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lonic liquids (ILs) exhibit remarkable properties and great tunability, which make them an attractive class of
electrolyte materials for a variety of electrochemical applications. However, despite the promising progress
for operating conditions at high temperatures, the development of their low-temperature viability as
electrolytes is still limited due to the constrains from thermal and ion transport issues with a drastic
decrease in temperature. In this study, we present a liquid electrolyte system based on a mixture of 1-
butyl-3-methylimidazolium iodide ([BMIM][I]), y-butyrolactone (GBL), propylene carbonate (PC), and
lithium iodide (Lil) and utilize its molecular interactions to tailor its properties for extremely low-
temperature sensing applications. In particular, the carbonyl group on both PC and GBL can form
hydrogen bonds with the imidazolium cation, as indicated by Fourier transform infrared spectroscopy
(FTIR), and the extent of these interactions between ions and molecules was also characterized and
quantified via proton nuclear magnetic resonance (*H NMR) spectroscopy. More importantly, at the
optimal ratio, the organic solvents do not have excess content to form aggregates, which may cause

undesired crystallization before the glass transition. The microscopic evolutions of the systems are
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Accepted 17th October 2019 correlated with their bulk behaviors, leading to improvements in their thermal and transport properties.

The optimized formulation of [BMIM][II/PC/GBL/Lil showed a low glass transition temperature (Tg) of
—120 °C and an effectively reduced viscosity of 0.31 Pa s at —75 °C. The electrochemical stability of the
electrolyte was also validated to support the targeted iodide/triiodide redox reactions without interference.
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Introduction

Ionic liquids (ILs), which are materials that consist of ions and
remain a liquid at room temperature, are known as “designer
solvents” due to their great versatility in properties via the
selection of cation and anion, and have been utilized in a variety
of applications, such as facilitators for synthesis and catalysis,"*
media for separation processes,>* and thermal fluids for heat
storage and transfer.>® In particular, the unique characteristics
of ILs, including negligible volatility, good electrochemical
stability, wide liquidus range, and considerable ionic conduc-
tivity, have made them popular candidates as electrolytes for
electrochemical devices including dye-sensitized solar cells,”®
batteries,”™* supercapacitors,’®** and sensors."*™** ILs-based
electrolytes can enhance device stability and broaden the
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operating temperature window,'®” which are common bottle-
necks for electrolyte development when using conventional
molecular liquids (MLs) as media.'®'® However, although ILs-
based electrolytes possess these excellent traits, their ionic
conductivities are yet comparable with that of MLs-based elec-
trolytes due to their high viscosities and insufficient ion-
disassociation, which both originate from the electrostatic
attractions between the cations and anions of ILs.** When
operating at relatively high temperatures, the transport prop-
erties of ILs-based electrolytes are not a major concern since
both conductivity and fluidity improve with elevated tempera-
tures. But, at low temperatures, ILs-based electrolytes often
exhibit a significant decrease in ionic conductivity, rendering
unsatisfying functionalities even if they remain liquids. With
the increasing need of applying energy devices and sensors
under extreme environmental conditions, this restrains the
potential use of ILs-based electrolytes for low-temperature
applications.

To resolve the poor ionic conductivity of ILs-based electro-
lytes for low-temperature applications, incorporating MLs as co-
solvents has become a broadly applied strategy. The

This journal is © The Royal Society of Chemistry 2019
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introduction of MLs, such as water or organic solvents, can
provide an electrostatic screening effect due to the molecular
interactions between MLs and ILs, where the cohesive energy
from the coulombic attractions of the ions in ILs can be reduced
to drastically change both the macroscopic and microscopic
properties of the mixture.* Moreover, the specific intermolec-
ular interactions between the ions of ILs and molecular solvents
further improve the mobilities of particular ions with altered
coordination.”” Owing to the solvation effect, reduced viscosity
and boosted ionic conductivity are widely observed in binary
mixtures of water and ILs. However, the approach of adding
water to ILs to improve the electrolyte properties is rigorously
restricted by their relatively narrow electrochemical window.>*?*
More importantly, the very limited liquidus temperature range
of water above 0 °C makes mixtures of water and ILs unfavor-
able candidates for low-temperature applications. On the other
hand, organic solvents are a strong complement to water when
employing ILs as electrolytes. Binary mixtures of ILs and
organic solvents have been investigated to support various
electrochemical devices because of their significantly advanced
transport properties.”*® Moreover, these electrolyte systems
have shown improved thermal stability and safety without
a great compromise in ionic conductivity compared to
conventional organic electrolytes.'® For example, Ruiz et al. re-
ported that electrolytes composed of pyrrolidinium-based ILs
with nitrile and carbonate-based organic solvents at optimized
concentrations showed satisfactory thermal stability, increased
conductivity, and a wide electrochemical window, which are
suitable for supercapacitors operating over a broad temperature
range from —20 °C to 80 °C.””

Since there is a large selection of organic solvents, their
mixtures with ILs provide the flexibility to develop tailored
properties for task-specific functionalities. Among the various
organic solvents, carbonate- and lactone-based liquids are
attractive candidates for designing electrolytes operating over
a broad temperature range due to their low melting points and
high boiling points. When targeting low temperatures, the
conductivity of the electrolyte is directly affected by the working
temperature and has a major impact on the overall performance
of the device. Aguilera et al. investigated the effects of compo-
sition on the coordination of solvated lithium ions and
observed an enhancement in ionic conductivity at a tempera-
ture as low as —90 °C from mixtures of two carbonate solvents
(ethylene carbonate and dimethyl carbonate), 1-butyl-1-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide and
lithium salt.*® Tian et al. formulated electrolytes based on
mixtures of 1-ethyl-3-methylimidazolium tetrafluoroborate
((EMIM][BF,]) with y-butyrolactone (GBL) and propylene
carbonate (PC), respectively, for supercapacitor operating at
—70 °C, which exhibited superior device performances, and
experimentally validated their liquidus range down to —80 °C.*®
Although both of the abovementioned studies have demon-
strated considerable progress on electrolyte properties at low
temperatures, efforts have not been invested in fully exploring
the lower temperature limit of liquid-state electrolytes. There-
fore, designing strategies to develop low-temperature electro-
lytes is desirable to accommodate potential operations under
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extreme conditions. Furthermore, with supercapacitors and
batteries as the mainstreams for low-temperature electro-
chemical applications, most research groups focus on ILs with
favorable anions such as tetrafluoroborate ([BF,]") and bis(tri-
fluoromethane)sulfonimide ([TFSI]™).>**' However, the devel-
opment of low-temperature electrolytes needs to be extended to
a broader range of ILs, especially for electrochemical devices
that require specific types of ions according to their working
principles.

We have been investigating the molecular interactions
between ILs and cosolvents to modify and improve their prop-
erties, starting from the discovery of hydrogen bonding in 1-
butyl-3-methylimidazolium iodide ([BMIM][I])/water mixtures
and the resulting improvement in transport properties at room
temperature.*” Recently, we designed an aqueous-based elec-
trolyte of [BMIM][I], ethylammonium nitrate ([EA][N]), water,
and lithium iodide (LiI) with the aim to optimize the intermo-
lecular forces between the four components.*® This electrolyte
formulation possessed a glass transition temperature (7y) of
—108 °C and showed remarkable enhancements in fluidity,
ionic conductivity, and ionicity. These iodide-containing elec-
trolytes were specifically formulated for molecular electronic
transducer (MET) sensors that rely on the electrochemical
reactions between iodide (I") and the triiodide (I;~) redox
couple.*® To aim for extremely low-temperature environments
in space missions, we utilized intermolecular interactions to
design electrolytes for a wider operating temperature range,
specially focusing on the extension of their liquidus limit to the
lower end. Herein, we report an electrolyte system consisting of
[BMIM][I], PC, GBL, and LiI and the investigation of its thermal,
transport, and electrochemical properties. The carefully
formulated composition resulted in optimized molecular
interactions and achieved tailored properties for iodide-
containing low-temperature liquid electrolytes. The results of
this work present a viable liquid electrolyte system to support
MET-based sensing technology for planetary explorations.
Moreover, we anticipate the proposed strategy via modifying
molecular interactions will continue to extend the limit of
liquid-state electrolytes for low-temperature electrochemical
applications.

Experimental
Materials

The organic solvents, y-butyrolactone (=99%) and propylene
carbonate (99.7%), were both purchased from Sigma-Aldrich,
the ionic liquid, 1-butyl-3-methylimidazolium iodide ([BMIM]
[I) (>98%), was purchased from IoLiTec, and anhydrous
lithium iodide (=98%) was purchased from VWR International.
All chemicals were used as received without further
purification.

Sample preparation

The electrolytes of the IL/organic solvent mixtures were manu-
ally mixed and ultrasonically agitated in an ice-water bath for
90 s using a Sonics VibraCell at 500 W. Lithium iodide salt
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(5 mol%) as the default component was added and dissolved in
all the mixtures to boost the concentration of iodide ions in the
electrolytes. After sonication, all the sample solutions were
homogeneous and fully miscible by visual inspection. The
formulations of the sample electrolytes studied in this work are
named based on their composition in mol%, for example,
a sample electrolyte that consists of 5 mol% [BMIM][I], 90 mol%
GBL, and 5 mol% Lil is referred to as [BMIM][I]/GBL/Lil - 5/90/
5. If the solution contains only a single component that was
used as received, it is referred to as “neat”.

Differential scanning calorimetry

A TA Instruments Q-20 differential scanning calorimeter (DSC)
was employed to characterize the low-temperature thermal
behaviors of the prepared electrolyte formulations. Each sample
solution was quench-cooled using liquid nitrogen from 40 °C to
—160 °C and then heated at a controlled heating rate of
5°C min~' from —160 to 40 °C.

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of the sample solutions were measured under
vacuum using a Bruker IFS 66V/S FTIR, with a deuterated
lanthanum o-alanine doped triglycine sulphate (DLATGS)
detector, KBr mid-IR beam-splitter, and Pike diamond-ATR
module.

Nuclear magnetic resonance spectroscopy

A Bruker 400 MHz nuclear magnetic resonance (NMR) spec-
trometer was utilized to detect and confirm the intermolecular
interactions among the ions in the ionic liquids and the solvent
molecules in the organic carbonates, and "H NMR spectroscopy
was performed 2 h after preparing 20 mg sample solutions in
1 mL deuterium oxide (D,0).

Rheology

A TA Instruments DHR-2 rheometer was used to measure the
viscosities of the sample solutions by performing a temperature
sweep at 1 rad s, and the temperature control was realized
inside a TA Instruments Environmental Test Chamber built into
the rheometer.

Electrochemical impedance spectroscopy

All presented electrochemical experiment results were collected
using a Bio-Logic VMP3 multichannel potentiostat. Electro-
chemical impedance spectroscopy (EIS) was performed with
a customized conductivity cell using two fixed platinum wires as
the electrodes. The cell constant of the customized conductivity
cell was calibrated with 0.1 and 0.01 m potassium chloride
solutions prior to measurement. The impedance of each sample
solution was measured using a sinusoidal voltage with an
amplitude of 10 mV over the frequency range of 900 kHz to 1 Hz.
During the low temperature measurements, the temperature of
the sample solution was controlled using a methanol/water/dry
ice cooling bath and monitored by an Omega OMEGAETTE

HH303A thermometer/data logger. Measurements were
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performed after the open circuit voltage was stabilized for at
least 1 min under each equilibrated temperature point. Ionic
conductivity was calculated based on the real impedance at high
frequency, which represents the resistance of the electrolyte
formulations.

Electrochemical window

Cyclic voltammetry (CV) was performed with a Dr Bob's elec-
trochemical cell purchased from Gamry, a platinum disk (3 mm
diameter) working electrode, platinum wire as the counter
electrode, and silver wire as the reference electrode. The counter
electrode and the reference electrode were separated from the
sample solution to minimize contamination during the exper-
iments using a glass frit and bridge tube, respectively. The
electrochemical windows (EWs) for respective electrolyte
formulations at room temperature were determined at a scan
rate of 100 mV s~ . The obtained profiles were reproducible for
at least 10 cycles. Additional CV scans were conducted at 25, 50,
200, and 400 mV s ! within the determined EWs for the
investigation of the I;~ reduction kinetics in different organic
solvents.

Results and discussion

Effects of incorporating organic solvents on the thermal
properties of the electrolytes

When designing an electrolyte system for low-temperature
operations, the phase behaviors of the materials, such as
freezing and glass transition, set the physical limit of the liquid
electrolyte for its applications. Thus, differential scanning
calorimetry (DSC) was used to characterize the thermal transi-
tions of the prepared electrolyte formulations, revealing the
interplay between IL and organic solvents in their mixture
solution at various formulations over the temperature range of
40 °C to —160 °C. As shown in Fig. 1(a), the effect of GBL can be
clearly seen by DSC analysis. Neat [BMIM][I] demonstrated a T,
at —67.4 °C and did not appear to have any additional thermal
transitions. GBL was employed as the primary organic solvent to
host IL for formulating the mixture-based electrolyte due to its
potential in designing molecular interactions. When GBL was
added to [BMIM][I], the T, of the mixture system was effectively
reduced. Furthermore, as the concentration of GBL increased,
a decrease in the T, of the mixture solution was observed. When
the concentration of GBL was at 90 mol%, the formulation
[BMIM][I]/GBL/LiI - 5/90/5 showed the most reduced T, at
—124.6 °C. Vranes et al. also observed a similar effect of the
suppressing phase transition temperatures of IL when mixing 1-
butyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)imide
([BMIM][NTf,]) with a variety of lactone solvents, including
GBL.* This strong effect of shifting T, towards a lower
temperature by introducing GBL into the electrolyte can be
interpreted by the interactions in the mixture solution at the
molecular level. The ionic liquids and molecular liquids are
able to establish notable intermolecular interactions through
multiple routes. For example, [BMIM][I] has been shown to
form hydrogen bonding via its iodide anions with surrounding

This journal is © The Royal Society of Chemistry 2019
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Fig.1 DSC thermograms (exothermic up) from —160 to 40 °C for the
various formulations of (a) [BMIM][I]/GBL/Lil mixture solutions and (b)
[BMIM][I]/PC/GBL/Lil mixture solutions.

water molecules in their binary mixtures.*>** On the other hand,
the cations of imidazolium-based ILs have been observed both
computationally and experimentally to interact with various
organic molecular solvents via the formation of hydrogen
bonding between the most acidic hydrogen on the imidazolium
ring and the lone electron pair of the solvent molecules.****
Papovi¢ et al. studied binary systems of GBL and various
imidazolium-based ionic liquids and discovered that longer
alkyl side chains on the imidazolium cation leads to stronger
interactions between GBL and ILs.***° In our developed mixture
system consisting of [BMIM][I] and GBL, we hypothesized that
a similar intermolecular interaction between the imidazolium
moiety of the [BMIM]" cations and the carbonyl group of the
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solvent molecules through hydrogen bonding disrupts the ion-
pair formation between the [BMIM]' cations and iodide anions
within the [BMIM][I] network. Consequently, the cohesive
energy of the system is significantly reduced, as reflected by the
lower Ty, of the resulting mixture solution. The existence of these
intermolecular interactions will be further revealed experi-
mentally in later sections.

Although the addition of GBL shifted the T, of the mixtures
towards a favorable lower temperature, it had a negative impact
by introducing undesirable thermal transitions to the electro-
lyte. Although the [BMIM][I]/GBL/LilI - 5/90/5 formulation dis-
played the lowest T, among all solutions, it showed the critical
drawback of a series of undesirable thermal transitions above
the T,. The predominating exothermic peaks at approximately
—87 °C and —73 °C indicate the occurrence of crystallization,
which will not only fail the function of liquid electrolyte owing
to the insufficient motion of flow, but also cause high risks of
structural damage to the device by volume change in the solu-
tion and accumulation of mechanical stress. Although the low
T, promises a wider liquidus window for low-temperature
sensing operations in MET sensors, the phase transitions
associated with this formulation were not suitable for our tar-
geting liquid electrolyte systems. Thus, another cosolvent
component, PC, was introduced into the mixture to further
optimize the properties of the electrolyte. Fig. 1(b) demonstrates
the effects of incorporating PC on the thermal behaviors of the
multicomponent system. When PC was used to replace
a varying fraction of GBL in the solution, the tendency of the
mixture to crystalize in this composition changed. With an
increase in the concentration of PC, the corresponding
exothermic heat flow of crystallization decreased. When the
concentration of PC was 15 mol%, the phase transition of the
[BMIM][T]/PC/GBL/LIiI - 5/15/75/5 formulation was significantly
mitigated. After increasing the PC concentration to 20 mol% or
higher, we no longer observed any phase transitions other than
the glass transition from these formulations. In contrast to the
[BMIM][I)/GBL/LiI - 5/90/5 formulation, very smooth DSC
curves were presented by the [BMIM][I)/PC/GBL/LIiI - 5/20/70/5
and 5/30/60/5 formulations. Meanwhile, their T, values,
despite a slight increase, were still retained at a very low
temperature. The [BMIM][I]/PC/GBL/Lil - 5/20/70/5 formulation
showed a T, at approximately —120 °C. To the best of our
knowledge, this is the lowest T, reported to date for a liquid
electrolyte system. The effects of incorporating PC on retaining
the T at low temperatures and tuning the thermal behaviors of
the electrolyte can also be interpreted by the modified inter-
molecular interactions. It can be viewed that the similar
carbonyl functional groups shared by both PC and GBL can
interact with the [BMIM]" cation to keep the glass transition
from occurring at higher temperatures, while the existence of
PC in the mixture also interferes with GBL to prevent its crys-
tallization. Thus, this low Ty, free-crystallization, IL-dual
organic solvent mixture system exhibits great potential as
a liquid electrolyte for low-temperature applications. Since we
attributed the desired thermal behaviors to the effects of the
optimized molecular interactions, further

studies were
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performed to investigate the interactions between the IL and
the organic solvents.

Probing the molecular interactions between [BMIM][I] and
organic solvents

To reveal the hypothesized molecular interactions, FTIR was
first employed to investigate the modification of the bonding
structures in the developed IL-organic solvents electrolytes. As
shown in Fig. 2(a), the FTIR spectra confirmed the signature
peaks from the functional groups of each main chemical in the
multicomponent system. For example, neat [BMIM][I] displayed
the C-H stretching vibrations from both the alkenyl group and
the carbon-hydrogen bond in between two adjacent nitrogen
atoms on the imidazolium ring at 3136 cm ™" and 3070 cm™*,
respectively.** The former peaks from the alkenyl group were
still observed in the electrolyte formulations, [BMIM][I]/GBL/LiI
-10/85/5 and 5/90/5, and [BMIM][I]/PC/GBL/Lil - 5/20/70/5, but
at a much smaller magnitude (with shifts of 9-18 ecm™).
However, the latter peak was no longer significant in these
formulations, indicating the disruption of the bonding config-
uration due to the interaction between cations and organic
solvent molecules. This emerged interaction was further dis-
closed by the IR response of the carbonyl group, which is the
same functional group shared by both solvent molecules. Both
neat GBL and PC each showed a peak of C=O0 stretching at 1760
and 1780 cm™ ', respectively. It is known that the carbonyl
stretching is sensitive to the formation of hydrogen bonding.****
When the total number of present carbonyl groups is excessive
to that of the available donor groups in the system, a partial
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number of the carbonyl groups will exhibit a peak shift in the
spectrum because their intrinsic vibrations are altered as they
accept protons from the most acidic hydrogen of the [BMIM]"
cations, while the other carbonyl groups that are not hydrogen-
bonded remain uninfluenced.**** When GBL was incorporated
with [BMIM][I], the hydrogen bonding formation between
a fraction of the carbonyl groups from GBL as acceptors and
[BMIM]" cations as donors was clearly demonstrated by the
appearance of a “shoulder” off the original carbonyl peak at
approximately 1742 cm ™" in the spectra of the [BMIM][I]/GBL/
Lil - 10/85/5 and 5/90/5 formulations, as shown in Fig. 2(b).
This indicates the emergence of a new peak from the carbonyl
groups that strongly interact with [BMIM][I] via hydrogen
bonding. This observation serves as a direct manifestation of
the hypothesized GBL-[BMIM]" interaction in the electrolyte
solutions. When the mixture was incorporated with both GBL
and PC, a similar effect from the interaction between GBL and
[BMIM]" was also seen in the spectrum of the [BMIM][I]/PC/
GBL/Lil - 5/20/70/5 formulation; however, it was much less
significant for PC. Instead of “splitting” into two peaks, the
carbonyl stretching of PC only displayed a minor shift from
1780 cm ™' to 1784 cm ™! without showing any “shoulder” peak
from the original peak, suggesting that its ability to form
hydrogen bonding with [BMIM]" cations is weaker when
competing against GBL for a limited number of donors, and
therefore the interaction was not as predominant. This trend is
consistent with the mixture system reported by Tian et al,
where [EMIM]" cations showed stronger interactions with GBL
than PC, and this difference was also reflected in the bulk

@

[BMIM][I}/PC/GBL/LIl
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[BMIM][I}/GBL/Lil
5/90/5

S
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Fig. 2 FTIR spectra of the electrolyte formulations, [BMIM][II/GBL/Lil = 10/85/5, 5/90/5, and [BMIMI[I]/PC/GBL/Lil = 5/20/70/5, and their neat
components as controls in the range of (a) 2700-3300 cm ™! and (b) 1660-1885 cm ™.
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properties of the studied formulations.” We also noticed that
the minor shift from PC was a blue shift. Although blue shifts
for hydrogen bonds can exist in various cases, red shifts are
generally expected.*” In comparison to GBL, which can be
viewed as the primary source to form hydrogen bonding with
the imidazolium cation in our developed system, the hydrogen
bonding associated with PC was much weaker and more subtle
since PC is known to demonstrate strong dipole-dipole inter-
actions via its carbonyl group and form local structures among
itself.*** When PC was incorporated in the mixture, we
hypothesized that the overall electronegative environment of its
carbonyl groups was altered by more than a single factor of
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hydrogen bonding, and therefore caused a minor blue shift.
Thus, the FTIR results validated the modified molecular inter-
actions in the mixture system and further details of the targeted
ion-solvent interactions were subsequently unveiled by NMR
spectroscopy.

The '"H NMR spectrum of neat [BMIM][I] is shown in
Fig. 3(a), and the chemical shifts for all the protons at each
position of its molecular structure are in agreement with the
literature values.”*”° In addition, an effect from hydrogen-
deuterium exchange was also detected. The numbering of each
carbon on the imidazolium cation is schematically depicted in
the inset of Fig. 3(a), where it can be noticed that the peak of the

(@) D,0
8
CH,
6 CH,
H:,C/ 7
2
CH 1
XC CH 8
3 4
S
! 2 34 : B
1 I
i o . o
1 |
1 = : - e
| 8 pos 4 2 tppm]
®)
2 Formulation Relative Integrated Peak Area
| H H-1 H-2 H-8
| Neat [BMIMI][I] 3.00 033005  3.06+0.02
l
[BMIM][I}/GBL/Lil 3.00 0.82 £0.01 3.07+0.04
10/85/5
' ~\ [BMIM][I}/GBL/LII 3.00 0.85+0.00  3.06+0.03
: . 5/90/5
| [BMIM][I}/PC/GBL/Lil  3.00 0.83 £0.00 3.00+0.00
e 512007005
9 8 7

Fig. 3 H NMR spectra of (a) neat [BMIM][I] with the inset showing the numbered chemical structure of the [BMIM]* cation and (b) neat [BMIMI]I],
[BMIMI[II/GBL/Lil — 10/85/5, 5/90/5, and [BMIM][I]/PC/GBL/Lil — 5/20/70/5 focusing on the peaks of H-2 with a comparison of the relative
integrated peak areas also provided.
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proton at H-2 position is significantly weaker than its corre-
sponding stoichiometric ratio among the protons at other
positions. This feature can be explained by the dynamic process
of equilibrium, where the labile protons on the [BMIM]" cations
are replaced by the deuterons in the solvent when they are dilute
in D,0.”* The hydrogen at the H-2 position is known to be more
acidic, and thus its lower surrounding electron density makes
the proton tend to exchange with deuterons from the solution,
while the rest of the protons from other positions of the cation
remain stable.”>”* This phenomenon has also been observed in
other chemical systems that contain imidazole groups such as
histidine.”®** When [BMIM][I] was incorporated with organic
solvents to form a mixture solution, more interestingly, the
evolution of the hydrogen-deuterium exchange was observed in
the "H NMR spectrum. All the electrolyte formulations shown in
Fig. 3(b) demonstrate a significantly larger integrated peak area
for the hydrogen at the H-2 position than the neat [BMIM][I],
which indicates a reduced extent of hydrogen-deuterium
exchange with the presence of carbonyl groups in the solution.
The integrated peak area for the hydrogen at H-1 position was
set as a baseline value of 3.00 considering the alkyl group
possesses three hydrogens at this position. Accordingly, the
hydrogen at the H-8 position demonstrated a matching inte-
grated peak area of approximately 3.06, validating the quanti-
tative results from "H NMR based on the stoichiometric ratio
between H-1 and H-8. In comparison, at the H-2 position, the
neat [BMIM][I] and mixture solutions showed integrated peak
areas of 0.33 and an approximate range between 0.82 and 0.85,
respectively, which again confirmed the additional molecular
interactions between the [BMIM]" cations and the solvent
molecules. In the mixture solution, the carbonyl groups from
the organic solvents become acceptors to form hydrogen
bonding with the hydrogens at H-2 position of [BMIM]" cation
as donors and modify the surrounding electron density
accordingly. Thus, the hydrogen at this position is more stabi-
lized and its exchange with the deuterium from the solution is
significantly reduced, as reflected by the higher integrated peak
area of the H-2 protons than that of neat [BMIM][I] in the 'H
NMR spectrum.

Transport properties of designed electrolytes

Besides thermal properties, the interactions between ILs and
organic solvents also affect the transport properties of electro-
lytes, which are critical for their electrochemical applications.
ILs typically possess high viscosities due to various intermo-
lecular forces such as the prominent coulombic attractions, van
der Waals forces, and hydrogen bonding.?** The neat [BMIM][I]
solution, as shown in Fig. 4(a), displayed high viscosities with
a strong temperature dependence, increasing by approximately
six orders of magnitude from 25 °C to —75 °C. However,
although temperature dependence was observed for all the
formulations, the ones that were incorporated with molecular
solvents demonstrated not only a much less drastic viscosity
increase as temperature decreased but also significantly lower
viscosities over the entire temperature range of testing. At room
temperature, two selected electrolyte formulations from this
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Fig. 4 Temperature dependence of (a) viscosity and (b) ionic
conductivity for the neat [BMIM][l], selected organic solvent-based
electrolyte formulations from this study, and aqueous-based formu-
lation from the previous study.*®* In (b), the dashed lines and the dot-
dashed lines represent the VFT fitting result for each formulation and
their experimentally measured T, respectively, showing the predicted
conductivities when approaching the glass transition, and the inset
provides a magnified view of the measured conductivities between
25°Cand —-75 °C.

study, [BMIM][I)/GBL/LIiI - 10/85/5 and [BMIM][I]/PC/GBL/LIiI -
5/20/70/5 with low T, and free of crystallization, exhibited
a similar magnitude of viscosity between 0.002 and 0.005 Pa s
with minor differences. As the temperature decreased to
—75 °C, [BMIM][I)/GBL/LilI - 10/85/5 evolved to a significantly
higher viscosity of 1.29 Pa s, presumably due to its higher
concentration of [BMIM][I]. In contrast, [BMIM][I]/GBL/PC/LII -
5/20/70/5 yielded a much lower viscosity of 0.31 Pa s at —75 °C,
indicating that the addition of PC did not compromise the
fluidity of the solution and effectively prevented the undesirable
phase transition of the electrolyte system. Compared to the
aqueous-based IL electrolyte formulation previously developed
by our group,* [BMIM|[I)/[EA][N]/water/LiI - 5/35/55/5 showed

This journal is © The Royal Society of Chemistry 2019
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a comparable viscosity to [BMIM][I]/PC/GBL/Lil - 5/20/70/5 at
room temperature but a significantly higher viscosity by more
than 30 times at —75 °C owing to the stronger temperature
dependence of the employed solvents. The effectiveness of
reducing viscosity by incorporating organic solvents into the
system can be attributed to the intrinsic superior fluidity of GBL
and PC at low temperatures, which is consistent with the
observations for other IL-based electrolyte systems.>**>°

Although viscosity depicts the overall fluidity of liquid-state
electrolytes, ionic conductivity is another key transport prop-
erty that directly reflects the mobility of charge carriers in
a system. As shown in Fig. 4(b), the ionic conductivity of all the
electrolyte formulations decreased significantly as the temper-
ature decreased. The behavior of this exponential correlation
between ionic conductivity and temperature can be well
described by the Vogel-Fulcher-Tammann (VFT) equation.®
For each formulation, the dashed line was plotted based on the
VFT fitting results, showing the ionic conductivity evolution
over the testing temperature range and prediction extended
down to the respective experimental T, as marked by the dot-
dashed line. The inset in Fig. 4(b) presents the ionic conduc-
tivity data collected via EIS in the temperature range of 25 to
—75 °C. Starting from 25 °C, [BMIM][I]/GBL/LiI - 10/85/5 and
[BMIM][I]/PC/GBL/Lil - 5/20/70/5 showed comparable ionic
conductivities, which were approximately 5 times lower than
that of [BMIM][I]/[EA][N]/water/Lil - 5/35/55/5. Although the
aqueous-based electrolyte had a higher ionic conductivity
initially, the gap was narrowed gradually with a decrease in
temperature. At around —70 °C, [BMIM][I]/PC/GBL/Lil - 5/20/
70/5 reached a similar ionic conductivity as the aqueous-
based electrolyte. Moreover, following the trajectory of the
VFT fitting curves in Fig. 4(b), the two organic solvent-based
electrolytes will eventually possess higher ionic conductivities
than that of the aqueous-based electrolyte at around —80 °C.
The [BMIM][I]/GBL/LiI - 10/85/5 and [BMIM][1]/PC/GBL/LiI - 5/
20/70/5 formulations are expected to retain better ionic
conductivities until their ideal glass transition temperatures,
where the VFT model no longer provides adequate predictions
for supercooled liquids.

The ionic conductivities of IL-based mixtures can be deter-
mined by several factors simultaneously. In general, we often
focus on two tunable properties from the electrolyte design
standpoint, namely viscosity and ionicity (the degree of ion
disassociation). The former affects the mobility of existing
species, while the latter corresponds to the number of charge
carriers available for the conduction mechanism, both
contributing to the overall bulk ionic conductivity.®*® The
experimental results showcase that over the tested temperature
range, the aqueous-based electrolyte provided the highest ionic
conductivity despite it having the highest viscosity, indicating
the impact from available charge carriers. The aqueous-based
electrolyte was incorporated with [EA][N], another ionic liquid,
as an approach to inhibit predominant crystallization. Conse-
quently, [BMIM][I]/[EA][N]/water/LiI - 5/35/55/5 possessed the
highest theoretical ion concentration among the three electro-
lyte formulations. However, in reality the actual number of ions
available for conduction also depends on the extent of ion

This journal is © The Royal Society of Chemistry 2019
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disassociation. For pure ILs, where the sole medium is formed
by ions with strong coulombic attractions, considerable ions
exist in the form of pairs or aggregates, which are not
accountable for charge transport.” It is known that the selec-
tion of molecular solvents and ionic liquids has a great impact
on optimizing the ionicity of electrolytes, which is attributed to
the structures and properties of existing species that result in
different degrees of interactions.®** For instance, Li et al. per-
formed a comprehensive discussion on the transport properties
of binary mixtures by incorporating imidazolium ionic liquids
with water and several organic solvents.®® Particularly, water
appeared to be the most effective in weakening the coulombic
attractions between ions due to both its high dielectric constant
and ability to form hydrogen bonds with the anions. Therefore,
we hypothesize that the higher ionic conductivity of the
aqueous-based electrolyte at higher temperatures can be
explained by the highest number of available ions owing to the
potentially higher extent of ion disassociation. However, when
temperature decreases to —70 °C or below, the ionic conduc-
tivities of both organic solvent-based electrolytes are predicted
to be comparable and even exceeding that of the aqueous-based
electrolyte according to the trends based on the VFT fitting. This
result suggests potential changes in viscosity and ionicity,
which are both known to be temperature dependent and can
also be correlated to intermolecular interactions. Our compar-
ison showed that the differences in viscosity between the
aqueous-based electrolyte and the organic solvent-based elec-
trolytes become more prominent as the temperature decreases.
Although the viscosity difference at higher temperatures may be
insignificant compared to the ionicity, we speculate it to be
more influential on the ionic conductivity at low temperatures
since the differences evolved to over an order of magnitude.
Papovic et al. also discussed the combined impact of viscosity
and ionicity on the conductivity of [BMIM][NTf,]/GBL binary
mixtures, concluding that improvements in electrochemical
properties are more likely due to the significant reduction of
viscosity when increasing the GBL fraction in the system.*
Therefore, despite the lower effectiveness in solvation, the
incorporation of GBL and PC successfully reduced the viscosity,
which indicates it is a more viable strategy for designing elec-
trolytes for the promotion of low-temperature applications than
the aqueous-based approach from the perspective of optimizing
transport properties.

Electrochemical stability

To develop an electrolyte system that provides functionality via
electrochemical reactions, it is important to understand its
electrochemical stability with the working mechanism of the
device as the premise. In MET sensors, I3~ reduction and I~
oxidation take place at the cathode and anode, respectively,
leading to current outputs as a function of the detected seismic
activities.*® Therefore, for these electrolytes, we define their
electrochemical windows (EWs) as the potential range where I"/
I;~ redox reactions can be steadily activated without additional
faradaic processes originated from other species. Moreover, we
are particularly interested in the effects of the intermolecular

RSC Adv., 2019, 9, 36796-36807 | 36803
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interactions between organic solvents and IL on the electro-
chemistry of I /I;~ redox couples. Cyclic voltammetry (CV) was
performed on the optimized formulation [BMIM][I]/PC/GBL/LiI
- 5/20/70/5, which presented desirable thermal and transport
properties. To further explore the effects of the respective
organic solvents, two additional formulations, [BMIM][T]/PC/Lil
-5/90/5 and [BMIM][I]/GBL/LilI - 5/90/5, were also characterized
for comparison.

Fig. 5 shows the CV scans of the above three selected
formulations at a scan rate (v) of 100 mV s~ ', where we observed
the successful oxidization of I" during positive polarization,
followed by I;~ reduction during the reverse scan within the
properly controlled potential range. Although the three elec-
trolytes demonstrated some similarities in response to the
potential sweep, there were also different electrochemical
behaviors corresponding to the redox kinetics. First, the iden-
tified EWs for [BMIM][I]/GBL/LiI - 5/90/5, [BMIM][1}/PC/LiI - 5/
90/5, and [BMIM][I]/PC/GBL/LilI - 5/20/70/5 were 0.8 V, 0.7 V,
and 0.7 V, respectively. Numerous organic solvents, such as
acetonitrile and PC, are known for their wide EWs, and hence
have been broadly explored for the development of super-
capacitor electrolytes.”** However, since the sensing mecha-
nism of MET sensors particularly relies on electrochemical
reactions, we primarily focused on the reproducibility of the I/
I;~ redox instead of the stability of the incorporated solvents.
Therefore, a relatively narrow EW was defined for our I"/I; -
containing electrolytes specifically designed for MET sensors,
despite the generally extraordinary electrochemical stability of
organic solvents. At a cathodic potential more negative than 0V,
the generated currents varied and decreased gradually with
time. However, no additional current generation was observed
for all the electrolytes until lithium reduction, indicating the
interference was unlikely due to other faradaic processes.
Hanson and Tobias investigated the electrochemistry of iodide
in PC with studies on various anodic switching potentials
during CV scans.®® Consequently, they observed shifts in the
cathodic current peak potential of I;~ reduction and concluded

1.2
—[BMIM][1}/GBL/LilI-5/90/5
| —[BMIM][I}/PC/LiI-5/90/5
0.8 F — [BMIM][I}/PC/GBL/LII-5/20/70/5
<
E 04 ¢
O =
04 L 1 L 1 L 1 ! 1 !
-0.1 0.1 0.3 0.5 0.7 0.9
E/V (vs. Ag wire)
Fig. 5 Identified EWs for selected electrolyte formulations of ILs/

organic solvents/Lil electrolytes at 100 mV s~ scan rate.
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that I;~ reduction was sensitive to the state of the electrode
surface. Thus, we hypothesize the unsteady profile could have
originated from other non-faradaic processes at the electrode
surface, which requires follow-up analytical investigation for
clarification. For anodic polarization, before reaching 0.8 V, the
measured anodic currents corresponded to the desired oxida-
tion of I conversion to I;. However, beyond 0.8 V, the gener-
ation of iodine (I,) as a side product was observed by visual
inspection, which could have resulted from both the oxidation
of I3~ and equilibrium between I, I,, and I3~ in the solu-
tion.**®” When I, is generated, it may occupy the effective
surface of the electrode and change the concentration profiles
in the proximity, interfering with I oxidation. Swathirajan and
Bruckenstein reported that the I oxidation at the electrode
surface is significantly slower when I" diffuses through the I,
film than via convection in solution.®®** More importantly, if I,
is produced from I;~ oxidation, the additional anodic current
contribution introduces complications in detection. Therefore,
we set the anodic limit of the three electrolytes at 0.8 V.
Secondly, significant differences in the starting potential and
the magnitude of the currents from both oxidation and reduc-
tion processes were observed, depending on the organic solvent
composition. During anodic polarization, the oxidation
currents started to increase at around 0.7 V for both [BMIM][I]/
GBL/Lil - 5/90/5 and [BMIM][I}/PC/GBL/Lil - 5/20/70/5, but
[BMIM][I]/PC/Lil - 5/90/5 did not show significant anodic
current generation until around 0.77 V. At the cutoff anodic
potential of 0.8 V, the anodic current of [BMIM][I]/GBL/LIil - 5/
90/5 and [BMIM][I]/PC/GBL/Lil - 5/20/70/5 were comparable,
while that of [BMIM][I]/PC/LiI - 5/90/5 ended at a current one
order of magnitude lower. Similarly, during I,~ reduction,
[BMIM][T]/GBL/LiI - 5/90/5 showed the highest cathodic peak
current (ip), followed by [BMIM][1}/PC/GBL/LiI - 5/20/70/5, and
[BMIM][I)/PC/Lil - 5/90/5 had the lowest. Furthermore, a trend
was also observed in the shift of the cathodic peak current
potential (Epc), with [BMIM][T]/GBL/LiI - 5/90/5 possessing the
least shift towards a more negative potential and [BMIM][I]/PC/
LiI - 5/90/5 showing the greatest. Both trends in magnitude of
ipc and shift in Ep. indicate differences in the kinetics of I" /I3~
when incorporated with respective organic solvents and their
mixtures.

Thus, to reveal the effects of the selected organic solvents on
the I" /I3~ redox kinetics, multiple CV scans were performed on
the three electrolyte formulations at various scan rates ranging
from 25 to 400 mV s~ '. When the scan rate increased, as shown
in Fig. 6(a-c), the Ej,. of all three electrolyte formulations shifted
towards a more negative potential but to different extents.
Fig. 6(d) depicts the relationship between Ej,. and log(v) for each
electrolyte formulation. Similar to the previous discussion on
E,. at 100 mV s ' scan rate, [BMIM][I]/PC/LiI - 5/90/5 started
with the most negative Ep. (—0.3 V) at 25 mV s ' scan rate and
displayed the most significant potential shift of —0.139 V at
400 mV s ' scan rate. Both features serve as evidence of the
relatively irreversible nature of I;~ reduction in PC. The effect of
solvents on the kinetics of the I"/I;~ redox couple has been
a longstanding interest, and has been studied by several
groups.”®”* Bentley et al. conducted a comprehensive study on

This journal is © The Royal Society of Chemistry 2019
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the electrochemical behaviors of I"/I; ™ in conventional solvents
and ILs.”” Among the four conventional solvents, water, ethanol,
acetonitrile, and PC, they reported that I;~ had the highest
stability constant in PC and attributed it to the interactions
between the ions and solvents, which led to varying kinetics for
respective species. We hypothesize that the electrochemical
stability of I3~ was higher in PC than in GBL or the PC/GBL
mixture, and thus a more negative potential was required to
drive I;~ reduction in PC. On the other hand, I;~ reduction was
activated at a relatively high potential in [BMIM][I}/GBL/LIiI - 5/
90/5, and a considerable shift in E},. was only observed starting
at a scan rate of 200 mV s~ '. The [BMIM][I]/PC/GBL/Lil - 5/20/
70/5 formulation exhibited electrochemical behaviors in
between the other two, demonstrating negligible effects on the
reduction kinetics at scan rates of up to 50 mV s~ . Thus, it can
be concluded that the results show that the optimized formu-
lation [BMIM][I}/PC/GBL/LIiI - 5/20/70/5 can provide steady I~/
I;~ redox reactions for MET sensors within the identified EW at
room temperature.

In addition to kinetics and transport that govern the elec-
trochemical behaviors, for the I"/I;~ redox couple, the unique
Grotthuss mechanism was also reported to provide an alterna-
tive way for charge conduction when doping electrolytes with
I,.”* However, the significance of the Grotthuss mechanism is
mostly highlighted in viscous iodide-based ILs doped with
a considerably high concentration of I,’””® and ionic crys-
tals,”®*® which contradicted with our primary goals of opti-
mizing the thermal properties and fluidity of liquid-state
electrolytes. Furthermore, in the working principle of MET

This journal is © The Royal Society of Chemistry 2019

sensors, the generated current should be an accurate reflection
of mass transport induced by detected seismic waves, and
therefore the non-Stokesian behaviors of the Grotthuss mech-
anism may introduce unaccounted noise components. There-
fore, instead of delving into other charge conduction
mechanisms of I /I3, herein we mainly focus on effects of the
introduced organic solvents on the transport and electro-
chemical kinetics of the I'/I;” couple. The Grotthuss mecha-
nism will be further investigated in our future work on low-
temperature electrochemical experiments, where the electro-
chemical properties of I /I;” may depend on both Stokesian
and non-Stokesian behaviors.

Conclusions

In this work, we demonstrated the development of a low-
temperature liquid electrolyte system by tailoring intermolec-
ular interactions, and investigated their effects on thermal,
transport, and electrochemical behaviors. By incorporating PC
and GBL with [BMIM][I] at an optimal ratio, the designed
intermolecular interactions via hydrogen bonding between the
carbonyl groups of the organic solvents and the imidazolium
cations of the IL, which were confirmed via FTIR and 'H NMR,
successfully modified and optimized the properties of the
electrolytes. Consequently, the [BMIM][I}/PC/GBL/LilI - 5/20/70/
5 formulation showcased remarkable improvement in thermal
property with an extended liquidus range down to —120 °C.
Furthermore, it also possessed the highest fluidity over a wide
temperature range from 25 to —75 °C among the tested

RSC Adv., 2019, 9, 36796-36807 | 36805
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formulations, leading to the highest ionic conductivity at
temperatures lower than —70 °C based on the predictions from
the VFT fitting. The electrochemical stability was confirmed at
room temperature, where I" /I; reduction can be steadily acti-
vated within the identified potential window to support the
sensing mechanism of the MET sensor. We anticipate the pre-
sented results will not only support the potential seismic
investigations of MET sensors for planetary explorations, but
also inspire low-temperature electrolyte development from
a greater selection of materials by employing the design of
intermolecular interactions.
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