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Various ionic liquids (ILs) were prepared via metathesis reaction from two kinds of 1-(2-hydroxyethyl)-3-methyl imida
[HEMIm]+) and N-(2-hydroxyethyl)-N-methyl morphorinium ([HEMMor]+) cations and three kinds of tetrafluoroborate ([BF4]−),
is(trifluoromethanesulfonyl)imide ([TFSI]−) and hexafluorophosphate ([PF6]−) anions. All the [HEMIm]+ derivatives were in a liqui
tate at room temperature. In particular, [HEMIm][BF4] and [HEMIm][TFSI] showed no possible melting point from−150◦C to 200◦C by
SC analysis, and their high thermal stability until 380–400◦C was verified by TGA analysis. Also, their stable electrochemical pro

electrochemical window of more than 6.0 V) and high ionic conductivity (0.002–0.004 S cm−1) further confirm that the suggested ILs
otential electrolytes for use in electrochemical devices. Simultaneously, the [HEMMor]+ derivatives have practical value in electrolyte ap
ations because of their easy synthesis procedures, cheap morpholinium cation sources and possibilities of high Li+ mobility by oxygen group

n the morpholinium cation. However, [HEMMor]+ derivatives showing high viscosity usually had lower ionic conductivities than [HEM+

erivatives.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Ionic liquids (ILs) have been an area of interest both in
lean industrial processes, such as liquid media for chemical
eaction and extraction[1,2], and in electrochemical appli-
ations, such as an electrolyte for solar cell, fuel cell and
ithium battery systems. Recently, various kinds of ILs have
een studied mainly to promote the performance of secondary
attery systems owing to their favorable characteristics, such
s non-volatility, non-flammability, high ionic conductivity
nd wide electrochemical stability.

∗ Corresponding author. Tel.: +82 42 869 3917; fax: +82 42 869 3910.
E-mail address: h lee@kaist.ac.kr (H. Lee).

ILs consist of large, organic cations, such as quater
ammonium cations[3], heterocyclic aromatic compoun
[4], pyrrolidinium cations[5], with a variety of anions. Th
overall properties of ILs were dominated by cationic spe
including an alkyl chain or various functional groups and
ionic species. Usually, in ILs, the anion controls their w
miscibility or ionic mobility, and the cation has an imp
on their hydrophobicity, viscosity, density or melting po
according to the physical nature or volume size of the ca
and anion species[6]. However, this trend is not exactly co
sistent with all species of ILs and can be altered by a ch
of physical state caused by supplying the thermal energy
the ILs or a different interaction between cation and anion[7].

The imidazolium family, which is extensively us
for applications of electrochemical fields among v

013-4686/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2005.03.020
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ous ILs, has been widely developed ever since 1-ethyl-
3-methylimidazolium chloroaluminate was discovered by
Wilkes and Zaworotko[8], indicating a wide liquid range,
large electrochemical window of more than 3 V and high
ionic conductivity (∼8× 10−3 S cm−1) at room temperature.
However, the ILs based on imidazolium cation have been re-
ported to have the problem of chemical and electrochemical
instability caused by a possible reaction with C(2) carbon.
To solve this problem, 1-alkyl-2-alkyl-3-alkyl imidazolium
system has been synthesized, but this system leads to a low
ionic conductivity.

Recently, our laboratory has researched, for the first time,
the new ILs based onN-alkyl-N-alkyl morpholinium cations
[9], many of which have the merits of the easy procedure
in their synthesis and purification, the low cost of the mor-
pholinium cation source and the possibility of high Li+

mobility by oxygen group in morpholinium cation. This
work helps to reveal that theN-butyl-N-methyl morphor-
linium bis(trifluoromethanesulfonyl)imide andN-ethyl-N-
methyl morphorlinium bis(trifluoromethanesulfonyl)imide
possess the thermal solid–solid phase transition and useful
electrochemical properties[9]. However, although these ILs
based on morpholinium cation have the particular character-
istics for battery system application, in order to be applied
in the widespread electrochemical fields, more improvement
on these ILs is required because of their solid states and low
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out purification), 2-chloroethanol (Aldrich, 99.5%, used
without purification), 2-bromoethanol (Aldrich, 95%, used
without purification), sodium tetrafluoroborate (Aldrich,
98%, used without purification), potassium hexafluo-
rophosphate (Aldrich, 98%, used without purification) and
bis(trifluoromethanesulfonyl)imide lithium salt (Fluka, 99%,
used without purification). Solvents used include deionized
water from a Millipore purification unit, dichloromethane
(Merk, 99.9%,), acetone (Merk, 99.9%) and acetonitrile
(Merk, 99.9%).

3. Experimental

3.1. Preparation of ionic liquids

Six ionic liquids used in this study were synthesized along
with the corresponding chloride or bromide precursors.

3.1.1. 1-(2-Hydroxyethyl)-3-methyl imidazolium
chloride [HEMIm][Cl]

1-Methyl-imidazole (0.14 mol) was reacted with an ex-
cess of hydroxy-ethyl chloride (2-chloroethanol, 0.2 mol)
in a round-bottom flask in a nitrogen atmosphere (70◦C,
48 h), using 200 mL of acetonitrile as solvent, to pro-
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onic conductivities due to melting points higher than ro
emperature.

In this work, we prepared six kinds of 3-meth
midazolium andN-methyl-morpholinium cations, includin
-hydroxyethyl group ([HEMIm]+ and [HEMMor]+) with
etrafluoroborate ([BF4]−), hexafluorophosphate ([PF6]−)
nd bis(trifluoromethanesulfonyl)imide ([TFSI]−) anions
hile the ILs based on [HEMIm]+ have been investigate

or use as an alterative recyclable and benign reaction m
or chemical reactions[10], the ILs based on [HEMMor]+

ay be the first trial in synthesis. Also, to our knowled
his study will be first report for electrolyte application
he ILs based on [HEMIm]+ and [HEMMor]+. To purify the
nion impurities, the improved filtration method using ex

ng celite was introduced when the prepared ILs are inso
ith dichloromethane solvent. Finally, the basic electroch

cal and physical properties on the prepared ILs are rep
ogether with their influences according to the change of
ous anions, and simultaneously, we present the poss
ies for application of electrolytes through comparing th
Ls with 1-3-alkyl imidazolium andN-N-alkyl morpholinium
ation salts.

. Materials

The list of chemicals (source, grade and purificat
sed in the synthesis of ionic liquids is as follow
-methyl-imidazole (Aldrich, 99%, used without pur
ation), 4-methyl-morphorine (Aldrich, 99%, used w
uce the 1-(2-hydroxyethyl)-3-methyl imidazolium hal
[HEMIm][Cl]). This molten salt of white crystalline solid
as obtained by recrystallization under acetonitrile sol

n a freezer at−40◦C (yield 89%).

.1.2. 1-(2-Hydroxyethyl)-3-methyl imidazolium
etrafluoroborate [HEMIm][BF4]

The 1-(2-hydroxyethyl)-3-methyl imidazolium chlori
as reacted with an equimolar amount of sodium tetr
roborate in acetone (25◦C, 24 h), and the ionic liqui

HEMIm][BF4] was formed. The sodium chloride was
oved by filter paper and any residual sodium chlorid

his ionic liquid was removed by low temperature filtrat
sing celite. The organic liquid phase obtained from the fi

ion method was tested for the residual chloride salt thro
he concentrated AgNO3 solution, and little precipitation o
gCl was confirmed with the naked eye.

.1.3. 1-(2-Hydroxyethyl)-3-methyl imidazolium
exafluorophosphate [HEMIm][PF6]

This ionic liquid was synthesized in the same manne
HEMIm][BF4] using [HEMIm][Cl] and potassium hexafl
rophosphate to form 1-(2-hydroxyethyl)-3-methyl imi
olium hexafluorophosphate in which acetone was use
olvent. The potassium chloride was removed by filter
er, and any residual potassium chloride was cleaned
queous/dichloromethane biphase solution under an ice

or 24 h. A concentrated AgNO3 solution test was conducte
nd little precipitation of AgCl was confirmed with the nak
ye.
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3.1.4. 1-(2-Hydroxyethyl)-3-methyl imidazolium
bis(trifluoromethanesulfonyl)imide [HEMIm][TFSI]

This ionic liquid was synthesized in the same manner
as [HEMIm][BF4] using [HEMIm][Cl] and bis(trifluor
omethanesulfonyl)imide lithium salt to form 1-(2-hydr
oxyethyl)-3-methyl-imidazolium bis(trifluoromethanesulfo
nyl)imide in which acetonitrile was used as solvent. The
lithium chloride was removed by filter paper, and any residual
lithium chloride was cleaned in an aqueous/dichloromethane
biphase solution under an ice bath for 24 h. A concentrated
AgNO3 solution test was conducted and little precipitation
of AgCl was confirmed with the naked eye.

3.1.5. N-(2-Hydroxyethyl)-N-methyl-morphorinium
bromide [HEMMor][Br]

1-Methyl-morpholine (0.3 mol) was reacted with an ex-
cess of hydroxyethyl bromide (2-bromoethanol, 0.35 mol) in
a round-bottom flask in a nitrogen atmosphere (80–90◦C,
48 h), using 200 mL of acetonitrile as solvent, to produce the
N-(2-hydroxyethyl)-N-methyl morpholinium halide ([HEM-
Mor][Br]). This molten salt of white crystalline solids was
obtained by recrystallization at a room temperature (52 g,
yield 77%) with acetone.

3.1.6. N-(2-Hydroxyethyl)-N-methyl-morphorinium
tetrafluoroborate [HEMMor][BF ]
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precipitation test of AgNO3 and ionic chromatography (Bio-
LC DX-300 (Dionex, Sunny-vale, CA, USA), detector: sup-
pressed conductivity (PED2), column: ICSep AN 300 with
ICSep ANSC guard). All of the ionic liquids were rigorously
dried at 50◦C under 0.03 Torr for 5 days. The water contents
of all prepared ILs were measured by a Karl–Fischer titra-
tion (756 KF Coulometer, Metrohm, Switzerland) in a dry
atmosphere.

3.2. Low temperature filtration method using celite

In this work, a low temperature filtration method us-
ing celite was conducted. In order to investigate the re-
moval effect of halide ions, a filtration test using celite of
[HEMIm][BF4], which is not soluble in dichloromethane and
soluble in water, was conducted at room temperature and
a low temperature of−20◦C. The original weights of two
[HEMIm][BF4] were 8.1 g, respectively. Both ILs were well
mixed with 100 mL of acetone. One of the two solutions was
left at room temperature and the other was kept at−20◦C
in a refrigerator for 5 h. Thereafter, the two solutions were
filtered through celite of 30 g. The chloride ion contents of
these two ILs were analyzed by ionic chromatography after
the acetone was evaporated by a rotary evaporator. The chlo-
ride ion contents of the two ILs before filtration were both
5 d at
r ppm
a ved
i er,
t red
a tion
m ov-
i ble
i ane.
H s of
p

3

the
p nic
c ea-
s ile
a 60 A
p king
e wire
( rode
a as
a re are
1 ic
c ron
1 ratus
w SUS
p atory.
T

4

This ionic liquid was synthesized in the same manne
HEMIm][BF4]. The residual of sodium bromide in this ion
iquid was removed by low temperature filtration using ce
he filtered organic liquid phase was tested for the res
romide salt through the concentrated AgNO3 solution.

.1.7. N-(2-Hydroxyethyl)-N-methyl-morphorinium
exafluorophosphate [HEMMor][PF6]

This ionic liquid was synthesized in the same manne
HEMMor][PF6]. The residual of sodium bromide in th
onic liquid was removed by low temperature filtration us
elite. The AgNO3 test was conducted as the same ma
ith [HEMMor][BF4].

.1.8. N-(2-Hydroxyethyl)-N-methyl-morphorinium
is(trifluoromethanesulfonyl)imide [HEMMor][TFSI]

This ionic liquid was synthesized in the same man
s [HEMMor][BF4] using [HEMMor][Br] and bis(trifluoro
ethanesulfonyl)imide lithium salt to formN-(2-hydro

yethyl)-N-methyl-morpholinium bis(trifluoromethanesu
yl)imide in which acetonitrile was used as solvent.

ithium bromide was removed by filter paper, and any resi
ithium bromide was cleaned in water for 24 h. A concentr
gNO3 solution test was conducted.
The evaluation of the purity of the prepared ILs was c

ucted by1H NMR, FAB mass, ionic chromatography a
easurement of water contents. The1H NMR and FAB mas

pectra were recorded on a Bruker DMX 300 MHz NM
pectrometer and FAB mass JMS-HX110A, respectively
ossible presence of residual Br− or Cl− was examined by
62 ppm. In the case of the ionic liquid kept and filtere
oom temperature, the content of chloride ions was 540
nd a relatively small amount of chloride ions was remo

n comparison with the initial chloride content. Howev
he chloride ion content of the IL maintained and filte
t−20 ◦C was 161 ppm. Thus, the low temperature filtra
ethod using celite appears to be very effective in rem

ng residual chloride ion in the case of ILs that are solu
n water and simultaneously insoluble in dichlorometh
owever, when celite is used for purification, some los
roduct will occur.

.3. Electrochemical measurements

For evaluating the electrochemical properties of
repared ILs, the cyclic voltammetry and the specific io
onductivity were measured. The cyclic voltammetric m
urement of 0.05 M of ionic liquid solution in acetonitr
t room temperature was performed by a Solartron 12
otentiostat/galvanostat in which a glassy carbon wor
lectrode 3 mm in diameter was used with a platinum
Aldrich, 0.5 mm diameter, 99.99%) as a counter elect
nd a silver wire (Aldrich, 1.5 mm diameter, 99.99%)
reference electrode. The scan rate and temperatu

0 mV s−1 and 25◦C, respectively. Also, the specific ion
onductivity of ionic liquids was measured by Solart
260 A frequency response analyzer (FRA). This appa
as connected with a sealed cell containing a pair of
late electrodes 9 mm apart and measured by our labor
he cell constant is 1.29 cm−1.
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Table 1
Ionic liquid cations and anions used in this study

Cations Anions

Hexafluorophosphate [PF6]−

Tetrafluoroborate [BF4]−

Bis(trifluoromethanesulfonyl) imide [(CF3SO2)2N]− or [TFSI]−

Halides [Cl]−, [Br]−

3.4. Thermal measurements

For investigating the thermal property of the prepared
ILs, the differential scanning (DSC Q1000 V7.0 Build 244)
data were obtained in a sealed aluminum pan with a cooling
and heating rate of 10◦C min−1 under the condition of He
purge, 50 cm3 min−1. The thermogravimetric analysis (TGA
Q500 V5.0 Build 164) data were taken in air and at a heat-
ing rate of 10◦C min−1 under the condition of N2 purge,
100 cm3 min−1.

4. Results and discussion

1-(2-Hydroxyethyl)-3-methyl imidazolium andN-(2-
hydroxyethyl)-N-methyl morphorinium salts, including an-
ions of [Cl]−, [Br]−, [BF4]−, [PF6]− and [TFSI]−, were pre-
pared.Table 1shows the cations and anions of the ILs used
in this study. To evaluate the basic characteristics for the ap-
plication of electrolytes, their physical and electrochemical
properties were determined.

4.1. Physical properties

Table 2shows the miscibility between the prepared ILs and
water along with their appearance at room temperature. All
p ith
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anion component of ILs, and the chain length of cation in-
fluence the water miscibility; in the case of 1-3-alkyl imi-
dazolium salts, the hydrophobicity is increased from [Cl]−,
[Br]−, [BF4]− and [PF6]− to [TFSI]−, and the increase of
alkyl chain length decreases the hydrophilicity of the ILs
[6,13]. However, it is apparent that the miscibility with water
of the imidazolium and morpholinium salts, including hy-
droxyethyl group, is not greatly influenced by the identity of
anion.

The solid–liquid phase transition and thermal stability of
the ILs prepared in this work have been examined by DSC and
TGA, respectively, and the results (melting point, glass tran-
sition temperature and decomposition point) are summarized
in Table 3. In our analysis, the melting points were obtained in
only ILs including [PF6]− anion, and the precursor salts ex-
hibited melting points within the range of−150◦C to 150◦C.
The DSC traces (exthothermic up) of 1-(2-hydroxyethyl)-3-
methyl imidazolium andN-(2-hydroxyethyl)-3-methyl mor-
pholinium salts are shown inFigs. 1 and 2, respectively.

F F
[
q

repared ILs, except [HEMIm][TFSI], were miscible w
ater at room temperature. Generally, it is reported tha

able 2
isciblility with H 2O and water contents of prepared ILs

onic liquid Miscibility with H2O Appearance

HEMIm][Cl] Miscible White solid
HEMIm][BF4] Miscible Clear colorless liquid
HEMIm][PF6] Miscible Clear colorless liquid
HEMIm][TFSI] Immiscible Clear colorless liqui
HEMMor][Br] Miscible White solid
HEMMor][BF4] Miscible Yellow viscous liquid
HEMMor][PF6] Miscible White solid
HEMMor[TFSI] Miscible Yellow viscous liquid
ig. 1. Differential scanning calorimeter thermograms [HEMIm][P6],
HEMIm][TFSI] and [HEMIm][BF4] on warming at 10◦C min−1 after
uenching from the liquid state (all data: second run state).
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Fig. 2. Differential scanning calorimeter thermograms [HEMMor][PF6],
[HEMMor][TFSI] and [HEMMor][BF4] on warming at 10◦C min−1 after
quenching from the liquid state (all data: second run state).

The respective samples except [HEMIm][PF6] were cooled
down to about−150◦C in liquid nitrogen and successively
heated up to about 200◦C at a rate of 10◦C min−1. All of the
data were obtained at second heating run state. In the case
of [HEMIm][PF6], the thermal analysis trace from−80◦C
to 150◦C shows one possible crystalline phase transition of
around−28◦C and the melting point at 23◦C. Also, the glass
transition temperature does not occur at those temperatures. A
small peak corresponding to the melting point was observed
at 2.67◦C and has to be investigated further to determine
the existence of contamination or essential thermal behavior
of [HEMIm][PF6]. Unlike [HEMIm][PF6], [HEMIm][BF 4]
and [HEMIm][TFSI] exhibit that there are no other phase
transitions or melting events in the range of−150◦C to
200◦C, indicating a glass transition temperature of−73◦C
for [HEMIm][BF4] and−76.5◦C for [HEMIm][TFSI].

In Fig. 2, the [HEMMor][PF6] exhibits multiple thermal
transitions, possessing the richest crystalline behavior among
the family of the compounds described here. In detail, we
can describe that glass transition temperature was observed
around−74◦C and one exothermic peak appears at around
−50◦C that represents the crystallization behavior from su-
percooled liquid to low temperature stable solid phase (phase
I). Phase I then transformed into higher temperature solid
phase (phase II) at 30◦C exhibiting the final melting point
of 160.4◦C. However, the appropriate researches might be
n k at
− ty or
t

of
F t
[ or
m s
t
−

de-
t as

Fig. 3. Thermogravimetries of prepared ILs (dotted: [HEMIm][BF4],
solid: [HEMIm][PF6], short dash: [HEMIm][TFSI], dash-dot-dot:
[HEMMor][BF4], dash-dot: [HEMMor][PF6], long dash: [HEM-
Mor][TFSI]).

shown in Fig. 3. In general, while the [HEMIm][PF6],
[HEMMor][BF4] and [HEMMor][PF6] were stable around
300◦C, the [HEMIm][BF4] and [HEMMor][TFSI] were sta-
ble around 400◦C. Particularly, [HEMIm][TFSI] showed the
stable thermal property until 450◦C.

4.2. Electrochemical behavior

Figs. 4 and 5show cyclic voltammograms on the pre-
pared 1-(2-hydroxyethyl)-3-methyl imidazolium andN-(2-
hydroxyethyl)-N-methyl morpholinium salts at room tem-
perature, respectively. A glassy carbon was used as work-
ing electrode with platinum wire as a counter electrode
and silver wire as reference electrode.Fig. 4 shows that
the windows of electrochemical stability between reduction
and oxidation potentials were 6.4 V for the [HEMIm][BF4],
6.2 V for [HEMIm][TFSI] and 5.4 V for [HEMIm][PF6],
respectively. The electrochemical stabilities of the 1-(2-
hydroxyethyl)-3-methyl imidazolium salts obtained by an-
ion exchange reaction were enhanced up to about 2.7–3.6 V
as reported in the case of 1,3-alkyl imidazolium salts[11].
The oxidation of anions, which is presumed to be re-
lated to anodic reaction[15–19], starts at about 3 V ver-

Table 3
T

I

[
[
[
[
[
[
[
[

T
t

eeded in order to identify the small endothermic pea
10◦C whether it represents the essential thermal quali

he existence of contaminants.
Like 1-(2-hydroxyehtyl)-3-methyl imidazolium salts

ig. 1, [HEMMor][BF4] and [HEMMor][TFSI], but no
HEMMor][PF6], exhibit no other solid phase transition
elting event from−150◦C to 200◦C, indicating the glas

ransition temperatures,−59◦C for [HEMMor][BF4] and
74◦C for [HEMMor][TFSI] (Fig. 2).
The thermal stabilities of the prepared ILs were

ermined on the thermogravimetric analysis (TGA),
hermal properties of prepared ILs

onic liquid Tm (±2◦C) Tg (±2◦C) Td (±2◦C)

HEMIm][Cl] 60 .8 – –
HEMIm][BF4] – −73 380
HEMIm][PF6] 23 – 310
HEMIm][TFSI] – −76.5 420
HEMMor][Br] 150 – –
HEMMor][BF4] – −59 300
HEMMor][PF6] 160.4 −85 280
HEMMor][TFSI] – −50 370

m: melting temperature;Tg: glass transition temperature,Td: decomposition
emperature.
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Fig. 4. Cyclic voltammograms for 0.05 M [HEMIm][BF4], 0.05 M
[HEMIm][TFSI] and 0.05 M [HEMIm][PF6] solution in acetonitrile at
25◦C. Scan rate: 10 mV s−1, working electrode: glassy carbon, counter elec-
trode: platinum, reference electrode: silver wire.

sus Ag/Ag+ in all [HEMIm][BF4], [HEMIm][TFSI] and
[HEMIm][PF6], in spite of the difference of anions. On
the other hand, the reduction of imidazolium cations,
usually considered by cathodic reaction[15–17], starts
below −3.4 V, −3.2 V and −2.5 V versus Ag/Ag+ for
[HEMIm][BF4], [HEMIm][TFSI] and [HEMIm][PF6], re-
spectively, although all of the related salts have the same
cation. From the results of this cyclic voltammogram,
it is estimated that, in the case of 1-(2-hydroxyethyl)-3-
methyl imidazolium salts, the anodic and cathodic lim-
its are not significantly influenced by the nature of cation
and anion, as the cathodic limits of imidazolium salts hav-
ing different anions, such as 1-butyl-3-methyl-imidazolium
tetrafluoroborate ([BMIm][BF4]) and 1-butyl-3-methyl-

F
M
i y
c

Fig. 6. Arrhenius plot of ionic conductivity (δ) for [HEMIm][PF6],
[HEMIm][TFSI] and [HEMIm][BF4].

imidazolium hexafluorophosphate ([BMIm][PF6]), indi-
cate different potentials of−1.8 V and −2.5 V versus
Pt at the glassy carbon working electrode, respectively
[11].

The electrochemical windows between the onset of oxida-
tion and reduction of [HEMMor][TFSI], [HEMMor][BF4],
[HEMMor][PF6] and [HEMMor][Br] are, respectively,
6.2 V, 5.7 V, 5.2 V and 4 V (Fig. 5). Unlike imidazolium salts
including the hydroxyethyl group, the cathodic and anodic
limiting potentials of N-(2-hydroxyethyl)-N-methyl mor-
pholinium salts showed common behavior according to the
different anions[12]. The cathodic limits, about−2.5 V ver-
sus Ag/Ag+, were only slightly changed by different anions;
on the other hand, the anodic limits were roughly changed
from 2.7 V versus Ag/Ag+ for [HEMMor][PF6] to the
highest value, 3.8 V versus Ag/Ag+ for [HEMMor][TFSI].

In the case of 1-(2-hydroxyethyl)-3-methyl imidazolium
salts, the outstanding wide electrochemical windows of more
than 6.0 V and the lower limiting reduction potential of less
than−3.0 V versus Ag/Ag+ will strengthen their electrolyte
candidacy compared toN-(2-hydroxyethyl)-N-methyl mor-
pholinium salts. However, in the case of PF6

− salts, further
studies are necessary to characterize oxidation reactions at
anodic limits of prepared ILs, because formation of atomic
fluorine and PF5 has been proposed to explain the gas evolu-
tion on the anode[12,18,19].

4

n
t re-
p
h ly.
T y of
b per-
a yl)-
3 f
ig. 5. Cyclic voltammograms for 0.05 M [HEMMor][PF6], 0.05 M [HEM-
or][TFSI], 0.05 M [HEMMor][BF4] and 0.05 M [HEMMor][Br] solution

n acetonitrile at 25◦C. Scan rate: 10 mV s−1, working electrode: glass
arbon, counter electrode: platinum, reference electrode: silver wire.
.3. Ionic conductivity

Figs. 6 and 7 indicate the Arrhenius plots o
he ionic conductivity at different temperatures of p
ared 1-(2-hydroxyethyl)-3-methyl imidazolium andN-(2-
ydroxyethyl)-N-methyl morpholinium salts, respective
he temperature dependence of the ionic conductivit
oth salts follows the Arrhenius relation in the high tem
ture region. The ionic conductivities of 1-(2-hydroxyeth
-methyl imidazolium salts were higher than those oN-
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Fig. 7. Arrhenius plot of ionic conductivity (δ) for [HEMMor][PF6], [HEM-
Mor][TFSI] and [HEMMor][BF4].

(2-hydroxyethyl)-N-methyl morpholinium salts, particularly
showing the high order of 10−2 in the vicinity of 60◦C. The
low conductivities of N-(2-hydroxyethyl)-N-methyl mor-
pholinium salts can be explained by the high viscosi-
ties of [HEMMor][X] (X = BF4 and TFSI) and the solid
state of [HEMMor][PF6] caused by a high melting point.
Generally, the variance of anion under the conditions of
the same cation is widely known to be related with an
ionic conductivity. Above the melting point, it is reported
that the ionic conductivity for room temperature ionic liq-
uid is restricted by ion size[7]. From the literature, the
ionic conductivities of [EMIm][X] (X = [BF4]−, [TFSI]−
and [PF6]−) were determined in the order of BF4

−(48Å3,
13 mS cm−1) > TFSI−(143Å3, 8.4 mS cm−1) > PF6

−(68Å3,
5.2 mS cm−1) > Beti-(bis(perfluoroethylsulfonyl)imide, 189
Å3, 3.6 mS cm−1) in which, compared to the anion volume,
the ionic conductivity of [EMIm][PF6] was relatively low
due to its supercooled state at room temperature[7]. As
shown inFig. 6, in 1-(2-hydroxyethyl)-3-methyl imidazolium
salts, the value of ionic conductivity according to the differ-
ent anions agrees with the value of the ionic conductivity of
[EMIm][X].

The room temperature ionic conductivities and activa-
tion energies calculated from the slope of the linear Ar-
rhenius region around 298 K are listed inTable 4. Com-
pared with common 1-butyl-3-methyl imidazolium salts
(
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h ure;
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t
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d
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(

5. Conclusions

Ionic liquids based on 1-(2-hydroxyethyl)-3-methyl im-
idazolium andN-(2-hydroxyethyl)-N-methyl morphorinium
cations with three different anions ([BF4]−, [TFSI]− and
[PF6]−) have been prepared, and their desirable physical and
electrochemical properties for electrolyte application have
been studied. An improved filtration method using existing
celite was effectively applied to remove the anion impurities
of the ILs insoluble with dichloromethane solvent. The ILs
based on 1-(2-hydroxyethyl)-3-methyl imidazolium and
N-(2-hydroxyethyl)-N-methyl morphorinium cations with
anions of [BF4]− and [TFSI]− are liquid at room temperature,
at whichN-(2-hydroxyethyl)-N-methyl morpholium salts are
in a far more viscous liquid state than 1-(2-hydroxyethyl)-
3-methyl imidazolium salts. The valuable characteristics
of [HEMIm][BF4] as a strong electrolyte candidate were
proven by an outstanding electrochemical window of about
6.4 V and ionic conductivity of 0.0046 S cm−1. The prepared
[HEMIm][TFSI] can be considered as another candidate
because of the resulting properties, such as hydrophobic
nature at room temperature, liquid state in a wide temperature
range (−150◦C to 200◦C), high thermal stability (400◦C of
Td), high ionic conductivity (0.0028 S cm−1) and remarkable
electrochemical stability (electrochemical window of 6.2 V).
Compared with common 1-alkyl-3-alkyl imidazolium
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[BMIm][X]) [14] and N-butyl-N-methyl pyrrolidinium
alts ([PN,N][X]) [5], [HEMIm][X] (X = BF 4, TFSI, PF6)
as similar or higher conductivities at room temperat

or example, in [BF4]− anion, the ionic conductivity o
HEMIm][BF4] (0.0046 S cm−1) is absolutely higher tha
hat of [BMIm][BF4] (0.00173 S cm−1) or [P1,4][BF4] (solid
t room temperature), and in [TFSI]− anion, the ionic con
uctivity of [HEMIm][TFSI] (0.0028 S cm−1) is lower than

BMIm][TFSI] (0.0039 S cm−1) but higher than [P1,4][TFSI]
0.0022 S cm−1).
FSI [HEMIm][TFSI] indicates the improvements, su
s maintenance of liquid state in a wider tempera
ange than [BMIm][TFSI] (melting point of−25◦C), and
ore wide electrochemical window than [EMIm][TFS

electrochemical window of about 4 V)—although
onic conductivity of [HEMIm][TFSI] is 0.7 times lowe
han [BMIm][TFSI] (0.0039 S cm−1) [2]. On the othe
and, [HEMMor] salts have the advantages of an
ynthesis process and the low cost of a morpholinium c
ource, although the physical and electrochemical prop
re more or less inferior to [HEMIm] salts. Particula

HEMMor][BF4] and [HEMMor][TFSI] possess better ion
onductivities thanN-methyl-N-alkyl-morpholinium salts
hich are in a solid state at room temperature due to

iquid state at the wider temperature range (−150◦C to
00◦C). Also, in the case of [HEMMor][PF6], we can expec
levated performances in ionic conductivity through bat

able 4
onic conductivitiesσ (S cm−1) of the prepared ILs at 298 K and activat
nergiesEA (kJ mol−1) obtained from the corresponding Arrhenius plot

onic liquid σ (S cm−1)

25◦C EA (kJ mol−1)

HEMIm][BF4] 4.6× 10−3 29.48
[HEMIm][TFSI] 2.8× 10−3 32.13
[HEMIm][PF6] 2.1× 10−3 39.29
[HEMMor][BF4] 8.7× 10−5 49.24
[HEMMor][TFSI] 8.5× 10−5 53.54
[HEMMor][PF6] 6.6× 10−7 –
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system application by exhibiting solid–solid phase transition
behavior.

6. Purity of ionic liquids

6.1. [HEMIm][Cl]

The 1H NMR (DMSO, δ (ppm), relative to TMS) spec-
trum consists of the following peaks: 3.72(q, 2H), 3.88(s,3H),
4.21(t, 2H), 5.29(t, 1H), 7.71(d, 1H), 7.75(d, 1H), 9.18(s, 1H).
FAB mass showedm/z = 127.17 [HEMIm]+.

6.2. [HEMIm][BF4]

The 1H NMR (DMSO, δ (ppm), relative to TMS) spec-
trum consists of the following peaks: 3.72(q, 2H), 3.88(s,3H),
4.21(t, 2H), 5.29(t, 1H), 7.71(d, 1H), 7.75(d, 1H), 9.18(s,
1H). FAB mass showedm/z = 127.17 [HEMIm]+. The con-
tent of chloride anion was 24 ppm. The water content was
266 ppm.

6.3. [HEMIm][PF6]

The 1H NMR (DMSO, δ (ppm), relative to TMS) spec-
t H),
4 (s,
1 -
t was
1

6

c-
t H),
4 H).
F -
t

6
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t H),
3 H).
F

6

c-
t 7(t,
2 2(t,
1 -
t was
1

6.7. [HEMMor][PF6]

The 1H NMR (DMSO, δ (ppm), relative to TMS) spec-
trum consists of the following peaks: 3.21(s, 3H), 3.47(t,
2H), 3.53(t, 2H), 3.6(t, 2H), 3.89(s, 2H), 3.95(s, 4H), 5.32(t,
1H). FAB mass showedm/z = 146.1 [HEMMor]+. The con-
tent of bromide anion was 158 ppm. The water content was
78 ppm.

6.8. [HEMMor][TFSI]

The1H NMR(DMSO,δ (ppm), relative to TMS) spectrum
consists of the following peaks: 3.21(s, 3H), 3.42–3.48(t, 2H),
3.49–3.53(t, 2H), 3.6(t, 2H), 3.87–3.89(s, 2H), 3.92–3.56(m,
4H), 5.32(t, 1H). FAB mass showedm/z = 146.1 [HEMMor]+.
The content of bromide anion was 129.3 ppm. The water con-
tent was 123 ppm.
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rum consists of the following peaks: 3.72(q, 2H), 3.88(s,3
.21(t, 2H), 5.29(t, 1H), 7.71(d, 1H), 7.75(d, 1H), 9.18(s, 1
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