first step corresponded to the vaporization
of based-carbonate organic solvents and the second
step associated with the degradation of pure ionic lig-
uid. When mixing with ionic liquid, due to the fact
that the interaction between dipole — ions was much
stronger than dipole — dipole, EC in mixtures evap-
orated more slowly than in pure state. Furthermore,
with the addition of LiTFSI salt, the evaporation tem-
perature of the EC increased, suggesting that the free
ECs were partially bonded to the Li* cations or TFSI™
anions contained in the mixture, leading to free ECs
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Table 1: Physicochemical properties of EMI-TFSI and EMI-TFSI + x% EC at roomtemperature

IL + LiTFSI

EMI-TESI

EMI-TESI+5 %vol.
EC

EMI-TESI+10 %vol.
EC

EMI-TESI+15 %vol.
EC

EMI-TFSI+ 20 %vol.
EC

EMI-TESI + 0.5 M
LiTFSI

EMI-TFSI + 20 %vol.

EC + 0.5 M LiTFSI

Crystalline
point Tc
(°C)

-18.5

-20.5

-28.4

29

Melting
point Tm
(°C)

£3315

-36.6

-38.8

-42.4

Degradation
point Td (°C)

414.2

266.7/492.9

252.6/489.5

248.5/485.6

431.5

249.0/487.7

Conductivity Viscosity
10 3.cm~ 1) (mPa.s)

9.1

6.9

6.1

24.9

14.1

44.7

24.6

Density

(g.cm*3)

1.477

1.508

1.580

1.592

— EMITFSI + 20% EC
— — EMITFSI + 15% EC
----- EMITFSI + 10% EC
-==-= EMITFSI + 20% EC + 0.5M LiTFSI

— EMITFSI + 20% EC

— — EMITFSI + 15% EC
EMITFSI + 10% EC
-=-= EMITFSI + 20% EC + 0.5M LiTFSI
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Figure 1: TGA diagrams of EMITFSImixed with different percentages of ethylene carbonate.
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Figure 2: The conductivity of mixed electrolytes follows the temperature: EMITFSI + x %vol.EC, EMITFSI +

0.5 M LiTFSIL.

being held tightly in electrolyte solutions due to sol-
vation sphere LiT-EC or TFSI™ - EC.

As viscosity is a drawback of ionic liquids, it was at-
tempted to reduce its viscosity by using less viscous
organic solvent as co-solvent. By adding EC to the
ionic liquid solution, the conductivity of mixed elec-
trolytes was slightly reduced at 5 %vol. EC due to the
interactions between solvent and IL, which was then
increased significantly because the viscosity was much
lower compared to pure ionic liquid (Table 1). On
the other hand, temperature also contributed to the
viscosity and conductivity values (Figure 2). The in-
crease of the temperature led to the decrease of viscos-
ity and the rise of ion movement rate, thus, leading to
the enhanced conductivity to gain the best value at 20
%vol. EC. When increasing the EC amount to more
than 20 %vol., the ionic conductivity decreased unex-
pectedly.

The temperature dependence of the conductivity ex-
hibited a curvature typical of Vogel - Tammann
— Fulcher (VTF) behavior for supercooled liquids

131

and glasses, in which case, the mixtures EC-ILs in-
creased with an increase of EC addition (Figure 2).
However, the solution conductivity decreased unani-
mously when the concentrations of ionic solutes, such
as Li™ salt, was added. This phenomenon occurred
due to the increase of viscosity.

The activation energy of EMI-TFSI has a decreased
tendency with increasing EC concentration in mix-
tures and reached the lowest value at the 20 %vol. EC;
which was then followed by the rising of E, at higher
EC amount (Table 2). However, these values were 30
- 40 % higher than that of other ionic liquids (qua-
ternary ammonium based ILs, ex. Ni123TFSI and
N1124TFSI). It could be explained by the changes in
cation structure and that the ring-imidazolium ex-
hibited stronger interaction with TFSI anion than the
quaternary ammonium. In addition, ion-ion electro-
static interaction with high ionic concentrations par-
tially holds up ionic bond, which is difficult for them
to be released and become non-electrical charged
particles. LML. Phung et al."? calculated the diffu-
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Table 2: The activation energy of mixed electrolytes
combined between ionicliquids and EC

%EC EaN1123TFSI'?  EaN1124TFSI'2  Ea EMITFSI
5 1800 2100 3148
10 1513 1824 2970
15 1330 1647 2539
20 1190 1543 2470
25 972 1621 2512
30 - 2743
sion coefficient using pulsed Nuclear magnetic res- DISCUSSION

onance technique (NMR), which showed that the
conductivity values based on electrochemical method
and pulsed NMR method were significantly differ-
ent. This has helped to confirm the existence of non-
electric subunits (ion pairs, clusters) within the ionic
liquid structure, leading to the reduced conductiv-
ity .

In fact, when two liquids could be mixed to form
an ideal solution, it means that there is no interac-
tion between molecules, the theoretical will be cal-
culated by equation Ln(nmiz) = XiLn(m) +
X2Ln(n2) ' where X1, Xa are % vol. of solution 1
and 2, respectively. In the case of EC — ionic liquid
mixtures, the difference between theoretical and real
value was increased up to 51 % (Table 3). These values
were also compared with the other ILs N1123 TFSTand
N1124TFSI mixed with EC, 10 - 20 %. This suggests
that these solutions were not ideal and the interactions
of solvent with ionic liquid reduced the ion-ion inter-
actions within molecules to increase conductivity and
decrease viscosity.

Typical features of ionic liquids include large elec-
trochemical window and high oxidation and reduc-
tion stability. EMITFSI was oxidized at about 5.25
V vs Lit/Li, which was less stable in oxidation com-
pared to the conventional electrolyte, 1M LiPFs/EC-
DMC (1:1); while N1123TFSI and N1124 TFSI were ox-
idized at about 6.2 V vs Li*/Li (Figure 3). The cation
structure of ionic liquid was responsible for oxida-
tion current, in this case, the ring-imidazolium was
less stable than the quaternary ammonium structure
due to the unsaturated C=C bonding. However, when
lithium salt was added, the oxidation limit enhanced
because the stability of paired ions (cation-anion) was
enhanced, thus there was less “free” cations. The ad-
dition of EC into EMI-TFSI based electrolytes main-
tained similar oxidation potential limit as pure ionic
liquid at up to 25 % wt. (Figure 4).

The addition of ethylene carbonate defined a consid-
erable impact on the thermal, physical chemical and
the electrochemical properties of electrolyte-based
ionic liquid. Regarding to the thermal properties, a
decrease in the tendency of T, T, along with an in-
crease of EC could be associated with the strength of
ionic liquid-intermolecular interactions, the molec-
ular symmetry and the freedom of the molecules.
Phung et al.’? reported similar phenomena when
mixing EC with quaternary ammonium based-ionic
liquid at different ratios from 5 to 40 % vol. EC.
Due to the intermolecular interaction between ionic
liquids and EC molecules, the evaporation of EC in
electrolyte mixtures under thermal flux was expect-
edly shifted to the higher temperature compared to
the original flash point of pure EC. Furthermore, EC
added in ionicliquid-based electrolyte exhibited a sig-
nificant increase of ionic conductivity due to the di-
lution effect of electrolytes. The dilution of ionic en-
vironment helped to decrease the ion-ion interaction
between Li™ and TFSI™ anion and other ions of ionic
liquid. Thus, it can be assumed that Lit ion has higher
mobility in EC-ILs solution compared to pure ILs.
However, the addition of EC up to 25% gave rise to
the opposite effect on the activation energy of conduc-
tion due to the alternative solvation of Li* ion by EC
molecules, which decreased the ionic mobility by its
large solvated radius. Additionally, the high amount
of EC addition (> 30 % vol.) penalized the elec-
trochemical stability of ionic liquid-based electrolyte.
In fact, the carbonate solvents-based electrolyte was
mostly oxidized at 4.5 vs Lit/Li while the ionic lig-
uid could be stable up to 5.0 vs Li"/Li. When added
at low concentration, EC molecules interacted with
ionic species in mixed electrolytes to form a cluster
or non-electric subunits, leading to the hindering of
EC signature on the oxidation curve.
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Table 3: Theoretical and realviscosity of ionic liquid
mixed with different percentages of EC

% EC  NI1123TFSI'2 N1124TFSI!'?  EMITESI

10 19.8/15.8 (a) 23.3/22.1 11.3/-
15 13.8/11.1 15.9/15.6 8.6/-
20 10.4/9.3 11.7/12.3 6.9/14.1
25 8.1/7.0 9.0/10.1 5.8/-

Table 4: The oxidation and reduction values ofdifferent ILs and conventional electrolytes based on organic

solvents
Solution Eanode vs. Li+/Li (V) Solution Eanode vs. Li+/Li (V)
LiClO4 1° 4.40 N1123TFSI 6.20
LiTFSI 1> 4.90 N1124TFSI 6.20
LiPF6 6.10 EMITESI 5.25
-2
J (mA.cm™)
4 L] L] T l T L] L] 'I | L] T 'l L) L) L] 'I
35 F
——N___TFSI
1123
3F —=—N__TFSI
1124
--~--EMI TFSI
25 F
——EC:DMC 1:1 /1M LiPF6
2 |
15
1 -
05 F
0

E vs Li"/Li (V)

Figure 3: Cyclic voltammogram of commercialelectrolytes (lithium salt + organic solvent) and pure ILs.

133



Science & Technology Development Journal, 22(1):128-135

J (mA.Cm-z} Jth_cm"]
70 _ 10 -

60 -
50 -

40 -

4.5 5 5.5E(V)

30 EVS LiTiLi

20 -

+ [Ls-EMITFSI
+ [Ls+10 %wt EC

10

+  |Ls + 20 %wtEC
+ |Ls + 25 %wt EC

2 2.5 3 3.5 4 4.5 5 5.5

E vs Na'/Na

Figure 4: Cyclic voltammogram of x% wt.EC addedin EMITFSI ionic liquid.

CONCLUSION AND PERSPECTIVES

In summary, the combination of EMI-TFSI with EC is
promising for reducing viscosity and enhancing ionic
conductivity. The thermal stability of mixed elec-
trolyte EMITFSI- x% wt.EC was appropriate for the
application in lithium-ion batteries, even at 20 %wt.
EC. In addition, the oxidation stability of mixed elec-
trolyte EMITFSI- x% vol.EC was as good as the pure
ionic liquid.

To further understand the mechanism of electrolyte’s
operation, the stability of electrode-electrolyte in-
terface (Solid Electrolyte Interface) as well as jon-
diffusion mechanism should be investigated to im-
prove continuously actual problems in LIBs. Besides,
EMITFSI is also a promising candidate for sodium
ion batteries due to the similar characteristics between
two types of secondary batteries, which can be aimed
for the design of cheaper and safer cell in large-scale
applications.

ABBREVIATIONS

EC: ethylene carbonate

EMITEFSI: 1-alkyl-3-methylimidazolium
bis(trifluorormethanesulfonyl) imide

ILs: Ionic liquids

LiTFSI: lithium bis(trifluoromethanesulfonyl)imide
TBAP: tetrabutylammonium perchlorate
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