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ABSTRACT: In the scope of improving the energy and power densities of
electrochemical double layer capacitors (EDLCs), the development of high
performance electrolytes with enhanced operative voltages is imperative. The
formulation of mixtures containing ionic liquids with organic molecular
solvents is an important strategy in the pursuit of developing highly
electrochemically stable and safe materials while retaining fast transport
properties for high power applications. In this work, we report on the
physical—chemical investigations into binary mixtures containing the ionic
liquid 1-butyl-1-methylpyrrolidinium bis{(trifluoromethyl)sulfonyl}imide
with one mononitrile solvent, butyronitrile, and two dinitrile solvents,
glutaronitrile and adiponitrile, as potential electrolytes for EDLCs. The
thermal, volumetric, and transport properties of the binary mixtures are
investigated as functions of the electrolyte composition and temperature.
Furthermore, the electrolyte composition which exhibits the highest
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conductivity for each of the binary mixtures was determined, and its electrochemical stability is reported using a glassy

carbon macrodisk electrode.

1. INTRODUCTION

The drive to develop high capacity and high power electrical
energy storage devices is a key factor for the practical realization
of alternative renewable energy sources which are inherently
intermittent in nature. Of the range of developing energy
storage systems, including batteries and fuel cells, electro-
chemical double layer capacitors (EDLCs) appear as one of the
most promising technologies, particularly for high-power
applications. The mechanism of energy storage in EDLCs is
based on physical processes wherein electrostatic charge
separation occurs at an electrode/electrolyte interface in
response to applied electrode potentials. Since the processes
during charge/discharge cycling of an EDLC are purely
physical, unlike in batteries which rely on reversible redox
electron transfer reactions, high currents can be utilized to
achieve complete charge/discharge in seconds (i.e., high power
outputs) through hundreds of thousands of cycles without
significant capacity fade.' > Nevertheless, the nature of the
charge/discharge processes ensure that, relative to conventional
Li-ion batteries, the total energy density of EDLCs is
significantly low, typically less than 6 Wh-kg™'.> Consequently,
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the focus of most of the work surrounding EDLCs lies with
increasing the energy density by means of developing novel
high-capacity electrode materials, such as templated carbide-
derived carbons,*® and graphene-derived carbons,®” as well as,
by the formulation of new and more stable electrolytes which
may afford enhanced operative voltages.®™"*

The capability of a particular electrolyte to promote the
performance of an EDLC can be partially understood by the
following relationships between the specific energy, E = 0.5CV%,
and the specific power, P = V?/(4R), of an EDLC and the
operative voltage, V, of the device (where R and C represent the
internal resistance and the capacitance of the EDLC,
respectively). Given these dependencies, it can be seen that
even small increases in the operative voltage of the EDLC could
lead to significant improvements in the achievable energy
density of an EDLC device. Furthermore, reducing electrolyte
contributions to the internal resistance by utilizing high-
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conductivity and low viscosity electrolyte formulations is
important in the fabrication of high-power devices.

At present, the conventional electrolyte formulations for
nonaqueous EDLCs are based on either acetonitrile (ACN) or
propylene carbonate (PC) as the solvent with tetraethylammo-
nium tetrafluoroborate ([Et,N][BF,]) as the electrolyte salt. As
such, EDLCs with these electrolyte formulations can typically
be utilized with an operative voltage between 2.5 and 2.8 V.»"*
These electrolyte formulations have been studied in-depth and
are continually optimized for EDLC application and, as such,
can deliver high performances over hundreds of thousands of
cycles." However, the inherent volatility and flammability of the
solvents, particularly ACN, creates potential safety issues for
EDLC application. Additionally, the solubility of traditional
EDLC salts in these solvents imposes limitations on the
maximum achievable performance of these electrolyte for-
mulations and it has been shown that higher electrolytic
conductivities can be achieved using higher concentrations of
alternative salts (e.g, l-ethyl-3-methylimidazolium tetrafluor-
oborate, [EMIm][BF,]).>'® Furthermore, higher concentra-
tions of a nonvolatile ionic component within the electrolyte
solution may be utilized to effectively reduce the vapor pressure
of the resulting formulation and help to negate the potential
flammability of the electrolytes."” Such considerations are of
paramount importance for the development of safer electrolytes
for EDLCs and electrochemical energy storage devices, in
general.

In this particular context, ionic liquids (ILs) typically possess
many inherent chemical-physical properties, notably their
nonvolatility and good (electro)chemical and thermal stability,
which make these liquids attractive potential candidate
materials for the development of safer EDLCs,”'*'®"” and
other electrochemical devices such as lithium-ion,”° >* and
sodium-ion secondary batteries.”>** Because of the purely ionic
nature, and intrinsic conductivity, of ILs, several recent studies
have detailed the use of neat ILs as solvent-free electrolyte
systems in EDLCs. For example, operative voltages of up to 3.7
V were achieved using well-studied ILs, for example, 1-butyl-1-
methylpyrrolidinium bis{(trifluoromethyl)sulfonyl}imide,
[Pyrr,,] [TESI].#'**> Nevertheless, at ambient temperatures,
ILs typically exhibit much higher viscosities than traditional
organic solvents and, as such, the associated conductivity of the
electrolyte is low and the mobility of the ionic species is
sluggish. These properties, in turn, ultimately limit the power
outputs of EDLC devices based on a solvent-free IL electrolyte.
In this respect, two primary strategies are reported by
researchers in this field. First, the design and testing of novel
IL structures with effectively reduced viscosity and improved
transport properties; for example, ILs containing a pyrrolidi-
nium-based cation (with alkyl or alkoxy-group functionality)
paired with the dicyanamide, [N(CN),]”, anion have been
reported to exhibit greatly improved conductivities and rate
capabilities in EDLCs relative to their [TFSI]™ anion-based
analogues.'® Second, investigations into the performance of
blended electrolytes whereby the traditional salt ([Et,N][BF,])
is replaced with an IL and mixed with a solvent have
demonstrated the possibility of synergistic improvements and
significantly improved transport properties. Notably, some
examples of these solvents include, for example, the conven-
tional EDLC solvents, ACN and PC,>'***™*7 or alternative
solvents, including adiponitrile,""'* or other mononitrile
solvents,” with more desirable properties (e.g,, wider electro-
chemical windows or low volatility).
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As indicated, ILs may typically be utilized in greater
concentrations within a solvent owing to the typical mutual
solubility of the selected ILs with organic nitrile and carbonate
solvents. As such, higher conductivities may be achieved at
higher concentrations of certain IL salts and, due to the ionic
nature of these liquids, increasing the IL concentration to IL-
rich formulations would effectively lower the vapor pressure
(Raoult’s Law) and improve the safety of the electrolyte
mixture.

In this study, we report on the chemical—physical character-
ization of a series of binary mixtures between an IL and a series
of aliphatic nitrile solvents. The mononitrile solvent, butyroni-
trile, and the two dinitrile solvents, glutaronitrile and
adiponitrile, form the solvent component of the three reported
binary mixtures while [Pyrr,,][TFSI] is utilized as the IL
component. Thermal and physical—chemical characterization is
reported as a function of the electrolyte composition to
investigate effects of solvent—structure and IL quantity on the
important features of the electrolyte compositions for EDLC
application. Furthermore, investigations of the performance of a
selection of these binary mixtures as EDLC electrolytes was
recently reported elsewhere.””

2. EXPERIMENTAL PROCEDURES

2.1. Materials. Butyronitrile (BTN, > 99%), glutaronitrile
(GLN, 99%), adiponitrile (ADN, 99%), N-methylpyrrolidine
(99%), 1-bromobutane (98%), and ferrocene (98%) were
purchased from Sigma-Aldrich. Lithium bis{(trifluoromethyl)-
sulfonyl}imide (battery grade) was purchased from 3M. All
materials were used as received. To avoid further contamination
with moisture from the atmosphere, the nitrile solvents were
stored in a glovebox under an argon atmosphere with a
moisture content below 3 ppm.

2.2, Synthesis of 1-Butyl-1-methylpyrrolidinium Bis-
{(trifluoromethyl)sulfonyllimide, [Pyrr,,][TFSI]. Under an
inert atmosphere, 1-bromobutane (27.4 g, 0.2 mol) was added
dropwise to a solution of N-methylpyrrolidine (17.01 g, 0.2
mol) in acetonitrile (50 cm®) while the solution was stirred and
cooled under an ice—water bath. The resulting mixture was
allowed to warm to room temperature and was stirred
vigorously overnight under reflux conditions. Volatiles were
removed to leave a yellowish solid product. The solid was
washed with a mixture of acetone and diethyl ether and a white
solid product (43.48 g, 98%) was obtained after filtration and
drying. This product, 1-butyl-1-methylpyrrolidinium bromide
([Pyrry4]Br), was characterized using '"H NMR spectroscopy:
(300 MHz, DMSO) &: 3.50 (m, 4H), 3.38 (m, 2H), 3.02(s,
3H), 2.08 (s, 4H), 1.68 (m, 2H), 1.31(m, 2H), 0.92(t, J = 7.1
Hz, 3H).

A solution of the halide salt, [Pyrr;,]Br, (0.05 mol) in
dichloromethane (50 cm®) was combined with a solution of
lithium bis{(trifluoromethyl)sulfonyl}imide (15.2 g, 0.053 mol)
in distilled water (50 cm®) in a 250 ¢cm® round-bottom flask.
The mixture was left to stir vigorously at room temperature
overnight. The two phases were then separated using a
separating funnel and the organic phase containing the ionic
liquid, [Pyrr,][TFSI] (20.5 g, 98%), was washed several times
with distilled water (10 X 10 cm®). The ionic liquid was then
partially dried in vacuo (333.15 K, 0.02 mbar) and then
characterized by 'H and '*C NMR spectroscopy at 293.15 K on
a Bruker Avance DPX spectrometer at 300 and 75 MHz,
respectively. Lithium content was analyzed by inductively
coupled plasma optical emission spectroscopy (ICP-OES) on
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an Agilent 5100 ICP-OES and in combination CHNS
microanalysis was performed by Analytical Services at Queen’s
University Belfast:

'H NMR (300 MHz, DMSO) &: 3.62 (m, 4H), 3.40 (m,
2H), 3.13 (s, 3H), 1.78 (d, 4H), 1.54 (m, 4H), 1.34 (m, 2H),
091 (t, 3H). *C NMR (75 MHz, DMSO) &: 12626 (s),
122.00 (s), 117.73 (s), 113.46 (s), 63.78 (s), 63.28 (s), 47.85
(s), 40.46 (t, ] = 19.3 Hz), 40.17 (s), 40.12—40.05 (m), 39.77
(d, J = 18.8 Hz), 39.65 (s), 3948 (d, J = 20.9 Hz), 39.06 (s),
25.29 (s), 21.43 (s), 19.67 (s), 13.81 (s). CHNS theoretical: C,
31.28; H, 4.77; N, 6.63; S, 15.18. Found: C, 31.69; H, 5.15; N,
6.28; S, 15.01. Li content 23 ppm.

2.3. Sample Preparation and Physical Measurements.
Prior to any measurements, the IL was dried under vacuum (ca.
107° mbar) at elevated temperature (383.15 K) with
continuous stirring for a minimum of 2 days. After this
procedure, the IL was stored in the Ar-filled glovebox (<3 ppm
of H,0) to limit water contamination. The water content of the
IL and the three nitrile molecular solvents was analyzed by Karl
Fischer Coulometric titration using an 899 Coulometer
(Metrohm). Measurements of water content were completed
in duplicate and the resolution of the measurements was 0.001
wt % or 10 ppm.

The electrolyte blends were prepared by mass, under the Ar
atmosphere of the glovebox, using a Sartorius BP 110 S scale
(£0.1 mg) at a temperature of ca. 305.15 K. For all reported
blend formulations, both liquids were completely miscible and
complete mixing was easily achieved. For each of the nitrile
solvents, 11 binary electrolyte blends were prepared from x;; =
0 to xp = 1, in increments of 0.1, with the generic formula
(x)[Pyrri4][TESI] — (1 — x)nitrile (where nitrile refers to either
BTN, GLN or ADN). The electrolyte blends were prepared
within an accuracy of +0.0002 with respect to the molar
fraction of IL, x;; or x[Pyrr;,][TFSI] and an average deviation
of +0.0003 from the target formulation. Once prepared,
electrolyte blends were stored under the argon atmosphere and
experimental analysis was completed within 2 days of the
preparation. This factor was particularly important for the
blends containing BTN; evaporation of the more volatile
mononitrile solvent from the binary mixture over time was
found to have a significant effect on the subsequently measured
properties.

Density measurements were performed using a DM40
(Mettler Toledo, +1 X 107* g-cm™) oscillating tube density
meter in the range of (293.15—333.15) K (+0.01 K). Prior to
any measurements, the instrument was cleaned with acetone
and dried with dehumidified air. Calibration of the density
meter was completed using distilled water and dehumidified air.
The viscosity of the mixtures was measured using an AMVn
(Anton Paar) falling/rolling ball viscometer with a 1.8 mm
nominal diameter capillary (2.5-70 mPa-s range, +1%
repeatability, +3% uncertainty) in the range of (293.15—
333.15) K (£0.01 K) at atmospheric pressure. The capillary
was calibrated using appropriate viscosity standards (Paragon
Scientific Ltd.) and, for each mixture, the viscosity was taken as
an average of six measurements per temperature step giving a
typical average absolute deviation of less than 2% around the
mean. Thermal phase transitions were recorded using differ-
ential scanning calorimetry (DSC) traces on a DSC Q2000
(TA Instruments) collected using S K:min~' heating rates
(183.15 K and 323.15/333.15 K (£0.1 K) were used as the
lower and upper temperature limits, respectively). Hermetically
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sealed Al pans containing the respective liquid sample were
prepared inside the Ar-filled glovebox for DSC analysis.

Conductivity measurements were performed using a
sensION+ EC71 benchtop meter with a 3-pole platinum
sensION+ 5070 conductivity probe (<0.5% of range) with an
in-built Pt1000 temperature probe (Hach Lange). The
conductivity probe was calibrated using aqueous KCI standard
conductivity solutions (147 uS-cm™, 1413 uS-cm™, and 12.88
mS-em™! at 298 K). Measurements of the conductivity as a
function of the formulation were completed inside the Ar-filled
glovebox at 305 + 1 K (as dictated by the internal atmosphere
of the glovebox). For these measurements, a fixed mass of one
component was accurately weighed into a custom-built two-
necked glass flask with a small stirrer bar, and the conductivity
probe was inserted into the liquid sample via one neck. The
conductivity and temperature of the pure component were then
recorded. Small amounts of the second component were then
added to the liquid via the second neck on the flask, and the
mass of each addition was accurately recorded. The solution
was then mixed well to ensure homogeneity, and the
conductivity and temperature of the liquid solution were
recorded after a stable reading was observed. This process of
adding a small amount of the second component, followed by
mixing and measuring the resulting conductivity was continued
to give a wide range compositions of the binary mixtures.
Measurements of the conductivity as a function of temperature
were prepared inside an Ar-filled glovebox by immersion of the
probe in the liquid sample in a glass tube and then sealed using
an O-ring seal and Parafilm. The conductivity of the sample was
then measured as a function of temperature within the range of
(293-363) K (0.2 K). The temperature of the sample was
varied using a small oil bath and the temperature and
conductivity of the sample was recorded when the values
were stable for ca. 1 min.

Measurements of the electrochemical stability window of the
electrolytes by cyclic voltammetry were performed using either
an Autolab PGSTAT302 workstation (Metrohm) or a VMP3
workstation (BioLogic). Measurements were performed inside
an Ar-filled glovebox with moisture levels less than 3 ppm water
using a three-electrode glass cell. The working electrode was a
glassy-carbon macro-disk (ALS Co., Ltd, 3 mm diameter).
Prior to all experiments, the glassy carbon working electrode
was polished using alumina slurries of decreasing grain size (1.0
um, 0.3 um, and 0.05 ym) in distilled water. The electrode was
then sonicated in methanol or acetonitrile and separately in
distilled water for 2—3 min per solvent then dried at ca. 373.15
K in an oven. The counter electrode was platinum-coiled wire
heat-sealed in a glass capillary. The Ag[NO,]/Ag reference
electrode consisted of silver wire immersed in a 0.1 mol-dm™
solution of Ag[NO,] in 1-butyl-3-methylimidazolium nitrate
([BMIm][NO;]) separated from the bulk solution by a glass-
frit tip. The reference potential of the Ag[NO,]/Ag electrode
was referenced versus an internal ferrocene couple; after
completion of the electrochemical window, a small quantity of
ferrocene was dissolved in the liquid sample and cyclic
voltammetry was used to determine the redox potentials of
reversible ferrocene oxidation (Ep.p. = +0.16 V vs the
Ag[NO;]/Ag reference electrode).

During standard cyclic voltammetry experiments, performed
to determine the electrochemical window of each electrolyte
solution, the potential of the working electrode was cycled at 2
mV-s~' between —5 V and +5 V versus Ag[NO,]/Ag. For this
study, the onset potential of electrochemical oxidative or
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Table 1. Names, Sources, Chemical Structures, Purity, Analysis Methods and Water Content of the Materials Used in this

Investigation
Component Source Structure Purity / Analysis H>O/
mole fraction method ppm
O QP P
. ¢ D CHNS; NMR;
[Pyrri4][TFSI]  Synthesis N+\/\F30/ SNTUNCE, >0.99 KF: ICP. <150
/

Sigma ~N Stated by
BTN Aldrich /\// 2099 supplier <370

Sigma //\/\\ Stated by
GLN Aldrich NZ~ XN 0.99 supplier <2%

. ~N

ADN Sigma = 0.99 Statedby  _ g

Aldrich N// supplier

reductive bulk decomposition of the electrolyte was defined as
the potential at which a current of +0.1 mA-cm™2 was recorded;
+0.5 mA-cm 2 was selected as an appropriate current boundary
for cycling since it is sufficiently high to indicate the onset for
electrolyte decomposition, but it is not too high to excessively
decompose the IL before the potential is cycled in the opposite
direction. All the electrochemical measurements were con-
ducted at a temperature of 305 + 1 K as dictated by the internal
atmosphere of the Ar-filled glovebox.

3. RESULTS AND DISCUSSION

The structure of the IL and the nitrile-based solvents are
presented in Table 1 along with the purity and water level in
each component. The 'H NMR spectrum of the reaction
intermediate, [Pyrr;,]Br, and the 'H and *C NMR spectra of
the as synthesized [Pyrr),][TFSI] are presented in Figures S1
to S3, respectively, in the Supporting Information. [Pyrr,]-
[TFSI] is a very commonly used, and well understood, IL and
has been reported as an electrolyte component for EDLCs in
several publications owing to its reasonable viscosity and high
operating voltage.”'**® The nitrile-based solvents selected
include the mononitrile, BTN, and the two dinitrile solvents,
GLN and ADN. The mononitrile solvent provides an
alternative, longer alkyl chain comparison with acetonitrile;
the solvent most commonly used in commercial EDLCs. The
dinitrile solvents were selected because of recent reports which
provide evidence that this class of solvents should exhibit good
electrochemical stability and drastically lower the volatility of
the solvent mixture relative to analogous acetonitrile-based
electrolytes.' >’

3.1. Thermal Properties. The thermal phase transitions of
the binary mixtures containing BTN and ADN were studied
using DSC, as described in the experimental section, as a
function of the composition. The temperature was scanned at 5
K'min™" from room temperature to 183.15 K and held at this
temperature for S min; the sample was then scanned to 323.15
or 333.15 K and held at this temperature for S min and then
returned to room temperature. This experiment was repeated
through 2/3 cycles and the resulting collections of DSC traces
for the BTN and ADN mixtures are presented in Figure S4 and
Figure S5, respectively. Endothermic and exothermic peaks,
with a standard uncertainty of approximately +1 K, are given
the arbitrary labels T; and T, or T, respectively. The DSC
trace observed for the neat IL, x;; = 1 (Figure S4a and Figure
SSa), is in good agreement with previously rezported examples
where fast cooling/heating rates are used.”””>> No phase
transitions were observed on cooling but, during heating, a
sharp exothermic crystallization peak (T; = 219 K) is observed
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before two sequential endothermic peaks are observed. These
two endothermic peaks are associated with a solid—solid phase
transformation (T, = 244 K) and the melting of the IL (T, =
253 K). Where peak values for phase transitions are given for
Ty T, and T, in previous literature utilizing faster heating/
cooling rates, good agreement in the observed phase transitions
(ie, within several degrees Kelvin) is observed for some
examples ([T, = 249 K and T, = 255 K],”* [T;= 220K, T, =
243 K and T, = 255 K]**) but deviations are larser with others
([T, =260 K], [T;= 210 K, and T,, ~ 265 K]**). The origin
of these deviations will, of course, be effected by chemical
impurities in any of the studied samples but, as some of the
cited articles discuss, will be the effect of experimental
conditions (i, heating/cooling rates). In addition to the
obvious phase transitions observed in Figures S4 and S5, when
this particular IL is quickly cooled and no freezing transition is
observed, the IL is expected to undergo supercooling into the
glassy state. As such, when the sample is then heated a glass
transition may be observed. Glass transitions have been
observed for this IL to be in the region of (186 to 192)
K.*"*>%° The inset graph in Figure S4a shows some evidence of
a small endothermic process occurring within the region of
(186 to 189) K but due to its positioning very close to the
switching temperature and the small magnitude of the
response, it cannot be accurately assigned as a peak.

For the BTN-containing mixtures (Figure S4), no features
are observed in the DSC measurements of solvent-rich mixtures
where x;;, < 0.5. For the pure solvent, x; = 0, no features are
observed in the DSC traces. This is not a surprise since the
reported melting point of BTN, ca. 160 K, lies well outside the
studied temperature range.

The lack of any features in the solvent-rich binary mixtures
shows a wider low-temperature liquid range relative to the pure
IL. For the IL-rich mixtures, from x; = 0.9 to 0.6, further
addition of BTN results in gradual suppression of the thermal
phase changes observed in neat IL (Figure S4a). For example,
the crystallization transition, Ty, observed during heating at ca.
219 K in the neat IL decreases in temperature (and peak size)
upon addition of BTN. Different behavior was observed for the
ADN-containing mixtures, shown in Figure S5. The reported
melting temperature of the pure dinitrile solvent is ca. 273.2
K.'" A large significant exothermic peak is observed at ca. 247 K
for the DSC of the pure solvent (Figure SSj) which would be
associated with the delayed onset of crystallization of the liquid.
With further addition of the IL, this position of this peak is
reduced and the magnitude is suppressed. The DSC traces of
the solvent-rich compositions show similar behavior in
comparison to binary mixtures containing ADN and 1-ethyl-
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1-methylimidazolium bis{(trifluoromethyl)sulfonyl}imide,
[EMIm][TFSI], reported previously.'' As observed in the
BTN mixtures, addition of the solvent to the neat IL results in
suppression of the observed phased transition and no
significant features are observed in the near-equimolar
compositions. This lack of any obvious crystallization
transitions for the near-equimolar compositions, and the
general suppression of any observed Ty could hypothetically
be utilized to select specific electrolyte compositions of this
binary mixture which would exhibit purely liquid character, and
therefore be used for electrochemical application, even at
subzero temperatures. Furthermore, from this suppression of
any crystallization features in the DSC traces of near-equimolar
formulations, where xj; = 0.6 and 0.5, relative to the IL-rich or
solvent-rich formulations, the existence of a eutectic for-
mulation in this region may be inferred. However, because of
the low-temperature limitations of the measurements described
in this work, the specific eutectic formulation and the associated
eutectic temperature cannot be observed directly.

3.2. Volumetric Properties. The density of the pure
components and all mixtures was measured at atmospheric
pressure from (293.15—363.15) K and the resulting data are
presented in Tables 2—4. Excellent agreement was found

Table 2. Experimental Density, p, of the (x)[Pyrr,,][TFSI] —
(1 — x)Butyronitrile Binary Mixtures Measured as a
Function of Formulation and Temperature at 101 kPa

T/K = T/K = T/K = T/K = T/K = T/K =
X, 293.15 298.15 303.15 313.15 323.18 333.15
plgem™

0.0000 0.7911 0.7864 0.7818 0.7724 0.763 0.7535
0.1003 0.9650 0.9604 0.9557 0.9462 0.9368 0.9273
0.1994 1.0787 1.0743 1.0696 1.0601 1.0507 1.0411
0.3001 1.1601 1.1554 1.1508 1.1414 1.1321 1.1229
0.4006 1.2204 1.2161 1.2114 1.2021 1.1929 1.1837
0.4999 1.2677 1.2632 1.2586 1.2493 1.2402 1.2310
0.6000 1.3047 1.3000 1.2955 1.2862 1.2772 1.2683
0.7000 1.3351 1.3305 1.326 1.3168 1.3079 1.2989
0.8000 1.3606 1.356 1.3515 1.3423 1.3333 1.3241
0.9007 1.3820 1.3775 1.373 1.3638 1.3549 1.3457
1.0000 1.3998 1.3952 1.3907 1.3817 1.3728 1.3638

Standard uncertainties u are u(T) = 0.01 K, u(xy) = 0.0002, u(p) =
0.001p and u(p) = 2 kPa.

between density data of each pure component measured herein
with those available in the literature: that is, <0.1% average
deviation between experimental and literature values for
[Pyrr,,][TESI]*~* and ADN""*75% and ca. 0.2% deviation
for GLN*™*% and BTN.>"® The percentage deviations
between experimental density values reported in this work for
the neat components and those reported previously in the
literature are shown in Figures S7 to S10. Furthermore, and as
expected, all of the mixtures and single components exhibited a
typical linear decrease as a function of increasing temperature.
This relationship is used to correlate the temperature
dependence of the density of the binary mixtures using eq 1:

p=a+ pT (1)

where p is the density, T is the temperature, and @ and f are
the linear fitting coefficients tabulated in Table SI in the
Supporting Information. This information is presented graphi-
cally in Figure S6.
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Table 3. Experimental Density, p, of the (x)[Pyrr,,][TFSI] —
(1 — x)Glutaronitrile Binary Mixtures Measured as a
Function of Formulation and Temperature at 101 kPa

T/K= T/K= T/K= T/K= T/K= T/K=
oy 20315 29815  303.15 31315 32315 33315
p/gem™
0.0000 09870 09831 09791 09712 09634 09556
01003 10942 10903 10862 10779 10697  1061S
01997 11675 11633 L1590 L1505 1142 11337
02999 12225 12181 12138 12051 11965  1.1880
04002 12667 12622 12579 12490 12403 12317
05006 13005 12961 12917 12828 12740 12652
06003 13275 13231 13186 13097 13009 12919
06998 13491 13448 13403 13313 13225 13138
0.8004 13685 13643 13598 13508 13420 13330
09002 13854 13809 13764 13672 13582 -
10000 13998 13952 13907 13817 13728 13638

Standard uncertainties u are u(T) = 0.01 K, u(xy) = 0.0002, u(p) =
0.001p and u(p) = 2 kPa.

Table 4. Experimental Density, g, of the (x)[Pyrr,,][TFSI] —
(1 — x)Adiponitrile Binary Mixtures Measured as a Function
of Formulation and Temperature at 101 kPa

T/K= T/K= T/K= T/K= T/K= T/K=
xL 29315 29815  303.15 31315 32315 33315
p/gem™

0.0000 09623 09586 09548 09472 09398 09323
0.1002  1.0635  1.0595  1.0556  1.0476  1.0398  1.0319
0.1996  1.1380  1.1339  1.1298 11215 11134 11054
03004 11968  1.1925  1.1883 11799 11716 11633
03995 12430 12387 12344 12258 12173 12063
0.5001 12816 12773 12729 12642 12556 12468
0.6000 13131 13086 13042 12953 12867 12779
07011 13400 13356 13312 13223 13136 13047
07996 13625 13582 13538 13448 13360  1.3267
0.8997 13823 13780 13735 13645 13556  1.3463
1.0000 13998 13952 13907 13817 13728 13638

Standard uncertainties u are u(T) = 0.01 K, u(x;;) = 0.0002, u(p) =
0.001p and u(p) = 2 kPa.

Across the full range of temperatures, addition of the nitrile
solvent to the IL results in a nonlinear decrease in measured
density. To probe the volumetric effect of combining the two
components, the measured densities were used to calculate the
excess molar volume, VE, across the full range of isotherms,
presented as a function of composition in Figure 1. This is
achieved by subtracting the ideal molar volume, Vi, from the
experimental molar volume, V}, as reported in eq 2:

Vr]i — ViV = M, + x,M, B x,M; + x,M,
pexp pl pz

@)
where x; and M, are the mole fraction and molar mass of
components 1 and 2 of the binary mixture, respectively, p; is the
density of the pure components 1 and 2, and p,, is the
experimentally determined density of the binary mixture.

Additionally, the calculated numerical values of Vi are
presented in Tables S2 to S4. The uncertainty in the calculated
excess molar volume data was estimated, by the propagation of
errors, to be approximately +9 X 107> cm*mol ™.
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Figure 1. Excess molar volumes of the (x)[Pyrr,,][TFSI] — (1 — x)
nitrile binary mixture containing butyronitrile (a), glutaronitrile (b),
and adiponitrile (c) at 293.15 K, O; 298.15 K, @; 303.15 K, [J; 313.1S
K, W; 323.15 K, <; and 333.15 K, 9. The solid lines represent the
calculated correlation by the Redlich—Kister expansion using eq 3 with
parameters reported in Table 5 for BTN mixtures and Table S5 for
GLN and ADN mixtures.

With regards to the BTN-containing mixtures (Figure la),
the calculated excess molar volume is found to be negative
across the full range of binary compositions and across the full
temperature range, indicating a contraction of the volume
occupied relative to the ideal volume determined from the
molar volume of the two pure components. This may occur
through strong interactions being more favorable between
unlike molecules (i.e., BTN-IL interactions and not BTN-BTN
or IL-IL interactions) and/or more efficient packing of the
components.

The calculated excess molar volume is found to increase
slightly with the increase in temperature from (293.15 to
333.15) K and to be asymmetrical as the minimum is observed,
whatever the temperature, in the solvent-rich region (ca.
x[Pyrr,4] [TESI] = 0.3). Furthermore, for each isotherm of the
BTN-containing mixtures, the excess molar volume data were
then satisfactorily correlated by a third order Redlich—Kister
polynomial expansion (eq 3; where j = 3) as shown in Figure
la.

j
_ k
j'ca\lc = XXy Z Ak(xl - xz)
k=0

©)

where A; represents the coeflicient of the polynomial of the
order k and j represents the upper limit of the expansion. The
fitting coefficients are presented in Table 5 with the standard
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Table S. Coefficients of the Redlich—Kister Polynomial
Expansion, A;, and the Respective Standard Deviations, oy,
for the Excess Molar Volume, VE, of the Binary Mixture
(x)[Pyrr,,][TFSI] — (1 — x)Butyronitrile

T/K A, Ay A, Az Osp
293.15 —2.540 1.381 —2.283 1.437 0.04
298.15 —2.775 1.766 —2.537 1.056 0.04
303.15 —2.932 1.773 —2.662 1.248 0.04
313.15 —3.230 2.060 —2.696 1.614 0.04
323.15 —3.624 2.168 —2.936 2.074 0.04
333.15 —4.137 2.242 —2.728 3.031 0.03

deviation, ogp, of this correlation. The standard deviation is

calculated using the eq 4.

0.5
Z (Aexp - j'calc)2
n—p

Osp =

(4)
where A, represents the experimentally determined value
(excess molar volume, V[F;l,exp, in this instance), 1. represents
the respective value as calculated by eq 4 (V5 . in this
instance), n is the number of experimental data points, and p is
the number of coefficients used in the correlation.

For the two binary mixtures containing the dinitrile solvents,
GLN and ADN, the trends in the excess volumetric properties
are not as prominent as seen in the BTN system. Plots of the
excess molar volume of the GLN and ADN binary systems are
shown in Figure 1 panels b and c, respectively. Very small
deviations from ideal mixing (where V& ~ 0 cm®mol™) are
observed and, as such, the associated errors in the calculations
become very significant and it is difficult to accurately probe the
behaviors of these systems. To more accurately determine these
minute changes, initial measurements of the density should be
completed using a densitometer with a higher degree of
accuracy. However, since the calculated values are very small it
may be qualitatively inferred that the dinitrile solvents interact
in a different manner with the IL when compared to the BTN
solvent. Nevertheless, the excess molar volume data for the two
dinitrile-containing mixtures was correlated using a first order
Redlich—Kister expansion (eq 3; where j = 1). The respective
fitting coeflicients, A;, and the calculated standard deviations,
Osp, are presented in Table SS.

The lack of any significant deviation away for V% is markedly
different from previous reports of the excess molar volume of
binary mixtures containing ADN and [EMIm][TFSI], in which
relatively large negative deviations were observed.'" However,
although the same anion was present here, the aromatic
imidazolium cation would be expected to interact with the
solvent differently and strongly through 7—7 interactions in the
solution.

3.3. Viscosity. The viscosity of the pure components and all
mixtures was measured at atmospheric pressure from (293.15—
333.15) K and the resulting data is presented in Tables 6—8.
The viscosity of electrolytes is an important feature, linked to
the diffusivity of the components, for energy storage devices.
This is particularly true for EDLCs where high currents and
high power capabilities relate to the ability of ions to move
quickly to and from the electrode interface. The viscosity of the
pure IL (77.7 mPa's at 298.15 K) has been measured many
times previously, and the values reported here are in good
agreement with values in the literature (ca. 0.2—2% deviation
between experimental and literature values).>>*”*%#%#~% The
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Table 6. Experimental Viscosity, 7, of the (x)[Pyrr,,][TFSI]
— (1 — x)Butyronitrile Binary Mixtures Measured as a
Function of Formulation and Temperature at 101 kPa

T/K = T/K = T/K = T/K = T/K = T/K =
X1, 293.1S 298.15 303.1S 313.1S 323.15 333.15
n/mPa-s

0.0000 0.88 0.86 0.84 0.81 0.78 0.75
0.1009 1.51 1.45 1.37 1.25 1.17 1.12
0.1987 2.73 2.53 2.37 2.07 1.84 1.65
0.3002 6.43 5.72 S5.13 4.22 3.52 3.03
0.4000 8.77 7.81 7.14 5.68 4.62 3.85
0.5012 14.45 12.44 10.81 8.38 6.67 5.43
0.6000 22.39 18.94 16.20 12.18 9.47 7.55
0.7000 33.65 27.95 23.51 17.18 13.04 10.20
0.8000 49.94 40.71 33.68 2391 17.69 13.55
0.9000 73.01 58.33 47.41 32.67 23.59 17.71
1.0000 98.72 77.66 62.29 41.87 29.61 21.82

Standard uncertainties u are u(T) = 0.05 K, u(xy) = 0.0002, u(n7) =
0.037 and u(p) = 2 kPa. Values which fall below the measurable range
of the device (i.e, < 2.5 mPas) are shown in bold italics to highlight
significant inaccuracy of these measurements (e.g., the viscosity of pure
BTN is 0.55 mPa-s at 298 K).**

Table 7. Experimental Viscosity, 7, of the (x)[Pyrr,,][TFSI]
— (1 = x)Glutaronitrile Binary Mixtures Measured as a
Function of Formulation and Temperature at 101 kPa

T/K= T/K= T/K= T/K= T/K= T/K=
Xy 293.15 298.15 303.15 313.15 323.15 333.15
n/mPa-s

0.0000 6.97 6.12 5.39 4.25 347 2.88
0.1003 9.92 8.55 742 5.78 4.60 3.72
0.1997 13.34 11.42 9.83 7.46 5.84 4.71
0.2999 17.57 14.81 12.69 9.52 7.39 5.85
0.4002 22.88 19.17 16.22 11.97 9.16 7.27
0.5006 2892 23.95 20.10 14.66 11.11 8.67
0.6003 38.47 31.50 26.13 18.67 13.88 10.69
0.6998 48.33 39.56 32.56 22.97 16.93 13.01
0.8004 61.37 49.40 40.38 28.01 18.72 14.20
0.9002 78.19 62.15 50.27 34.37 24.65 18.39
1.0000 98.72 77.66 62.29 41.87 29.61 21.82

Standard uncertainties u are u(T) = 0.05 K, u(xy;) = 0.0002, u(n) =
0.037 and u(p) = 2 kPa.

viscosity data of the pure dinitrile solvents, although less readily
found in the literature, are considered in reasonable agreement
with the available data, GLN>**"®" and ADN.'!*74950:52
However, the measured viscosity of the pure BTN (0.8 mPa-
s at 298.15 K) appears to be overestimated across the full
temperature range when compared to reference values (0.55
mPa-s at 298.15 K).>**“°° While the absolute difference is
small (ca. 0.25 mPa-s), the relative difference is over 30% at 298
K and most significant for the neat mononitrile solvent. This
error is due to the accuracy limitation of the particular capillary
used in the falling/rolling ball viscometer. These capillaries are
calibrated for a range of viscosities (2.5—-70 mPa-s) and the
viscosity, or lack thereof, of the pure BTN falls outside of this
range. Additionally, any such values which fall below this
viscosity range are shown clearly in bold italics in Table 6 to
highlight values where the uncertainty in the measurement is
large. The percentage deviations between experimental
viscosity values reported in this work for the neat components
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Table 8. Experimental Viscosity, 7, of the (x)[Pyrr,,][ TFSI]
— (1 — x)Adiponitrile Binary Mixtures Measured as a
Function of Formulation and Temperature at 101 kPa

T/K = T/K = T/K = T/K = T/K = T/K =
X 293.1S 298.15 303.1S 313.15 323.15 333.15
n/mPa-s

0.0000 7.17 6.31 5.53 4.54 3.73 3.02
0.1002 9.85 8.45 7.3S 5.72 4.53 3.74
0.1996 13.22 11.27 9.71 7.43 5.86 4.80
0.3004 17.56 14.79 12.61 9.44 7.32 5.87
0.3995 25.01 21.46 18.54 14.05 10.01 7.86
0.5001 31.00 25.62 21.53 15.63 11.82 9.21
0.6000 37.48 30.92 25.59 18.34 13.70 10.59
0.7011 48.32 39.22 32.33 22.83 16.83 12.85
0.7996 59.96 4821 39.41 27.42 19.97 15.09
0.8997 77.23 61.49 49.74 34.01 24.42 18.22
1.0000 98.72 77.66 62.29 41.87 29.61 21.82

Standard uncertainties u are u(T) = 0.05 K, u(xy;) = 0.0002, u(n) =
0.03%7 and u(p) = 2 kPa.

and those reported previously in the literature are summarized
in Figures S11 to S14.

As is expected for the binary mixtures, addition of the lower
viscosity molecular solvents to the IL results in a nonlinear
reduction in the viscosity with respect to the molar fraction of
the two components. Additionally, for these binary mixtures, an
increase in the temperature resulted in a nonlinear decrease in
the measured viscosity across the full range of compositions.
The most significant reductions in viscosity relative to the neat
IL are observed at lower temperatures, such that the viscosity of
the mixtures and neat components begin to converge at higher
temperatures. In turn, the relative variation in viscosity as a
function of temperature is greatest for the neat IL (and lowest
for the neat molecular solvents) in all cases. In fact, for the
mononitrile solvent, BTN, the variation in measured viscosity is
very small (0.88 mPa-s at 293.15 K to 0.75 mPa-s at 333.15 K)
and, as such, the temperature dependence appears almost linear
over the studied temperature range, though the aforementioned
limitation of the accuracy within this viscosity range makes
asserting particular trends difficult for this sample. However, in
the context of electrolytes, the measurements show that high
nitrile molecular solvent fractions are important for attaining
low viscosity (and high mobility) liquids capable of supporting
rapid electrochemical processes. Nevertheless, as discussed, the
viscosity is just one of many important properties in the overall
performance and safety of the electrolytes.

The temperature dependencies of the viscosity of all studied
compositions are presented in Figure 2. Additionally, the
temperature dependence of the viscosity, 7, is correlated using
the Arrhenius equation:

E'?
= A exp| —
! ”XP(RT) (s)

where A, is the pre-exponential factor, E] is the activation
energy of viscous flow, and R is the gas constant (8.314S J-
mol "K™"), and by the Vogel-Tammann—Fulcher (VTF)
equation:

n =, exp| ——
T-T! (6)
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Figure 2. Temperature dependence of the viscosity of the range of
[Pyrr,,J[TFSI] binary mixtures with butyronitrile (a), glutaronitrile
(b), and adiponitrile (c) where the symbol represents the molar
fraction of the IL, x[Pyrr),][TFSI]: x = 0, A; 0.1, A; 0.2, gray <; 0.3,
®; 04, <; 0.5, gray 00; 0.6, W; 0.7, 0; 0.8, gray O; 0.9, @; 1, O. Solid
black lines and dashed gray lines represent the correlation of the data
by the VTF equation and the Arrhenius equation, respectively.
Accurate molar fractions of the components of the three binary
mixtures match those provided in Tables 6—8

where 7, is the limiting viscosity and B, and T¢ are fitting
parameters related to the pseudoactivation energy and glass
transition temperature, respectively. The VTF equation is
commonly used to describe the temperature—viscosity relation-
ship in glassy-forming liquids such as ILs which typically do not
follow Arrhenius dependence. The fitting parameters for both
methods are shown in Tables S6 to S8. Relative to the viscosity
of the pure IL, addition of the BTN yields the greatest
reduction in the viscosity compared to the other nitrile solvents
reported here. This is expected since the viscosity of the pure
mononitrile solvent is an order of magnitude lower than for the
dinitriles. Furthermore, the reduction in viscosity upon addition
of solvent is practically identical when comparing the two
dinitrile species owing to likely very similar neat viscosities and
very similar solvent/IL interactions.

The measured viscosity of the binary mixtures was used to
calculate viscosity deviations from ideality, Az, using the
equation:

An =n — (xpy, + x,07,) ?7)

where x; is the mole fraction of components 1 and 2 and #; and
n are the viscosities of the pure components 1 and 2 and of the
binary mixtures, respectively. The calculated Az values for the
three (x)[Pyrr,,][TESI] — (1 — x)nitrile mixtures are presented
in Figure 3a—c as functions of composition and temperature. It
can be seen that all calculated A# values are negative across the
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full temperature and composition range and exhibit asymmetric
minima at approximately x[Pyrr;,][TFSI] = 0.6. Furthermore,
for all three binary mixtures, Az values decrease upon
increasing temperature. Considering the magnitudes of the
observed viscosity deviations for the three different binary
mixtures, it is immediately clear that the largest deviations are
observed for the BTN-containing mixtures (where the
minimum Az = ca. —35 mPa's at 293 K and x[Pyrr,,][TFSI]
= 0.6). The two dinitrile solvents exhibit very similar, smaller
magnitudes of Az (where the minima Az = ca. —24 mPa-s and
—25 mPa-s at 293 K and «x[Pyrr,,][TFSI] = 0.6 for the GLN
and ADN-containing mixtures, respectively).

Utilizing the viscosities and molar volumes of the pure
components and the respective mixtures, the excess Gibbs
energy of activation of viscous flow is calculated for the three
binary mixtures using the equation:

AGY
RT

711Vm,1
’12Vm,2

NV

’72Vm,2

=|In

— xIn
(8)

where R is the gas constant, T is the sample temperature, 77 and
V., are the viscosity and molar volume of the mixture,
respectively, at a given mole fraction of component 1, x;, and
n; and V,; are the viscosities and molar volumes, respectively,
of the pure components. The calculated AG®* values for the
three (x)[Pyrr,,][TFSI] — (1 — x)nitrile mixtures are presented
in Figure 3d—f as functions of composition and temperature.
Both the viscosity deviations from ideality and the excess Gibbs
energies of activation of viscous flow were correlated by first
order Redlich—Kister type expansions (eq 3; where j = 1) and
the standard deviation of the correlation, ogp, was calculated by
eq 4, where A, represent Ay or AG®* values as calculated by
eqs 7 and 8, respectively, and A represents Ay or AG"™*
values as calculated by eq 3. All numerical values for Az and
AGE*, and the respective coefficients of Redlich—Kister
correlations and standard deviations, are presented in Tables
S9 to S14. By propagation of errors from eq 8, the uncertainty
in AG™* can be approximated as ca. +5%, and while several
points shown in Figure 3 panels d and f lie above the solid line
of the simple first-order Redlich—Kister correlation, the overall
trends in activation energies for the three mixtures are clear.
For all three binary mixtures, all AG®* values are positive
across the full temperature and composition range. The nature
of the positive values for AG®* across the full composition
ranges are indicative of adhesive interactions or complex
formation between unlike constituents of the mixture.”*> The
magnitude of calculated AG™* values is greatest for the BTN-
containing binary mixtures, supporting the excess volumetric
properties presented in Figure 1la, indicative of significant
adhesive interactions between IL and mononitrile solvent.
Strong positive deviations in AG"™* have been reported
previously for IL binary mixtures with ACN,** and short-
chain alcohols,” generally attributed to intermolecular hydro-
gen bonding. As observed with the excess molar volumes of the
dinitrile solvent-containing binary mixtures, the magnitude of
deviations from ideality is significantly lower. Furthermore,
taking into consideration the aforementioned accuracy
limitations of the viscosity of the neat BTN, the calculated
AG®* values for the BTN-containing mixtures appear under-
estimated. Calculation of AG™* values using a literature value
for the viscosity of BTN (0.55 mPa-s at 298 K)** results in a
slight shift in the apparent maximum toward more solvent-rich
formulations and increase in the magnitude of the maximum,
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Figure 3. Viscosity deviations from ideality, Ay, (a—c) and excess Gibbs activation energy of viscous flow, AG™*, (d—f) for the (x)[Pyrr,,][TFSI] —
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molar fraction of IL, x[Pyrr,,][TFSI], and (b) the concentration of IL, c[Pyrr,,][TFSI], at 305 + 1 K.

from ca. 1.4 kJ-mol™" to 2.2 kJ-mol™!, further supporting the
evidence of the strong interactions in these mixtures.
Conversely, the Az values for these mixtures show very little
deviation (generally <1%) when calculated using the literature
data or the values reported in this work.

All of the evidence presented in sections 3.2 and 3.3 indicate
the presence of significant associative interactions between the
smaller, mononitrile solvent, BTN, and the IL. Conversely, the
data presented for the mixtures containing dinitrile solvents,
GLN and ADN, indicate quasi-ideal type behavior for the
measured properties on mixing. In terms of intermolecular
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associations in BTN-containing mixtures, this may be related to
the reasonably strong, unilateral dipole moment of the single
CN bond (3.9 D)% freely associating with the IL; possibly
through the partially positive a-protons next to the nitrogen
center of the pyrrolidinium cation and the partially negative
nitrogen of the CN bond in BTN. For the dinitrile solvents, the
dipole moment of each CN bond is essentially opposed by an
equivalent dipole in an opposite direction. This affects a lack of
interaction between solvent and IL constituents and, therefore,
inhibits restructuring of the components upon mixing which is
observed through a quasi-ideal response.
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3.4. Conductivity. As described in the experimental
section, the conductivity of the binary mixtures was first
measured as a function of the formulation by continuous
addition of small amounts of the one component to a fixed
quantity of the second component. The masses of both
components are accurately recorded and the conductivity is
measured once a homogeneous mixture is achieved. The
measurements were conducted inside a dry Ar-filled glovebox
to prevent contamination by water from the atmosphere. As
such, the temperature of the measurements, 305 + 1 K, was
dictated by the internal glovebox atmosphere.

The conductivities, o, of the three binary mixtures are
presented as a function of molar fraction, x[Pyrr,,][TFSI], and
the concentration, c[Pyrr ,][TFSI], of the IL in Figure 4. The
concentration of the individual points was estimated from the
molar fraction data using a polynomial fit for the variation of
density as a function of molar fraction of each of the three
respective solvents. The concentration of pure [Pyrr,][TFSI]
is approximately 3.29 mol-dm™> at this temperature. As
expected, the results show that addition of the nitrile solvents
to the neat IL result in a promotion of the exhibited
conductivity. This is in accordance with the observed reduction
in viscosity, and an associated increase in the mobility of the
ionic charge carrying species, relative to the neat IL. All three
mixtures show asymmetric maxima in the solvent-rich region
where x[Pyrr;,][TFSI] = 0.14, 0.26, and 0.29 for the BTN,
GLN, and ADN containing binary mixtures, respectively. At
more solvent-rich compositions beyond the observed maxima,
the concentration of charge carrying ionic species drops to
become very dilute and the measured conductivity decreases
toward the insulating nature of the pure solvent species.

The trends in the magnitude of the observed maxima is in
good agreement with the relative viscosities of the binary
mixtures reported in section 3.3; that is, the BTN mixtures
exhibit the lowest viscosity and highest conductivity (20.9 mS-
cm™') formulation while the dinitrile-containing mixtures
exhibit higher viscosity and much lower conductivity (7.98
mS-cm™ and 7.31 mS-cm™ for the GLN and ADN mixtures,
respectively). Additionally, the position and magnitude of the
maxima observed for the BTN mixture is in reasonable
agreement with a previous report.” While the data presented in
Figure 4b provides the same results and trends as Figure 4a, it
highlights the particular benefits of being able to use higher salt
concentrations when using IL salts in EDLC electrolytes (and
allows comparison with some conventional EDLC electrolytes).
Higher salt concentrations can, in some cases, be utilized to
achieve higher conductivities than may be possible with a non-
IL salt before saturation is reached and may limit the effect of
ion depletion at the electrode/electrolyte interface during
cycling of the EDLC device.” Additionally, due to the typically
negligible vapor pressure of ILs, further addition of IL to the
binary mixture will effectively reduce the apparent vapor
pressure of the mixture, according to the Raoult’s law, while still
maintaining an entirely liquid phase. Considering the volatile
nature of PC and ACN, lowering the volatility is a key factor for
the development of safer EDLC electrolytes in the future. In
fact, the significant cohesive or associative interactions in the
BTN-containing mixtures inferred from the previous sections
would indicate a strong probability of significant negative
deviations from Raoult’s Law, and effective suppression of the
electrolyte vapor pressure (relative to pure BTN), for these
mixtures. For example, strong negative deviations from Raoult’s
Law, and significant reductions in solvent vapor pressure, for
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binary mixtures containing ACN and [BMIm][BF,] have been
reported,”” and the deviations in the excess molar volume of
equivalent mixtures are also reported, separately, to be negative
across the full composition range.” Conversely, the quasi-ideal
mixing interactions indicated for the dinitrile-containing
mixtures would suggest the probability of any deviations in
Raoult’s Law for these mixtures would be less significant.

In comparison to the conductivity of conventional EDLC
electrolytes, for example, 1 mol-dm™ [Et,N][BF,] in ACN (56
mS-cm™ at 298 K) or PC (13 mS-cm™ at 298 K),” the low
viscosity mixtures with BTN exhibit good conductivities (e.g., >
10 mS-cm™") comparable to PC-based analogues between the
range of ca. 0.3 to 2.5 mol-dm™>. While the ACN equivalents
exhibit considerably higher conductivities than is observed for
any mixtures studied here, it should be noted that the trade-off
between high-transport properties (in the case of ACN) and
lower volatility (in the case of BTN, and even more so in the
case of the dinitriles) is very important in the balance between
applicability of the systems and their safety.

For further characterization, the composition of the binary
mixtures which exhibited the maximum conductivity, 6, is
utilized. First, the conductivity of the three o, compositions
and the neat IL was measured as a function of temperature
within the range of (293—333) K and the results are presented
in Figure 5. The numerical data is given in Table S15. The
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Figure S. Temperature dependence of conductivity of the o,
compositions of the [Pyrr;,][TFSI] binary mixtures with butyronitrile
(O), glutaronitrile (®), and adiponitrile (<) and for the neat
[Pyrr,,]J[TFSI] (@). Solid lines represent the correlation of the data
by the VIF equation.

conductivity of the neat IL within this temperature range is also
presented for comparison. The conductivity of the neat IL is
across the measured temperature range is in good agreement
with values previously reported in the literature (ca. < 2%
average deviation) and a graphical representation of the
percentage deviations is shown in Figure S15 in the
ESL*7*~* Additionally, similar to the viscosity of the IL and
IL/nitrile mixtures, the temperature dependence of the
conductivity was correlated using an analogous version of the

VTF equation:
-B,
T-T7 9)

where o, is the limiting conductivity and B, and T are fitting
parameters related to the pseudoactivation energy for
conduction and the glass-transition temperature, respectively.
Good correlation is achieved, as shown by the solid lines in
Figure S, for the neat IL and the binary mixtures and the

o =g, exp(
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numerical fitting parameters, o,, B, and Tg, are shown in Table
S16. The gradients of the temperature dependencies presented
in Figure S show that a greater relative promotion of the ionic
conductivity is observed for the neat IL compared to the IL/
nitrile binary mixtures. This is associated with the greater
relative promotion in the mobility of the ionic species as the
temperature increases and the viscosity of the IL rapidly
decreases.

3.5. lonicity. To further inspect the properties of the binary
mixtures described in this work, the apparent relationship
between the measured viscosities and conductivities of the
electrolyte solutions is investigated. The Walden plot for the
three binary mixtures at the o, formulations and the neat IL
within a temperature range of (293 to 333) K is presented in
Figure 6. The concentration (used to calculate the molar

T T T T T T

20 4

o - -
3} [=} 3}
T T T

L

Log,,(4/ S-cm*mol™)

o
o
T

1.5 2.0

015 110
Log, (7' / Poise™)
Figure 6. Walden plot of the o,,,, compositions of the [Pyrr,,][TFSI]
binary mixtures with butyronitrile (O), glutaronitrile (@), and
adiponitrile (<) and for the neat [Pyrr,,J[TFSI] (@) within a

temperature range of 293 to 333 K. The solid line represents the ideal
Walden behavior of a 0.01 mol-dm™ aqueous solution of KCI.

conductivity, A [S-cm*mol™']) of IL in the mixtures was
calculated using the measured density of the mixtures (Tables
2—4) and the molar mass of the IL. The specific points on the
graph were calculated using the correlation parameters of the
fitting equations for conductivity and viscosity measurements.
The solid line in the Walden plot represents a so-called ideal
KCl line, that is, the ideal Walden behavior of a 0.01 mol-dm™
aqueous solution of KCl, a strong electrolyte, where the
constituent ions are known to be fully dissociated and equally
mobile in solution.”

For pure ILs, deviation below this is indicative of a degree of
association between the components of the IL, that is, not all
ionic species are available for the conduction of charge and the
apparent electrolytic conductivity of the IL is lower than may
be expected for a given viscosity. The Walden behavior for
[Pyrr,,][TFSI], as represented by the filled diamonds in Figure
6, shows that this IL lies slightly below the ideal KCl line across
the full temperature range. This observation implies a slight
tendency for the formation of ion pairs. However, the
magnitude of the deviation, AW, for this IL is small (AW <
0.3) across the studied temperature range and, therefore, the IL
may be considered mostly dissociated and ionic in character in
which the mobility of the constituent ions is mostly
independent. Conversely, larger deviations below the ideal
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KCl line, for example where AW > 1, have been for reported
for some IL species which exhibit considerably lower
conductivities for a given viscosity, typically classed as poor
ionic liquids.71’72 Through various interionic associations, the
ionic and conductive nature of these ILs is suppressed by the
tendency of the materials to form ion pairs.

For the o,, compositions of the three studied binary
mixtures, the Walden data points are shifted toward the right
upper corner of the graph, associated with the reduced viscosity
and enhanced conductivity of the binary mixtures relative to the
neat IL. Nevertheless, the relative deviation from ideal Walden
behavior certainly appears solvent-dependent. The calculated
Walden product, A-#, for the three mixtures and the neat IL is
shown in Table 9. The Walden product is equal to 1 Poise-S-

Table 9. Walden Product, A7, of the Neat IL and the Three
0 Compositions of the Binary Mixtures as a Function of
Temperature

A-/107° $-N-s-mol ™!

Neat [Pyrr;y] [Pyrryy] [Pyrryy) [Pyrry,]
T/K [TEST] [TESI]/BTN  [TESIJ/GLN  [TFSI]/ADN
293 6.28 3.45 5.19 5.29
298 6.26 3.4S 5.09 5.24
303 6.22 3.46 5.01 5.19
313 6.11 3.51 4.88 5.08
323 5.98 3.57 4.77 4.96
333 5.85 3.64 4.68 4.84

cm*mol™" (or 10 X 107% S:N-s'mol™") for any point on the
ideal KCl line and, therefore, values less than this represent
deviations below ideal Walden behavior. The value calculated
for pure [Pyrr;,][TFSI] at 298 K (6.26 X 107° S-N-s'mol ™) is
comparable to a previously reported value for the same IL (5.6
X 107 $-N-s:mol™).”

As can be seen from the data presented in Table 9 and Figure
6, the presence of the dinitrile solvents, ADN and GLN, has
very little effect on the apparent ionicity character of the ionic
solution, such that the differences between the deviations from
ideality in the neat IL and the binary mixtures are minimal. A
more significant variation, that is, a larger negative deviation
away from the ideal KClI line, is obvious for the butyronitrile
containing mixture. This highlights that the promotion in
measured conductivity for the BTN blends is much less than
may be expected from the considerable reduction in viscosity
according to the Walden rule.

The fact that this behavior is more significant for the
mononitrile solvent than for the two dinitrile solvents may link
to excess volumetric properties of the binary mixtures (see
section 3.2). The BTN containing binary mixtures exhibited
negative deviations from ideal mixing across all formulations
which implies a volume contraction due to associative forces or
more efficient packing of the materials upon mixing (Figure
la). If this feature was attributed primarily to adhesive
interactions between unlike species, these interactions may be
considered to interfere with the freedom or availability of the
ionic species to conduct charge. Furthermore, for the GLN and
ADN containing mixtures, which show smaller deviations away
from the Walden behavior of the neat [Pyrr,,][TFSI] IL, no
significant excess volumetric changes were observed. These
observations also hold true across the wide range of
compositions (i.e., from x[Pyrr,J[TFSI] = 1 to 0.1) as
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highlighted in the Walden plot given as a function of
formulation for the three studied binary mixtures in Figure S16.

3.6. Electrochemical Windows. One of the most
attractive features of ILs for use as electrolytes for EDLCs is
the wide electrochemical stability windows typically observed.
Defined by the anodic and cathodic potentials for the onset of
oxidative and reductive decomposition of the IL, respectively,
this property defines the possible operative voltage range of an
electrolyte for a given application. As highlighted by the
equations E = 0.5CV* and P = V?/(4R) (discussed in the
Introductory section), increasing the electrochemical stability
and, in turn, the operative voltage of the EDLC can have
significant positive impact on the energy and power capabilities
of the electrolyte. However, as previously discussed, ILs are
typically viscous liquids and exhibit moderate to low
conductivity in their pure forms. In turn, any benefits gained
through higher electrochemical stability may be negated by
higher internal resistances within the device. This under-
standing underpins the rationale behind the current work and,
while it has been shown thus far that formulation of binary
mixtures using the nitrile solvents can improve transport
properties of the electrolyte, it is important to assess the effects
of the different solvents on the electrochemical stability
formulated electrolytes.

The electrochemical windows of the 6,,,, formulations of the
BTN and ADN-containing mixtures and the neat [Pyrr,]-
[TFSI] IL were measured using cyclic voltammetry (CV) at a
glassy carbon working electrode at a temperature of 305 + 1 K
inside an Ar-filled glovebox. The resulting electrochemical
windows are shown in Figure 7. As described in the

E/V vs. AgINO,J/Ag
32 A1 0 1 2
05 E T T T T T T

Neat [Pyrr, J[TFSI] ]
=== [Pyrr JITFSI/BTN blend
— [Pyrr JITFSIJADN blend

L 1 1 L |

-2 -1 0 1 2 3 4
E/V vs. Fc'/Fc

Figure 7. Electrochemical windows of neat [Pyrr;,][TFSI] (light-gray
solid line) and the 6,,,,, compositions of the binary mixtures containing
butyronitrile (gray dash-dot line) and adiponitrile (black solid line) at
a glassy carbon working electrode. A scan rate of 2 mV-s™" was utilized
and the potential of the working electrode is given vs a Ag[NO3]/Ag
reference electrode (top Y-axis) and normalized vs an internal
reference potential of the ferrocene redox couple (bottom Y-axis).

experimental section, a scan rate of 2 mV-s™' was used in all
cases and the counter and reference electrodes used were a
platinum wire coil and a Ag[OTf]/Ag reference electrode. The
reference potentials were normalized versus the formal redox
potential of the reversible ferrocene oxidation couple
(measured after completion of the electrochemical window
measurements). The three CVs show two primary current
responses associated with reductive decomposition in the
cathodic region (ca. (—3.6 to —3.4) V vs Fc*/Fc) and oxidative
decomposition in the anodic region ((+2.4 to +3.5) V vs Fc*/
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Fc). In the cathodic potential region, the CVs show very little
difference between the potential of reductive decomposition,
indicating that the solvents do not negatively impede the
reductive stability of the mixture relative to the pure IL.
However, a small negative current response is observed in the
BTN-containing mixture (gray dash-dot line) before the onset
of massive electrolyte decomposition (ca. —3.2 V vs Fc*/Fc).
Since the solvents were used as received without any
purification, it is quite likely this feature is the result of
introduction of trace impurities from the solvent.

More variation is observed in the anodic potential region
when comparing the neat IL with the two binary mixtures.
Primarily, when comparing the most significant positive current
responses associated with massive electrolyte decomposition, it
can be seen that the presence of the BTN and ADN solvents
appears to improve the oxidative stability (and the magnitude
of the electrochemical window) of the resulting mixtures. Using
an arbitrary cutoff current of 0.1 mA-cm™, the oxidative limits
of the neat IL, the BTN, and ADN mixtures are found to be
+2.44 V vs Fc*/Fc, + 2.70 V vs Fc*/Fc, and +3.21 V vs Fc'/Fc,
respectively. Consequently, the magnitude of the electro-
chemical window (i.e, the difference between anodic and
cathodic potential limits) for the neat IL, the BTN, and ADN
mixtures at the glassy carbon working electrode at 305 + 1 K
are ca. 5.8, 6.1, and 6.5 V, respectively.

Obviously, in both the binary mixtures the concentration of
the ionic species at the electrode/electrolyte is significantly
lower than that of the neat IL sample. However, additional
interactions between IL and solvent which may help to stabilize
the ionic species (most likely the anion) toward electrochemical
oxidation must also be present. Additionally, small positive
current responses are observed prior to the onset of electrolyte
oxidative decomposition in the BTN-containing binary mixture.
As indicated for the small peak observed in the negative region,
it is very likely these observations are the result of oxidation of
trace level impurities from the solvent. If this is correct, these
additional processes could be effectively negated by careful
purification of the solvent by an appropriate method of
distillation.

In practical terms, the total usable voltage of an electrolyte in
an EDLC device is highly dependent on the electrode material,
for example at high surface area activated carbon materials with
many different surface functional groups are present at the
electrolyte/electrode interface. Indeed at these types of
electrodes, the neat IL, [Pyrr,,][TFSI], can be utilized with
an operative voltage 3.5 V,° compared to the 5.8 V stability
window observed at the inert, low surface area, highly
conductive glassy carbon electrode. Additionally, operative
temperature ranges are determined by the chosen electrolyte
materials of an EDLC, and usable temperature ranges of (223—
373) K have been reported for IL-based electrolytes.”* On the
basis of the thermal investigations of these mixture, the
operative temperature range could extend far into the
subambient range and, while usable voltages in EDLCs would
be expected to reduce somewhat at higher temperatures,”
investigation of the electrochemical stability of the IL/nitrile
blend electrolytes as a function of the temperature would be
beneficial.

4. CONCLUSIONS

We have reported on the volumetric, transport, and thermal
properties of binary mixtures of 1-butyl-1-methylpyrrolidinium
bis{(trifluoromethyl)sulfonyl}imide ionic liquid with three
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aliphatic nitrile molecular solvents as possible electrolytes for
EDLC application. Thermal property data clearly showed the
potential of increased liquid temperature ranges of the pure IL
when mixed with BTN or ADN, opening the possibility of
studying EDLC operation with selected electrolyte composi-
tions under reduced temperatures. Investigations into the
excess volumetric properties of these mixtures revealed
significant negative deviations from, so-called, ideal mixing in
the case of the BTN containing solvent. This is likely the result
of strong interactions between the nitrile solvent and IL or
improved packing of the liquid structure. However, a quasi-
ideal behavior has been observed when this IL is mixed with
both ADN and GLN. These observations were further
supported by calculations of the excess Gibbs energies of
activation of viscous flow for the binary mixtures.

As expected, measurements of viscosity of the mixtures
showed the addition of these molecular solvents enables the
important reduction in viscosity relative to the pure IL.
Importantly, this has been shown to equate to a promotion in
the electrolytic conductivity of the mixture to a certain
composition, notably the o,  formulations. These properties
are of very important for high power capabilities of a given
electrolyte for EDLCs. Indeed, the BTN-containing mixtures
exhibit a conductivity of ca. 18 mS-cm™" at 298 K, exceeding
that of the state-of-the-art electrolyte based on a propylene
carbonate solvent with 1 mol-dm™ tetraethylammonium
tetrafluoroborate (13 mS-cm™ at 298 K). Nevertheless, the
low volatility of the higher viscosity dinitrile solvents is of vital
importance in terms of the safety of such electrolytes.
Furthermore, the good electrochemical stability of this IL was
found to be uninhibited by the nitrile molecular solvents at the
Omax formulations at a glassy carbon electrode.
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