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Tonic liquid/solvent as high conductive electrolyte (2mS cm™ at -50 °C) with suppression of phase
transition and large electrochemical window (8V)
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Physicochemical and electrochemical properties of three different ionic liquids (1-propyl-1

methylpyrrolidinium bis(fluorosulfonyl)imide - Pyra3FSl, 1-butyl-i1-methylpyrrolidinium bis(trifluoro
methanesulfonyl)imide -  Pyri4TFSI  and  1-ethyl-3-methylimidazolium  bis(trifluoromethane
sulfonyl)imide - EMITFSI) were investigated and compared with binary mixtures of those ionic liquids
with y-butyrolactone (GBL). It was found that the highest conductivity for each mixture was obtained
for a concentration close to sowt%. Then thermal and transport properties for the three neat ionic
liquids and the three mixtures with GBL at 5owt% were evaluated from -50°C to 100°C. The addition of
GBL enhances the conductivity and fluidity of the mixtures, especially at low temperature. For instance,
at -50°C the ionic conductivity for EMITFSI/GBL is still as high as 1.9 mS cm-1 and its viscosity is 70
mPa-s. Another advantage of the solvent addition is that it suppresses the melting transition and allows
applications down to -50°C. A drawback is the slight reduction of the electrochemical stability window
of the electrolyte.

Introduction researchers have focused their work on improving the ionic
conductivity of the electrolyte properties by several approaches.

During recent years, the interest in ionic liquids (ILs) as Mixing two ionic liquids by choosing the combination of

elect.rol}.lte has been. growing —up concc.ernmg multip 11 62: cations and anions can dramatically reduce or even suppress the
applications like electrical double layer capacitors (EDLCs),
34

* dye

sensitized solar cells® or electrochromic devices.® The attraction

melting transition.® Besides, those binary systems exhibit a
continuous decrease of the ionic conductivity with the
temperature while neat ionic liquids show a sharp drop of the

lithium ion batteries, electrochemical actuators,

of ILs is due to numerous advantages such as a high thermal jonic conductivity near the melting transition. A good

and chemical stability in addition to a low volatility which combination of ionic liquids allows working at low temperature

improves the safety of electrochemical devices, a good without the use of an organic solvent. Indeed, Lin et al’

conductivity, and a wide electrochemical potential window showed that a binary mixture of 1-methyl-1-propylpiperidinium
bis(fluorosulfonyl)imide and 1-butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide, PIP3FSI)y s(Pyr4TFSI)g 5
used as an electrolyte for EDLCs was able to operate
from -50°C to 100 °C over a wide electrochemical window (up
to 3.7 V). However the ionic conductivity of such mixtures is
too low (4.9 mS cm’! at 20 °C, ~102 mS c¢cm™ at -50 °C) to be

used as efficient electrolytes.” The ionic conductivity can be

which increases the device efficiency. ILs are usually
quaternary ammonium salts with a cyclic or acyclic organic
cation, and either an organic or inorganic anion. The cation can
be chemically modified by varying the length and composition
of the alkyl chains connected to the nitrogen atom. This results
in a wide combination of cations and anions available that lead
to ionic liquids with tunable physicochemical properties.” The
main drawback of neat ionic liquids that prevents them from

significantly enhanced by adding an organic solvent to ILs.

expanding their use to supercapacitor applications is the Ruiz e al? studied the ionic conductivity of 1-butyl-1-

presence of a melting point within the operating temperature methylpyrrolidinium  bis(trifluoromethanesulfonyl) imide
(Pyr 4 TFSI) associated with solvents. The highest value (45 mS

cm™) was reported with acetonitrile (ACN) as solvent for the

range especially at temperatures below 10 °C. In addition, they
present a high viscosity in comparison with classical organic
electrolytes, especially at low temperature. Therefore

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1
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57wt% ACN/Pyr;,TFSI mixture. Nishida et al.'® studied the
of binary mixtures of 1-ethyl-3-
(EMIBF,) with
acetonitrile, propylene carbonate (PC) and vy-butyrolactone
(GBL). The ionic conductivity of the EMIBF, mixtures with
ACN, GBL and PC was 4.8, 1.8 and 1.3 times higher
respectively, than that of the neat IL. ACN is considered as the

ionic  conductivity

methylimidazolium tetrafluoroborate

best candidate regarding the ionic conductivity but it is
nevertheless necessary to choose a solvent that would allow
operating in safe conditions between -50 °C and 100 °C. The
low boiling point (82 °C) of acetonitrile limits the maximum
operation temperature to about 70 °C. Moreover ACN is
forbidden in countries like Japan for safety reasons because of
its toxicity and its low flash point (2 °C). As reported by Ue et
al.,'' PC and GBL have a similar viscosity (2.5 mPa s and 1.7
mPa s at 25 °C, respectively) and thermal properties (boiling
points of 242 °C and 204 °C, respectively). The ionic
conductivities (10.6 and 14.3 mS cm™, respectively) and
electrochemical windows values were evaluated on 0.65 M
tetraecthylammonium tetrafluoroborate (TEABF,) solutions with
those different solvents. Despite those similarities, GBL has a
wider electrochemical window (E,,=+5.2 V and E, 4= -3 V vs.
SCE)“, and hence was chosen for this work. Furthermore, it
has been reported that the addition of an organic solvent upon
ILs suppresses ILs’ phase transitions at low temperature. In that
perspective, Chagnes et al.'> and Anouti er al." studied GBL/IL
mixtures, and more particularly the thermal analysis of an
aprotic ionic liquid (1-butyl-3-methyl-imidazolium) and a
protic ionic liquid (pyrrolidinium nitrate) respectively. As far as
we know, no study has been reported on both electrochemical
and thermal analysis of GBL/aprotic IL mixtures, especially on
electrochemical windows of the mixtures. The purpose of this
work is to combine ionic liquids presenting a high ionic
conductivity and a wide electrochemical window with GBL and
to study the thermal, physico-chemical and electrochemical
properties based on such mixtures. The ionic conductivity of
neat IL is related to their chemical structure and can reach
values as high as 15.4 mS cm™ (for EMIFSI at 25 °C) when
1-ethyl-3-
1-Propyl-1-methylpyrrolidinium

small or asymmetrical cations such as
methylimidazolium (EMI")
(Pyr;3"), 1-Butyl-1-methylpyrrolidinium (Pyr,4") are combined
with
bis(trifluoromethanesulfonyl)imide
bis(fluorosulfonyl) imide (FST).

In this study we focus on 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl) imide (EMITFSI), 1-propyl-1-

methylpyrrolidinium bis(fluorosulfonyl)imide (Pyr;3FSI), and

anions as
(TFSI)

charge-delocalized
and

1-butyl-1-methylpyrrolidinium bis(trifluoromethane sulfonyl)-
imide (Pyr4TFSI) shown in Scheme 1. Pyr;3FSI and Pyr4,TFSI
have been selected as a compromise between ionic conductivity
(5.4 mS cm™ and 2.2 mS cm™ at 20 °C respectively),'* viscosity
(48 and 138 mPa s at 20 °C respectively)'® and electrochemical
window (5.9 V and 6.0 V respectively at 20 °C)'® and
compared to the well-known EMITFSI as reference (at 20 °C,
o=8.8mS cm™, =34 mPa s and EW=4.3 V)."”

2| J. Name., 2012, 00, 1-3
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Scheme 1: Chemical structure of studied ionic liquids

Experimental section

Materials

EMITFSL, Pyr;sFSI and Pyr,TFSI
available from Solvionic (electrochemical grade 99.9%, H,0%

were commercially
<30 ppm) and used as received. y-butyrolactone (GBL,
Analytical grade >99.5%, H,0% <200 ppm) was purchased
from Merck. Water content of ILs and GBL was checked by the
Karl Fisher method (Methrom, 831 KF coulometric titrator).
Ferrocene 98% was purchased from Aldrich Company.
Platinum and silver wires (99.99%, 0.25mm diam.) were
purchased from Goodfellow. Glassy carbon electrode (Model

MF-2012, diameter of 3mm) was purchased from BASi.

Measurements

The ionic conductivity (s, mS cm™) of IL/GBL mixtures
varying from 0 to 100 wt% in ionic liquid was evaluated at
room temperature with a Mettler Toledo conductivity meter
FE30 placed inside a glove box under nitrogen. The ionic
conductivity as a function of temperature was recorded every
10 °C from -50 °C to 100 °C, by Electrochemical Impedance
Spectroscopy (EIS) using a potentiostat VMP3 multi-channel
(Bio-Logic Instruments). The measurement was realized in a
three-electrode cell, using an Ag wire as a pseudo-reference
electrode, a Pt wire as a counter electrode and a glassy carbon
working electrode. Experiments were carried out in a frequency
range from 1 Hz to 1 MHz with a rate of 6 points per decade
with an amplitude of 10 mV. Electrochemical setup was
assembled in a glove box and transferred into a thermostatic
chamber. The ionic conductivity was calculated using the
equation ¢ = k/Z, where Z is the real part of the complex
impedance (ohms) and k is the cell constant, considered to be
unchanged over the temperature range.

Electrochemical windows (EW) measurements were carried out
in the same three-clectrode setup. The surface of the glassy
carbon working electrode was polished with diamond paste (6
pm particle size) and rinsed with distilled water. The cyclic
voltammograms (CV) were recorded at 20 mV s™ with current

This journal is © The Royal Society of Chemistry 2012
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For each ionic
liquid, cathodic and anodic polarizations were carried out
separately in order to avoid undesirable side-products or
adsorbed impurities which may hamper accurate determination
of EW. All potentials were reported relative to the
ferrocene/ferricenium couple according to IUPAC.'® The
rheological behaviour and the viscosity (n, mPa s) of the neat
ILs and mixtures were measured with an Anton Paar
Rheometer MCR 301 using a conical geometry. All of the
samples showed a Newtonian behavior and a 50 s™' shear rate
was selected. The viscosity was measured from 25 °C to -50 °C
and then from -50 °C to 100 °C at 3 °C min™'. The density of
neat ILs and their mixtures was determined using an Anton Parr
digital vibrating tube densitometer (model 60/602, Anton Parr,
France) from 10 °C to 80 °C.

density boundaries set to = 0.28 mA cm™.

Results and discussion

Physicochemical, thermal and electrochemical properties of
neat EMITFSI, Pyr;FSI, Pyr;,TFSI and their binary mixtures
with GBL are reported from -50 °C to 100 °C.

Ionic conductivity

For common salts, the ionic conductivity is measurable only in
a restricted range, determined by the solubility of the salt. The
particularity of ILs is that they already are in a liquid state,
which allows them to form a single phase with solvents over a
wider concentration range as long as they are miscible. The
phase separation (i.e. cloud point) of a mixture of two liquids
was determined by visual observation."” For all IL/GBL
mixtures studied, both liquids are miscible as no phase
separation has been observed visually after 24h at room
temperature, allowing the determination of the ionic
conductivity whatever the concentration of ILs. Fig.1 shows the
variation of the room temperature ionic conductivity of
EMITFSI/GBL, Pyr;;FSI/GBL and Pyr,TFSI/GBL as a
function of GBL’s weight concentration.
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Fig.1 lonic conductivity of IL/GBL mixtures versus GBL weight concentration for
Pyr13FSI (<), EMITFSI () and Pyr14TFSI (A\) at room temperature.
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As described by Ruiz et al.? or Nishida et al.'® for aprotic ILs,
when decreasing the IL concentration, the ionic conductivity
first increases because of the ion solvation and the reduction of
the viscosity. The ionic conductivity reaches a maximum at an
ionic liquid concentration (Cgmax) and then diminishes because
of a dilution effect. For all mixtures Cg nax is close to 50 wt%
which corresponds to a molar concentration of 2 mol L™ and an
ionic conductivity of 21.9 mS c¢m™ for Pyr;5FSI, 1.7mol L' and
20.5 mS cm’! for EMITFSI, 1.5 mol L and 14.4 mS cm for
Pyr 4, TFSI. A concentration of 50 wt% has been selected for the
forthcoming results. The ionic conductivity is then measured in
[-50 °C; +100 °C] for neat ionic liquids and 50 wt% IL/GBL
mixtures (Fig.2). The ionic conductivity increases with
temperature for both neat ILs and IL/GBL mixtures up to
roughly 40 mS cm™ at 100°C.
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Fig.2 Arrhenius plots of Pyr14TFSI (A), EMITFSI (®), Pyr13FSI (@), Pyr14TFSI/GBL
(A), EMITFSI/GBL (©) and Pyr13FSI/GBL ().

Individually, EMITFSI, Pyr;3FSI and Pyr;,TFSI show melting
points of -15.6 °C, -9.8 °C and -17.6 °C, respectively (See
supporting information, Fig. S1), which explains the important
decrease of ionic conductivities at low temperature. However
Pyr4,TFSI’s ionic conductivity decrease continuously while
EMITFSI and Pyr5FSI ionic conductivities drop sharply near
their solidification points. This difference of behaviors is
probably related to Pyr;,TFSI’s supercooling effect.?’ Indeed,
ionic conductivity values were measured during the cooling,
and as we can see on the Pyr;,TFSI DSC traces, no phase
transition occurs during the decrease in temperature (See
Supporting Information, Fig. S1). As a result, the Pyr,TFSI
ions mobility decreases slowly until the IL reaches a glassy
state. DSC curves of 50 wt% IL/GBL mixtures display no peak
or baseline shift between -90 °C and 150 °C excluding the
presence of first- or second-order phase transitions in this
temperature range. 50 wt% IL/GBL mixtures remain in a liquid
state for several tens of degrees lower than for neat ILs. This
behavior explains that ionic conductivities at -50 °C of IL/GBL
mixtures remain as high as 2.0, 1.0 and 1.9 mS cm™ for
Pyr;sFSI/GBL, Pyr,TFSI/GBL and EMITFSI/GBL. The

J. Name., 2012, 00, 1-3 | 3
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evolution in temperature of the ionic conductivity for all ILs
and their IL/GBL mixtures (Fig.3) is well fitted with the Vogel-
Tamman-Fulcher equation (eqn 1), commonly used for IL:

G = & exp(-Bo/(T-To)) (1)
Where the pre-exponential term o, (mS cm™) corresponds to
the ionic conductivity at infinite temperature.”® B, is usually
considered to be the pseudo-activation energy and corresponds
to the slope of the VTF plots. T, is defined as the ideal glass
transition temperature where the ion mobility tends to zero.
Data points, fitted B, and T, are given in Supporting
Information, Table S1 and S2. The behavior of IL/GBL
conductivity versus temperature is similar to that of neat IL.
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Fig. 3 VTF plots of Pyry,TFSI (A), EMITFSI (®), PyrisFSI (@), Pyri TFSI/GBL (A),
EMITFSI/GBL (O) and PyrysFSI/GBL ().

Viscosity

Fig.4 presents the viscosity of neat ILs and IL/GBL mixtures as
a function of temperature. As expected, the increase of
temperature decreases the viscosity of neat ILs and IL/GBL
mixtures. As noticed for ionic conductivity measurements,
Pyr4,TFSI behaves differently from EMITFSI and Pyr3FSI.
Indeed, the viscosity of EMITFSI and Pyr;3FSI can’t be
measured below their solidification point while Pyr,TFSI’s
viscosity increases continuously. The addition of GBL
suppresses phase transitions at low temperature (Supporting
Information, Fig. S1). Therefore mixtures remain liquid down
to -50 °C and the viscosity is still measurable contrary to neat
ILs. The addition of GBL decreases dramatically the viscosity
down to 70 mPa s at -50 °C for 50 wt% EMITFSI/GBL
mixture.

As for the ionic conductivity, viscosity data as a function of
temperature have been correlated to the VTF equation and are
available in Supporting Information (Fig.S2, Table S3 and S4).

4| J. Name., 2012, 00, 1-3
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Fig.4 Viscosity as a function of temperature for Pyrl4TFSI (A), EMITFSI (
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),
) and Pyr13FSI/GLB (<) from

‘Walden plot approach

Walden established an empirical relation’' between the ionic

conductivity and viscosity for infinitely diluted solutions,
known as the Walden rule (eqn 2):

An=C (2)
where C is a constant, A is the molar conductivity (S cm? mol™)
and n (Poise) the viscosity. A is calculated from the ionic
conductivity o (S cm™) and the ionic liquid concentration (A=
o/[IL]).

The Walden plot representing log(A) versus log(n™) is a
method that provides a qualitative representation of ionicity.
The ideal line is drawn as a reference using the data for a
0.01M KCI aqueous solution, which is known to present a full
dissociation of its ions. Angell et al®* have classified ILs
depending on where they stand regarding the ideal line. On the
upper part, above the ideal line, “superionic liquids” exhibit a
very high conductivity. This region of the plot usually contains
protic ionic liquids that follow the Grotthus mechanism, that is

This journal is © The Royal Society of Chemistry 2012
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to say proton hopping between vicinal cations, enhancing the
ionic conductivity. “Good” or “true” ionic liquids stand along
the ideal line, and “poor ionic liquids” or “associated ionic
liquids” lie below it: their conductivity is lower than expected
regarding the fluidity (n") of the system. That is generally due
to the formation of ion pairs and aggregates that do not
contribute to the overall conductivity. Finally, “non-ionic”
liquids are solely composed of ion pairs so their conductivity
which depends on the number of free charge is far lower than
the fluidity of the system, and they occupy the bottom of the
Walden plot. Fig.5. shows a Walden plot of the three neat ionic
liquids and IL/GBL mixtures with temperatures varying from
10 °C to 80 °C. It appears that the three neat ionic liquids
follow the ideal line so they can be qualified as good ILs. Their
respective mixtures with GBL show a similar behaviour and
stand slightly below the ideal line, still very close to good ILs.
We observe a deviation of the Walden plot for neat ILs and
IL/GBL mixtures from the ideal line with temperature. The
deviation from the ideal line (slope a < 1) is commonly
observed for most of ionic liquids and is correlated to the
partial Walden rule (eqn 3).>*** In the partial Walden rule, o is
most often found in the range of 0.8 + 0.1 for neat ionic
liquids:*

An®=C (3)

Where a is the slope of the line in the Walden plot which
reflects the decoupling of the ions.”® This derivation can be
explained by ion-pair formation of neat IL which rises with
temperature.”” All of the electrolytes studied follow the partial
Walden rule with a values close to 0.8 for neat ionic liquids as
reported in the literature and o values between 0.6 and 0.7 for
IL/GBL mixtures, as reported in this work (see Supporting
Information, Table S5).
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Fig.5. Walden plot of log(molar conductivity, A) against log(reciprocal viscosity,
1’]'1), for: Pyrl4TFSI (A), EMITFSI (®), Pyr13FSI (@), Pyrl4TFSI/GBL (A),
EMITFSI/GBL (©O) and Pyr13FSI/GBL (<) The plot includes the classification for
ILs proposed by Angell et al®®

This journal is © The Royal Society of Chemistry 2012

In the literature the Walden behavior for aprotic IL/solvent
mixtures has never been described and this particular observed
behavior is not yet fully explained. a values seem to indicate
that ion pairing formation is more important for IL/GBL
mixtures than for neat IL. Indeed, on one hand the ion-pair
formation of ionic liquid is reported to be promoted by diluting
in solvent?” and on the other hand, the dielectric constant of
solvents decreases with the increasing in temperature favouring
also ion pairing.”® Therefore, the solvation of IL by GBL
diminishes with the increase in temperature, resulting in an
increase of ion-pairs with the temperature. Consequently, the
combination of the two effects i.e. the dilution effect and the
temperature increase can explain lower a values compared with
neat ILs.

Electrochemical Window (EW)

Cyclic Voltammetry (CV) is a dynamic electrochemical method
to investigate the electrochemical behavior of organic
molecules” or polymers®*® e.g. to estimate their ionization
potential and electronic affinity. In the field of batteries and
supercapacitors, CV is also useful to determine the
electrochemical windows of active material or electrolytes. This
has been widely explored for ionic liquids®' and solid-state
polymer ionic liquids.**** EWs are determined for the three
neat ionic liquids and IL/GBL mixtures on glassy carbon
electrodes with current density boundaries of £0.28 mA cm™
over the available temperature range (Fig.6).

Because of the melting point of neat ionic liquids,*'” EWs
determination for neat ILs is only performed from 0 °C to
100°C at 20 mV s'. On the other hand, because IL/GBL
mixtures remain liquid and fluid at low temperature, EWs have
been determined for IL/GBL mixtures until -50 °C at 20 mV s

EW (V)
>

—f % 1 & 4 & 1 & 5 & § a& ] & T
-40  -20 0 20 40 60 80 100

Temperature (°C)
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Fig.6. Plots of the electrochemical window versus temperature performed on
glassy carbon electrodes. Comparison of neat ILs with 50wt% IL/GBL mixtures.
EMITFSI (@), EMITFSI/GBL (O), Pyr13FSI (@), Pyr13FSI/GBL (<), Pyr14TFSI (A),
Pyr14TFSI/GBL (A).

The corresponding cyclic voltamograms are reported in
Supporting Information, Fig. S3 and S4. Studies generally use a
cut-off current density between 0.01 mA cm™? and 3 mA cm™
for the determination of electrochemical windows in the field of

supercapacitors.' %

Density boundaries were chosen at
which the results were the most reproducible i.e. £0.28 mA
cm™. The cut-off current density of 0.1 mA cm™ is often used
hence reported in Supporting Information (Table S6). The
electrochemical windows (EW= |E 4| + |Eo4|) at 0 °C, 20 °C and
100 °C for neat ionic liquids and at -50 °C, 0 °C, 20 °C and 100
°C their mixtures with 50 wt% of GBL are presented in Table
1. The addition of GBL upon ionic liquids systematically
decreases the electrochemical windows but for 50 wt% IL/GBL
mixtures they remain at least as wide as 7.4 V at —=50 °C and 3.0
V at 100 °C.

6 | J. Name., 2012, 00, 1-3
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Table 1 Electrochemical windows (EW, V) of neat ionic liquids and 50wt%
IL/GBL mixtures at -50 °C, 0 °C, 20 °C and 100 °C, measured on a glassy
carbon electrode.

-50 °C 0°C 20°C 100 °C
EMITFSI * 4.6 4.5 4.1
EMITFSI/GBL 7.4 5.0 44 3.0
Pyr3FSI * 5.6 52 4.2
Pyr;3FSI/GBL 7.9 54 49 3.8
Pyr4TFSI * 7.8 6.6 5.5
Pyr i, TFSI/GBL 8.4 6.8 5.5 4.1
* not measurable
Conclusions
We have investigated thermal, physico-chemical and

electrochemical properties of three different ionic liquids:
PyrsFSI, Pyr4,TFSI and EMITFSI, and their 50 wt% IL/GBL
mixtures. The addition of GBL to ILs prevents the system from
crystallizing. The main consequence is a considerably widen
temperature  operation range, especially toward
temperatures. Viscosity, ionic conductivity and electrochemical
window measurements were studied over a wide temperature
range [-50 °C; 100 °C]. Viscosity and ionic conductivity
exhibited the VTF behavior as commonly observed for ILs. The
Walden plot showed that all neat ionic liquids and IL/GBL
mixtures present a good ionicity, and follow the partial Walden
rule, with a lower o value for binary mixtures. The addition of
solvent dramatically increases the fluidity and the ionic
conductivity of the system. On one hand, at -50 °C, all studied
IL/GBL mixtures exhibit ionic conductivity from 1 to 2 mS
cm’l. On the other hand, at 100 °C, electrochemical windows
are as high as 3 V for EMITFSI/GBL and close to 4 V for
Pyr;sFSI/GBL and Pyr,TFSI/GBL which is extremely
interesting for supercapacitor applications. Therefore those
are under further investigation for

low

promising mixtures
applications in electrochemical devices.
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