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Abstract

A new member of the plastic crystal, pyrazolium imide famiWN -diethyl-3-methylpyrazolium bis-(trifluoromethanesulfonyl)imide
(DEMPyr123) was prepared. It showed a single, plastic crystalline phase that extends fr@natis melting at 11.3C. When 10 mol%
LiTFSI salt was added, the mixture showed ionic conductivities reaching 1073 S cnt! at 20°C, in the liquid state and 6.9 10~ Scnt?
at 5°C, in the solid, plastic phase. A wide electrochemical stability window’s of 5.5V was observed by cyclic voltammetry of the molten salt
mixture. Batteries were assembled with LiFeA®,TisO;, electrodes and the salt mixture as an electrolyte. They showed a charge/discharge
efficiency of 93% and 87% in the liquid and the plastic phase, respectively. The capacity retention was very good in both states with 90%
of the initial capacity still available after 40 cycles. In general, the batteries showed good rate capability and cycle life performance in the
ionic liquid phase that were sustained when the electrolyte transformed to the plastic phase. Comparison of the battery results with those of a
classic (non-plastic crystal) ionic liquid has proven the advantage of the dual state of matter character in this electrolyte.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of the saltg7] or assembling Li-ion batteries with lower out-
put voltages (2.5 V]8] instead. It is worth mentioning that
In recent years, room temperature ionic liquids (RTIL) salts based on the quaternary ammonium cation can still be
have been applied as electrolytes to rechargeable lithiumapplied to lithium metal batterig9].
batteries, due to their non-flammability, non-volatility, wide Due to safety concerns and the possibility of obtain-
electrochemical window, thermal and chemical stabilities ing high energy density, solid-state electrolytes are more
[1-3]. Those based on salts of the 1-ethyl-3-methylimidazo- desirable for lithium batteries than their liquid counter-
lium (EMI) cation, were widely studied because of its low parts with most of the development being focused on
viscosity, high conductivities and ability to dissolve lithium polymer electrolytes[10]. However, despite their good
salts[4]. Like most organic salts of heterocyclic cations, they mechanical properties, compatibility with lithium, con-
are reactive towards metallic lithiufs,6], therefore current  ductivities higher than 1@ Scnt?! at room temperature
research is focused on either modifying the cathodic stability could not be reachefill]. In present commercial batter-
ies, this problem is circumvented by the use of polymer—gel

_— electrolytes (liquid electrolyte solution/polymer mixtures)
* Corresponding author at: Institute for Process Chemistry and Envi- [12]_

ronmental Technology, National Research Council, 1200 Montreal Road, . . s
Ottawa, Ont.. Canada K1A ORS. Tel.: +1 613 990 7305: Timmermans has identified a new metastable state of mat

fax: +1 613 991 2384. ter, became known as, plastic crysfa8]. He noticed that
E-mail address: ali.abouimrane@nrc-cnrc.gc.ca (A. Abouimrane). molecular crystals with an overall globular (spherical) shape

0378-7753/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2005.03.231



256 Y. Abu-Lebdeh et al. / Journal of Power Sources 154 (2006) 255-261

show this behavior due to their ability to rotate or tumble over in order to show the greater advantage of the dual-state of
preferred orientations (disorientation) within a crystalline lat- matter for an electrolyte.
tice. The plastic crystalline phase is characterized by a great
degree of structural disorder that renders enhanced diffusivity
and plasticity (giving soft materials) and in general exhibit 2. Experimental
low entropies of fusion and dielectric constant, resembling in
this sense the liquid staf&4]. 2.1. Synthesis of N,N'-ringed pyrazolium

Solid materials based on the plastic crystalline phase trifluoromethanesulfonimide (DEMPyr)
of certain organic salts (organic plastic crystal electrolytes,
OPCESs) are a promising new type of electrolytes for elec- 2.1.1. N-ethyl-3-methylpyrazole
trochemical applicationd 5-18] They are mainly based on 3-Methyl-pyrazole (6.808 g, 100 mmol) was dissolved in
cations of aliphatic or heterocyclic amines, showing room 100mL of dry tetrahydrofurane, under argon. Ninety-five
temperature conductivities reaching£® cnm L in the solid, percentage of dry sodium hydride (2.526 g, 100 mmol) was
plastic state, either in the neat form or when mixed with slowly added, to the stirred solution. The solution was left to
lithium salts such as LiTFSI. Most recently, we have prepared cool, and iodoethane (15.597 g, 100 mmol) was added drop
pyrazolium salts that show only one plastic crystalline phase, wise over 10 min. The reaction mixture was then refluxed for
which allowed for better understanding of their properties 10 h. The resulting solution was evaporated under vacuum,
and facilitated their application in electrochemical devices and the resultan¥-ethyl-3-methylpyrazole was purified by
[19,20] distillation (85% yield).

In principle, OPCEs are able to deliver high*Lion
transport number$21] and plastic mechanical properties 2.1.2. 1,2-Diethyl-3-methylpyrazolium
[22], both ensure fast kinetics and good electrode—electrolyte trifluoromethanesulfonimide
contact, that will accommodate volume changes during  The N-ethyl-3-methylpyrazole (9.613 g, 100 mmol) was
charge/discharge cycling, both are vital to the performance dissolved in dichloromethane and a 1.0 M solution of tri-
of the battery. First batteries based on the plastic crystalline ethyloxonium tetrafluoroborate in dichloromethane (105 mL,
phase were developed in our laboratories incorporating either105 mmol) was added drop wise. The mixture is stirred 2 h
Li+-doped OPCE423] or succinonitrile[24], a non-polar at room temperature, and then evaporated under vacuum
molecular plastic crystal. The performance of the batteries to yield 1,2-diethyl-3-methylpyrazolium tetrafluoroborate as
has revealed the potential of this new type of solid materials a nearly colorless oil (95% yield). Aqueous solutions, of
to seriously compete with currently used solid conductors. the tetrafluoroborate salt (2.120g, 10 mmol) and of KTFSI
A typical example is the Pyrém-TFSI salt, 5-methyl-5,6,7,8- (3.192 g, 10 mmol) were mixed, causing the plastic crystal
tetrahydro-pyrazol¢l,2] pyridazin-4-ium TFSI saltKig. 1) salt to separate out of solution. The pyrazolium salt was dis-
[23]. Ithas awide plastic crystalline phase that starts &&20  solved in dichloromethane and washed several times with
well below its melting at 65C. Its mixture with 20 mol% distilled water. The organic phase was dried withy 8@,
LiTFSI, showed an ionic conductivity of £ 104 Scnr?! and evaporated under vacuum to give a colorless oil (typical
at 20°C. When employed in a LiFeR@.i4TisO12 battery, yield 90% of DEMPyr).
at 40°C, in the solid state, it showed a real capacity of
137 mAhgl. 2.2. Electrochemical characterization

In this work, we extend the work to OPCEs with melting
points below room temperature, i.e., in the ionic liquid state, = Battery investigations were carried out with coin-type
and showed that their biphasic character is advantageousells. Cathode (LiFeP£)and anode (L4TisO12 spinel) mate-
when employed in Li-ion batteries. We report on the ther- rials were prepared by mixing 85:5:10 (w/w) ratios of active
mal and electrochemical performance of DEMPyr123 and material, carbon black and polyvinylidene fluoride binder,
its mixture with 10 mol% LiTFSI. We also report on its use respectively, inv-methyl pyrrolidinone. The resulting paste
in a lithium-ion battery in both the liquid and solid states. was applied to a carbon coated aluminum (ReXpdiim
Comparison was conducted with conventional ionic liquids current-collector. A Celgafti separator (3um thickness)

©N (SO,CF), ©N (SO,CF)), ©N (SO,CF,
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DEMPyr123 DEPyr Pyr 6m

Fig. 1. Structures of the pyrazolium imide salts.
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was put between electrodes and imbibed with 10 mol% — DEMPyri23+10% Li TFSI

LiTFSI-doped DEMPyr. The active material loading was =~ PPVhris e

about 4.5mgcm? and the geometric surface area of the =~ DFPr\_/___/\‘Q;’
cathode was always 1.5 émiThe cells were assembled in

a helium-filled dry box (dew point-95°C; O, <1Vpm),

at room temperature. Cell performance was evaluated by
slow scan voltammetry and galvanostatic experiments carried
out on a multichannel potentiostats (V& Biologic, Claix,
France). The cells were first charged and then discharged at
constant current density between the potential limit of 1.2V
for discharge and 2.5V for charge. Cyclic voltammograms R
were realised with platinum electrode (10®) andasilver =77 77T -- o
wire as pseudo reference. The true potential was established
with butyl-ferrocene (Aldrich) and was found around 3.2V
versus Li/Li*. Conductivity measurements were performed
using the impedance spectroscopy technique. The sample
was sandwiched between two stainless steel electrodes withAT: 7.1°C, it is still considered applicable to support a good

a 1cm diameter. The frequency was swept between 5 Hz andperformance in the solid state, provided enough time were
13 MHz using an HP frequency analyzers. The temperatureallowed for equilibration at the operating temperature, in our
was varied between20 and 25C allowing 20 min for ther- case at 5C.

mal equilibration. Differential scanning calorimetric analysis ~ In order to introduce a Li-ion contribution to the elec-
was performed using a Perkin-Elmer Pyris 1 All the samples trolyte, a 10 mol% of LiTFSI salt was added to the pyrazolium
were sealed in aluminum pans in a dry box and then scannedsalt. The resultant mixture showed an expected depression
from —150 to 160°C at 2°C min—1. All experiments were  in melting point to7m=7.3°C and an additional transi-
performed in a He-filled glove box. tion at 1.5°C (Fig. 2), with the original plastic transition
still unaffected at {pc1=4.2°C). This method of mixing a
lithium salt and an OPCE was introduced by MacFarlane
et al. [25,26] who showed that adding doping levels (up
to 9% LIiTFSI) to OPCEs, in their case being the pyrroli-
dinium family, results in the formation of solid solutions.
They observed that upon the addition of LiTFSI no extra
peaks were emerged in the DSC up to the 9.3 mol% com-

Endotherm

-30 20 -10 0 10 20 T (°C)

Fig. 2. DSC scans of the studied electrolytes.

3. Results and discussion
3.1. Differential scanning calorimetry

We have previously reported that, in the pyrazolium imide
family we generally found that onlyw,N'-ringed deriva- position, beyond which, a new peak appears &tG5vhich
tives, bis-annular, display plastic crystal behayit8]. We they attributed to an eutectic with a 33 mol% composition.
suggested that the disc-like shape of the cations could beThis, however, was challenged by Hederson and Passerini
responsible for this behavior based on the assumption that{27] who constructed a complete phase diagram of LiTFSI
disks are, to some extent, free to rotate along the plane ofand N-alkyl-N-methyl-pyrrolidinium-TFSI mixtures. They
the cationic ring or able to tumble over preferred orienta- suggested that the peak corresponds, rather, to a 2:1 crys-
tions. Supporting this observation, is the fact that none of talline solid. We tend to agree with this finding as in our case,
the unsubstitute¥,NV'-dialkylpyrazolium imides studied are  although the 1.5C event could still be, simply, interpreted
plastic crystals. However, with a methyl group on the ring, as a eutectic, its hard to explain the enhanced conductiv-
DEMPyr123 is a plastic crystal, as its DSC scan shows a ity found at temperatures well below a possible “melting

characteristic endothermic peak at 42preceding that of
melting at 11.3C (Fig. 2). This first order transition corre-
sponds to the normal crystal—plastic crystal transitifia)(

point”. Also, the degree of (dis)order in the plastic crystalline
phase may vary considerably. In either case, the salt mixture
was investigated visually at®&, and a plastic appearance

The figure also shows the scan for DEPyr, the unmethylatedwas observed. Moreover, we have suggested in the case of

equivalent of DEMPyr123. It exhibited a single peak corre-
sponding to melting at2.6°C and no extra peaks that might

mixtures of LiTFSI-succinonitrile, that even if a eutectic or
pseudo-eutectic is formed, it will be most probably nanodis-

correspond to any plastic crystalline phase. This, we suggestpersed within the extensive dislocation networks known to
might be attributed to the dissymmetric structure of the cation exist in plastic crystalline phas¢28,29]

where the skewed position of its center of gravity relative to
the charge distribution in the methylated equivalent.

The melting entropy A4S5) of DEMPyrl23 is
29.5JKtmol"1, a value higher than Timmermans’
criterion (ASS, <20JK tmol~1), which is common in
OPCE416]. Although the plastic phase is relatively narrow

3.2. Conductivity measurements

The DEMPyr123 compound displays significant conduc-
tivity in the neat form, when molten or in the solid, plastic
crystal states. In the molten state, at’20the conductivity
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Fig. 3. Temperature dependence of the conductivity of DEMPyr 123. E (V) vs. Ag/Ag*

Fig. 4. Cyclic voltammetry scan of 10% LiTFSI-DEMPyr 123, using 0.1 mm

is 2.6x 107 Scnt= while within the plastlc CryStal phase Pt electrode, and a Ag wire as a counter and reference electrodes.

(from 5 to 10°C), the conductivity values ranged from

1.3x 10* to 1.4x 10-3Scnt?, respectively. Upon dop-

ing with 10 mol% of Lifts salt, the conductivity decreased

slightly at 20°C to 1.7x 103Scnt! as expected from At 5°C, within the plastic crystalline phase, the batteries
increased viscosity or the formation of less-mobile species. yielded 81% of the initial discharge capacity (114 mAHy
Conversely, within the plastic phase, doping increases thewith 87% charge/discharge efficiency. The oxidation and
conductivity by five folds throughout the temperature range reduction peaks were observed at 1.98 and 1.77V, respec-
(6.9x 104 Scnt! at 5°C, Fig. 3). The conductivity varia- tively, at 20°C, in the liquid state. At 5C within the solid-
tion, as a function of temperature, is characteristic of plas- state, plastic crystalline phase and we found that the posi-
tic crystal electrolytes. Within the plastic crystalline phase tion of the peaks remained unaffected. This suggests that
(Tpc < T <Tm), the variation of conductivity as a function of when crossing from the liquid to the plastic crystal state
temperature fits neither Arrhenius nor VTF (free volume) the salt mixture is able to provide similar performances
plots. Rather, the conductivity varies as a binomial (parabolic) in terms of electrolyte properties and electrode/electrolyte
function of temperature. The rationale for this observation interface.

involves pipe diffusion mechanism as discussed previously

[18].

30
3.3. Electrochemical stability window I ' ' I I '

Fig. 4 shows a cyclic voltammogram of the 10 mol%
LiITFSI DEMPyr123 electrolyte at 20C. The electrolyte’s
stability spans from-3.7 to 1.8V (versus Ag/Af pseudo-
reference) (from-2.2 to 3.3V versus Li/L%). Within this
5.5V operating window both L4iTisO;2 (negative electrode)
and LiFePO4 (positive) are stable and this combination pro-
vides a 2.5V lithium battery suitable for the study of the
electrolyte response at the phase changes.

I (mAh.g™")

3.4. LiyTisO12/10% LiTFSI-DEMPyr 123/LiFePOy4
battery system

3.4.1. Slow scan voltammetry
At 20°C, in the molten state, the tested batteries typi-
cally yielded a discharge capacity of 141 mAh'dover 83%

of the theoretical capacity based on LiFePQisTisO12 Fig. 5. Slow scan voltammetry (20 mV*H) for the Lis TisO12/10% LiTFSI-
in excess) with 93% charge/discharge efficienEjg( 5). DEMPyr123/LiFePQ system.

2.4

Voltage (V)
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Fig. 6. Capacity retention with temperature variatiol4t2 current. Fig. 7. Rate capability for DEMPyr123 and DEPyr based electrolyte at 20
and 5°C.

3.5. Rate capability
(Fig. 7): The capacity loss decreased with increasing dis-

In order to establish the relative performance of the sys- charge rates for DEMPyr123; on the contrary, to the ionic
tem at 5 and 20C, the variation of the cell voltage against liquid DEPyr, that showed an increase in capacity loss with
composition and capacity during the first discharge—charge increasing rates, with less than 50% capacity retenticizt
cycle, with a rate OCEX{)/]-Z (Cexpc)=114mAh gt and rate. At low discharge rates, DEMPyr123 at°Zd) showed
Cexpeorc) = 141 mAh g =) was examinedHig. 6). At 20°C, the highest capacity, which at intermediate rates decreased to
the delivered discharge capacity was 127 mAh,giith88%  values that compare well with that of DEPyr atG, leav-
charge/discharge efficiency. APE, under the same condi-  ing the DEPyr at 20C with the highest capacity, a behavior
tions, a discharge capacity of 92 mAhlgvas obtained, with that holds at higher rates. Although at the higher temperature
77% charge/discharge efficiency. On going from the liquid to and higher rates, the ionic liquid DEPyr is superior, at lower
the solid, plastic crystal state, over 72% of the battery’s per- temperatures, the solid DEMPyr123 electrolyte showed sim-

formance was preserved. ilar behavior to DEPyr. This is because the latter suffer from
Furthermore, the effect of the discharge rate on the capac-@ decrease in conductivity due to an increase in viscosity
|ty of the batteries was considered over a rate rangam which is detrimental to the function of the battel’y. This is

to C, at the studied temperature@id. 7). At 20°C, 81% of more evident when the battery incorporating the DEPyr elec-
the Capacity was available at rates um_ The Capacity trOlyte was tested athOC, below the m8|t|ng pOint of the
retention remained satisfactory at®, with 62% of the ini- electrolyte. In this case, it was not possible to obtain signif-
tial capacity still available a€/6 rate. In general, the slight ~ icant capacity from DEPyr when it crosses to the solid state
decrease in capacity and charge/discharge efficiency on goingnormal crystal phase), which underlines the advantage of
from ||qu|d to p|astic phase, could be attributed main|y to the dual state of matter character exhibited by DEMPyr123
the distortion of the interfacial contact between the electrode Also, as important, is the fact that the efficiency of its plas-
and turned-solid electrolyte. In order to further demonstrate tic crystalline phases in sustaining a battery performance to
the advantage of having an electrolyte with a dual state of @ level similar to that of liquids at both extremes of dis-
matter, a comparative study was carried out, under exactlycharge rates. As we pointed earlier, this is a result of not
the same conditions with 1,2-diethyl-3-methylpyrazolium ©nly the liquid-like ion conducting ability of the plastic crys-
TFSI (DEPyr,Fig. 1). DEPyr is a conventional ionic liquid talline solid phase, but also, to its flexible structure during
(Tm=2.6°C) at room temperature with no plastic crystalline cycling.
phase. A battery electrolyte was prepared by adding 10 mol%
LiTFSI to DEPyr and batteries ware assembled and further 3.6. Lithium batteries, cyclability
tested at various temperatures.

As shown in the Ragone plots, for both electrolytes, the  The ability to sustain charge/discharge cycles was
behavior of DEPyr differs markedly fromthat of DEMPyr123 assessed, for the J¥i5012/10% LiTFSI-DEMPyri123/
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140 | Y T T T T 4. Conclusions
120 ?\.‘*—:-—-.___.*._H_ C/n21 An ionic liquid that shows a plastic crystalline phase
* —a Cr8 below its melting point has the advantage of sustaining most

100 - Ol el of its electrolyte properties and hence support battery per-

formance at temperatures below melting. The DEMPyr123
salt and its LiTFSI mixture show high conductivities, in
— t.he_ soll_d state and when thg latter was incorporated into
60 | v C/4 lithium-ion batteries of 2.5V, it was able to support a per-
o formance in the liquid and solid (plastic crystalline) states
wh %O i ciae g e o T3 giving 83% and 67% of the theoretical capacity, respec-
v —v tively. We have also conducted a comparative study of the
-~ %= % —9— ¥— ——-0UC2 : :
20  B-enDemimDeeme oo emeeOme—-q1 c performance of the electrolyte with conventional ionic lig-
uid DEPyr which does not show a plastic crystalline phase
0 1 L 1 1 1 and crosses to its normal crystalline phase below melting.
0 10 20 30 40 50 60 . . . .
Cycle number We found that it gives high performance at high tempera-
tures that decreases rapidly at with temperatures, to disappear
Fig. 8. Cyclability at 20C of DEMPyr123 based batteries at different cur- completely below melting point being not able to show any
rents. capacity. With the ability to reach low operating temperatures,
the present work underlines the growing ability of pyra-
zolium imide OPCEs to compete with classic solid and liquid
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