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ABSTRACT: Unlike conventional electrolytes, ionic liquid (IL)-based electrolytes 021

offer higher thermal stability, acceptable ionic conductivity, and a higher &

electrochemical stability window (ESW), which are indispensable for the proper § 071 °| P
functioning of Li-ion batteries. In this study, fluorine-free electrolytes are prepared by & 121 ’
mixing the lithium furan-2-carboxylate [Li(FuA)] salt with the tetra(n-butyl)- =

phosphonium furan-2-carboxylate [(P,444)(FuA)] IL in different molar ratios. The 2 -1.7 %

anion of these electrolytes is produced from biomass and agricultural waste on a large :ch ol

scale and, therefore, this study is a step ahead toward the development of renewable §

electrolytes for batteries. The electrolytes are found to have T, higher than 568 K S 2731

and acceptable ionic conductivities in a wide temperature range. The pulsed field us %1a04) (FUANERRIEY

gradient nuclear magnetic resonance (PFG-NMR) analysis has confirmed that the 04 0_:9 1_=4 1:_9 2f4 29 34 39
(FuA)~ anion diffuses faster than the (P,4,)" cation in the neat (P,,)(FuA) IL; E (V) vs. LilLi*

however, the anion diffusion becomes slower than cation diffusion by doping Li salt.

The Li* ion interacts strongly with the carboxylate functionality in the (FuA)~ anion and diffuses slower than other ions over the
whole studied temperature range. The interaction of the Li* ion with the carboxylate group is also confirmed by "Li NMR and
Fourier transform infrared (FTIR) spectroscopy. The transference number of the Li* ion is increased with increasing Li salt
concentration. Linear sweep voltammetry (LSV) suggests lithium underpotential deposition and bulk reduction at temperatures
above 313 K.

KEYWORDS: renewable electrolytes, furan-2-carboxylate, ionic conductivity, nuclear magnetic resonance, underpotential deposition

B INTRODUCTION solvents need to be replaced with nonfluorinated and
nonflammable organic electrolytes to improve the safety and
performance of next-generation batteries.

In this re§ard, new salts were developed during the past few
decades,"' ™" but the majority of them were unstable for
thermal and electrochemical applications. Later, the Hiickel-
type anions were developed in the mid-1990s, which were
more stable than LiPF in the presence of water and even acted
as moisture scavengers for organic aprotic electrolytes.”> Such
anions have a great potential in battery applications, and there
are still unexplored mechanisms in the aromatically stable
lithium salts, having high thermal stability and being readily
soluble in organic solvents or ionic liquids (ILs).

There is an urge to develop safe electrolytes for LIB
applications. In this scenario, ILs, which are molten salts at
room temperature, are nonflammable, and have high thermal
stability, are emerging as promising substitutes for the volatile

The lithium-ion battery (LIB) marketplace is emerging at the
fastest rate as batteries are identified as high-performance
energy storage devices that can efficiently store and deliver
energy on demand along with decreasing the carbon footprint
of the transportation sector.' The portable consumer
electronic market is already dominated by LIBs, which have
been recognized as the most encouraging energy storage
devices for hybrid and fully electric vehicles and for modern
mobile energy storage systems.” The commercial LIB electro-
Iytes comprise LiPFg dissolved in organic-carbonate-based
solvents that are volatile and flammable and thus cause serious
chemical hazards under harsh conditions.” LiPFy is thermally
unstable and decomposes at about 343 K in an organic-solvent-
based electrolyte."”” LiPFy is proven to generate HF due to the
self-decomposition (LiPF; — LiF + PF;) and then water
hydrolysis (PFs + H,O — POF; + 2HF).*” HF is toxic and
corrosive, can react with the cell components, can leach out
transition metals from the positive electrode, and can corrode Received: February 9, 2021 §:U:§J§i'£[‘g§£|"eg
the current collectors. The heat generation and thermal Revised:  May 12, 2021
runaway are serious issues, which not only adversely affect the Published: June 1, 2021
performance of a battery but are also connected to water and

soil pollution and human health at the battery recycling

stages.'* The large fluorine contents and the flammable organic

oy~
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Figure 1. General scheme for the production of 2-furoic acid from lignocellulosic biomass.

organic-solvent-based electrolytes for LIBs. The IL electrolyte
adoption may improve the safety and reliability of batteries
without affecting their performance.'® Tetraalkylammonium,
cyclic aliphatic quaternary ammonium, and imidazolium were
found to be the most effective cations for LIB ILs.'® Further,
small steric hindered ions with asymmetric structures are
particularly promising as they show fast ion transportation as
well as wide electrochemical stability windows.'® Among the
anions, Dbis(trifluoromethylsulfonyl)imide (TFSI) and bis-
(fluorosulfonyl)imide (FSI) are found to be the most effective
for IL-based LIB electrolytes because of their promising
physicochemical and electrochemical properties.'®"”

In our previous study, tetra(n-butyl)phosphonium and
tetra(n-butyl)Jammonium coupled with furan-2-carboxylate,
tetrahydofuran-2-carboxylate, and thiophene-2-carboxylate
anions as emerging new classes of fluorine-free ILs were
reported.'® The effects of aromaticity in furan-2-carboxylate
and thiophene-2-carboxylate rings on the thermal and
electrochemical stability and ionic mobility are thoroughly
investigated using both experimental and theoretical studies."®
We found that the aromatic furan-2-carboxylate and
thiophene-2-carboxylate anions-based ILs with a common
cation are thermally and electrochemically more stable than
the nonaromatic anion-based IL. Besides green transportation,
the development of renewable and environmentally friendly
fuel sources is also needed.'” The biomass conversion into
useful chemicals has become an emerging research field during
the last decade.”® The hydrolysis of lignocellulosic biomass
leads to monosaccharides such as glucose, fructose, and xylose.
The subsequent dehydration of xylose generates 2-furfural,”'
which can be further converted into 2-furoic acid via catalytic
oxidation (Figure 1)** and into furan via palladium-catalyzed
decarbonylation.”® Furoic acid has been used as a preservative
and an acceptable flavoring ingredient in industries for
decades.

Encouraged by the sustainability and electrochemical
stability, we synthesized and dissolved lithium 2-furoate salt
in tetra(n-butyl)phosphonium furoate IL in different molar
ratios to get electrolytes of varying lithium contents. It is
critically important to thoroughly understand the physico-
chemical properties of new electrolytes before utilizing them in
battery applications. Therefore, systematic thermal stability,
ion diffusivity, cation—anion interactions, and thermo-electro-
chemical stability of all of these electrolytes are investigated in
this study.
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B EXPERIMENTAL SECTION

Synthesis and Electrolyte Preparation. The synthesis and
characterization details of the (P,,)(FuA) IL are given in our
previous publications,'®** while the synthesis and characterization
details such as nuclear magnetic resonance (NMR) measurements
(*H, BC, 3P, "Li) and Fourier transform infrared (FTIR) spectra of
the lithium salt and the electrolytes are given in the Supporting
Information. Li(FuA) salt was mixed with the (P,44,)(FuA) IL in the
concentration range of 2.5—10 mol % to prepare the electrolytes
(Table 1). We found 10 mol % of Li(FuA) salt in this IL to be a

Table 1. Composition and Concentration of the Electrolytes
Studied

IL salt molality
electrolytes (mol %)  (mol %) (mol kg™")
[Li(FuA)]ooos[ (Pages) (Fur) Jogrs 97.5 2.5 0.070
[Li(FuA)]oosol (Pasas) (Fur)ooso 95.0 5.0 0.144
[Li(FuA) o075l (Pysss) (Fud)]ogos 925 7.5 0217
[Li(FuA)]o.100[ (Psa4) (Fua) Jo.o00 90.0 10.0 0.305

saturated solution. All samples were dried in a vacuum oven at 333 K
for up to S days, and the water content was found to be <280 ppm,
which was measured by Karl Fischer titration.

Nuclear Magnetic Resonance Spectroscopic Analysis. A
Bruker Ascend Aeon WB 400 (Bruker BioSpin AG, Fillanden,
Switzerland) nuclear magnetic resonance (NMR) spectrometer was
used for the structural characterization of the Li salt and the
electrolytes. The solution NMR measurements of Li(FuA) salt were
performed in deuterated dimethyl sulfoxide (DMSO) using a2 S mm
NMR tube. NMR spectroscopy of the electrolytes containing Li(FuA)
in (P,444)(FuA) IL was carried out by placing the sample in a S mm
NMR tube, which was then placed in a 10 mm NMR tube containing
CDCl, as an external lock. The working frequency for 'H was 400.21
MHyz, for 3C was 100.64 MHz, for 3'P was 162.01 MHz, and for "Li
was 155.53 MHz. The "Li NMR spectra were indirectly referenced to
a LiCl aqueous solution of 1 mol L™". The NMR spectra were
processed using the Topspin 3.5 software.

NMR Diffusion and Relaxation Measurements. Pulsed
gradient spin echo-nuclear magnetic resonance (PGSE-NMR)
experiments were carried out using a Bruker Avance III (Bruker
BioSpin AG) NMR spectrometer. 'H and “Li were used for self-
diffusion experiments using a Bruker PGSE-NMR probe Diff50. The
diffusional decays (DDs) were measured using the stimulated echo
(StE) pulse train. The form of DD for single-component diffusion can
be described as*

https://doi.org/10.1021/acssuschemeng.1c00939
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L T (1)
where A is the integral intensity of the signal, 7 is the time interval
between the first radiofrequency pulse and the second radiofrequency
pulse, and 7, is the time interval between the second radiofrequency
pulse and the third radiofrequency pulse. y is the gyromagnetic ratio
of the magnetic nuclei ("H and Li), g is the amplitude and & is the
duration of the gradient pulse, t; = (A — §/3) represents the diffusion
time, A is the time interval difference between the two identical
gradient pulses, and D is the diffusion coeflicient of ions. T} and T,
are longitudinal and transverse relaxation times, respectively. The 90°
pulse duration was 7 s, the range of 6 was from 0.5 to 2 ms, 7 was in
the range from 3 to S ms, and g was varied from 0.06 up to the
maximum possible gradient amplitude, 29.73 T m™". Diffusion time #y
was changed from 4 to 100 ms for the diffusion of 'H and in the range
of 200—700 ms for the diffusion of Li. The repetition time during the
accumulation of signal transients was 3.5 s.

FTIR Spectroscopic Analysis. The attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectra of samples were
recorded using a Bruker IFS 80v spectrometer equipped with a
deuterated triglycine sulfate (DTGS) detector and diamond ATR
accessory. The spectra were recorded by employing the double-side
forward—backward acquisition mode. The total number of scans was
256, co-added and signal-averaged at an optical resolution of 4 cm™L

Thermal Analysis. A PerkinElmer 8000 TGA instrument was
used for the thermogravimetric analysis (TGA) using 2—4 mg of each
sample in the temperature range of 303—873 K at 10 K min~' under
nitrogen as an inert atmosphere. The Pyris software was used to
calculate the onset of decomposition temperature, T, by taking the
intersection of the baseline representing the weight loss and the
tangent of the weight vs temperature curve.”™

Electrochemical Characterization. Ionic conductivity and
electrochemical stability window (ESW) measurements were carried
out using a Metrohm Autolab (PGSTAT302N) electrochemical
workstation equipped with an impedance FRA32M module. The TSC
70 closed cell (RHD Instruments, Germany) was used for analyzing
about 70 uL of each sample. A temperature-controlled Microcell HC
cell stand was used to perform variable-temperature experiments. The
cell was polished with a Kemet diamond paste (0.25 pm) before each
experiment.

Two-electrode cell assembly, consisting of a glassy carbon working
electrode and a Pt cup counter electrode (K. = 1.486 cm™), was
used for ionic conductivity measurements. Heating and cooling
impedances (from 0.1 Hz to 1 MHz) were recorded from 253 to 373
K. Each experiment at a given temperature was started with a 10 min
gap of thermal equilibration.

For cyclic voltammetry (CV) and linear sweep voltammetry (LSV),
a three-electrode cell assembly consisting of a glassy carbon working
electrode (2 mm), a counter electrode (Pt crucible), and a Ag wire
pseudoreference electrode (coated with AgCl) was used. CVs were
measured at 100 mV s™! and at room temperature, while LSVs were
measured at 20 mV s~ and at different temperatures from 293 to 353
K. The potential values were recorded in reference to ferrocene and
then shifted to Li/Li" potential values using E;;;; = Egopc + 3.2 V
equation.”® The anodic and cathodic limits from LSVs were defined at
a current density of 0.1 mA cm™2%

B RESULTS AND DISCUSSION

The lithium furoate salt, Li(FuA), was prepared in a high yield
and mixed with tetra(n-butyl)phosphonium furan-2-carbox-
ylate ((P,444)(FuA)) IL at different concentrations (mol %).
The ion structures constituting the corresponding IL and
electrolytes and their abbreviations are shown in Figure 2.
Thermal Properties. The thermal stability of the Li salt
and the electrolytes was determined using thermogravimetric
analysis (TGA), and the corresponding curves are shown in
Figure 3a. The first descent in the curves represents the weight
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Figure 2. Chemical structures and abbreviations of the IL and the
electrolyte components used in this study.

loss of up to 79% corresponding to the decomposition of the
(P4444)" cation in the IL and in the electrolytes, while the
second descent represents the decomposition of the (FuA)~
anion. The values of T, (from the intersection of the
baseline corresponding to the first descent point) are 569, 570,
571, and 571 K for the electrolytes with 2.5, §, 7.5, and 10 mol
% Li(FuA) salt, respectively. The T, of the neat Li(FuA)
salt is at 670 K, almost 100 K higher stability than the
electrolytes and also the neat IL (564 K). The thermal stability
of the neat (P,,)(FuA) IL is comparable to that of EMIFSI
and EMITEFSI ILs that decompose at around 498 and 648 K,
respectively.”” Both the commercial Li salts, lithium bis-
(fluorosulfonyl)imide (LiFSI) (>473 K)®' and lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI) (653 K),** also
have comparable thermal stabilities with Li(FuA). The much
higher decomposition temperature of the Li salt can be
ascribed to the rigid aromatically stabilized structure of the
furan ring that can promote the salt stability. The weight
derivatives vs temperature of the IL and the electrolytes are
shown in Figure 3b. The neat IL and all of these electrolytes
have two inflection points, where the first inflection indicates
the point of the greatest rate of change on the weight loss
curves. The maximum rate of the weight loss of the neat IL and
the electrolytes occurs in the temperature range of 588—593 K,
which is associated with the degradation of cations. The
addition of Li salt slightly delays the rate of degradation from
588 K for the neat IL to 593 K for the electrolyte with 10 mol
% Li salt. The Li salt revealed the highest rate of degradation at
about 698 K, showing the highest thermal stability.

lonic Conductivity. Figure 4a shows that the temperature-
dependent ionic conductivities of the neat IL and the
electrolytes are best fitted to the Vogel—Fulcher—Tammann
(VFT) model in the entire studied temperature range. The
fitted factors abstracted from the VFT equation are given in
Table S1. As can be seen in Table S1, the E, values are slightly
decreasing with an increase in Li salt concentration such as
12.0 kJ mol™! for the 2 mol % electrolyte to 10.2 k] mol™" for
the 10 mol % electrolyte. This is probably due to the
contribution of hydrophobic interactions between the
neighboring phosphonium ions, which decreased with
increasing Li salt concentration. The data shown in Figure
4a indicate that the conductivity of the neat IL is somewhat
higher than that of the electrolytes throughout the studied
temperature range. Figure 4b shows that the ionic conductivity
of the electrolytes decreases as a function of Li salt
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concentration. This might be due to the decrease in free
volume and an increase in the Coulombic interaction between
the Li" ion and the (FuA)~ anion upon the addition of Li-salt
(Figure 4b). A similar effect of Li* concentration on the ionic
conductivity of electrolytes is observed when Li(MEEA) salt>
and Na(NTf,) salt™ were added to their respective ILs.
NMR Diffusometry. The diffusional decays (DDs) of these
electrolytes demonstrated a single exponential form (eq 1)
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over the whole temperature range, which is independent of the
diffusion time t4. Diffusion coefficients are obtained from the
experimental DDs by fitting to eq 1. The diffusion coeflicients
of ions for the different Li salt concentrations are different as
can be seen in Figures 5 and S8—S10. In a series of previously
published reports,®~** diffusion of a number of ILs was
studied together with some other macroscopic transport
properties such as viscosity and ionic conductivity. In these
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studies, a unique diffusion coefficient for each ion has been
obtained. Different diffusivities of anions and cations are
typical for different protic** and aprotic®***™** ILs. The
diffusivities of cations and anions were comparable in some of
the ILs,>”*® while in others, cations>*>”® or anions™ diffused
faster. It was shown that the molecular size of ions does not
directly affect their ionic diffusion coefficients.’® In the case of
the 1-alkyl-3-methylimidazolium bis-
(trifluoromethanesulfonyl)imide ILs, higher Ds correspond to
the cation, even though the effective hydrodynamic radius of
the cation is larger than that of the anion.”” Similarly, the
diffusivity of a bulky cation is larger than that of a smaller anion
in [EMIm][EtSO,] IL.> Such an irregular relationship
between the ion sizes and diffusivity was ascribed to the
presence of local microstructures in ILs, which results in a
cooperative character and finally retards the ion diffusion.

In the studies of [Li(FuA)],[(P44s)(FuA)],_, electrolytes,
the diffusion coefficients of ions follow the decreasing order of
(FuA)™ > (Pyyq)" > Li* (Figures S and S8—S10). The sizes
(diameters) of ions as calculated from their chemical structures
are ~11.8 A for (P,,,)" and ~5.2 A for (FuA)~, while the
ionic size of Li* is 1.52 A. Therefore, the ratio of sizes between
(P4444)t and (FuA)~ is ~2.27. Another way to estimate the
ratio of sizes of the cation to anion is to consider their
molecular masses and to use a spherical approximation of the
ion shape. The ratio of molecular masses is 259.43/111.08
~2.34, and the ratio of ionic radii is (2.34)"® ~1.33. This
estimation is rather rough because the deviation of the real
form of the ions is not taken into consideration. Figure 5 shows
that there is a quantitative correlation between diffusivities and
sizes of the cation and the anion in IL; the larger-size cation
diffuses slower than the smaller anion. However, in the case of
the Li* ion, it is the opposite: the diffusion of Li* is slower than
that of the organic ions despite its smallest size among the ions.
The quantitative diffusivities and sizes of (Py,)* and (FuA)~
can be compared by assuming that the viscosity of the
surrounding media is equal for both ions. According to the
Stokes—Einstein equation (eq 2), the diffusivity is inversely
related to viscosity

kT
67nRy

)

where k is the Boltzmann constant, # is the viscosity, and Ry; is
the Stokes radius of the diffusing particle (ion). Indeed, the
ratio of diffusivities of the cation and anion is nearly 1.25 and
does not demonstrate a dependence on the temperature and
concentration of Li(FuA) in the system. Therefore, the
measured values of the diffusivity of the cation and anion
generally agree with their relative sizes. It is known that ions
form complexes containing two or more ions in bulk ionic
liquids and only a part of the cations and anions is present in
the dissociative state.”” The correlation between the size of
ions and their diffusivities can be explained by the fast
exchange of the bound (in (Pu,)(FuA) or their associates)
and free states of the cation (P,44,)" and anion (FuA)~. In this
case, the lifetime of an ion in the associates is much less than
the minimal diffusion time of the experiment (4 ms) and the
diffusivity of ions in these electrolytes is provided mainly by
the relatively fast motion of the free cation (P,444)* and anion
(FuA)™.

The ratio of diffusivities of (P,,)* and Li* varies from ~2.4
to 2.6 at lower temperatures and ~3.6 to 4.6 at higher
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temperatures with increasing Li(FuA) salt concentration. This
can be explained by the long-time (¢ > t; ~700 ms) presence
of Li" in the ionic associates, which has sizes much larger than
sizes of the cation and anion, and the sizes are increasing with
an increase in the temperature. Therefore, the sizes of Li'-
containing associates are 2.4—4.6 times larger than the sizes of
diffusing associates containing (Py444)* cations (or the free
cation). In this context, a pertinent question arises: What are
the other species present in the associates with Li*? Obviously,
it is Li(FuA), which dissociates only partly, as in the case of
(P4444)(FuA). Therefore, the diffusing particles may contain
(P4444)(FuA), Li*, (FuA)™, and also (Pu4,,)" interacting with
(FuA)™.

However, diffusivities of (FuA)~ and (P4,)*, which even
are contained in associates with Li’, are higher than that of Li*
and do not show any dependence on the diffusion time used in
these experiments (4—100 ms). Therefore, the lifetime of
(FuA)™ and (P4444)" in the complexes with Li* as well as the
lifetime of the associated state of Li(FuA) is less than 4 ms.
This suggests that the Li* ion forms a long-living core of the
associate, while other components of the associate are in the
conditions of fast exchange (in the NMR PGSE time scale)
with the surrounding. The presence of such long-living
associates formed in the presence of Li salt that are negatively
charged has been previously observed in ionic liquids modified
by Li salt using electrophoretic NMR.>* As discussed earlier,
the diffusion coefficients measured by 'H PGSE-NMR are
related mostly with (P,4,)* and (FuA)~ ions. Therefore, using
the Stokes—Einstein equation (eq 2), we can estimate the sizes
of the associates that contain Li". If the diffusivity of the Li"
associate is a factor of ~2.4—4.6 less than that of (P,,)*, the
size of the latter is larger by the same factor, that is ~18.8 X
(24—4.6) = ~28—54 A. On the other hand, if we apply the
ratio of masses, Massociate = Mcation X (Dcation/Dassociate)3
3580—25210. If the associate contains up to six anions
coordinated by Li*,>

~

) its size will be ~11 A and its mass will be
nearly 670. Therefore, according to the diffusivity data, the size
of the associate is a factor of more than 6 times larger than one
solvation shell of the anions coordinated by the central Li* ion.
This might be possible if the associate contains several Li* ions
with solvation shells of anions (probably of cations as well)
bonded by electrostatic as well as hydrogen-bonding
interactions.

Another plausible mechanism that can contribute to the
lowering diffusivity of Li* in this system is that the Li* ion loses
its re-orientational mobility due to the strong interactions with
the surrounding anions. The hopping process of an ion that
leads to translational displacement requires re-orientation of
the ion, and the loss of the re-orientational rate may lead to a
decrease in the translational diffusion coeflicient. Orientational
and translational dynamics of molecules with a nonspherical
form and electrostatic and hydrogen-bonding interactions is a
complex process. For small diatomic molecules, translational
diffusion is strongly coupled to their rotational dynamics.*® For
complex liquids with larger molecules, such as glycerol and n-
propanol, the neutron experiments have indicated that the true
molecular diffusive motion is a mixed translational—rota-
tional—vibrational displacement.’” For (2-hydroxyethyl)-
trimethylammonium bis(trifluoromethylsulfonyl)imide IL, the
simulated correlation function comprises two independent
domains:* the short-time performance declines within the
picosecond time interval determine re-orientational correlation
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Figure 6. Apparent transfer numbers as a function of (a) Li salt concentration and (b) temperature for the neat (P,)(FuA) IL and the

electrolytes.

times, while the long-range nanosecond interval is actually
accredited to the translational diffusion.

Coming back to our electrolytes, an increase in Li(FuA)
concentration leads to a repetitive decrease in the diffusion
coefficients of all ions (Figures S and S8—S10). The degree of
the decrease in the diffusion coefficients is ~0.7 over the whole
range of Li(FuA) concentration from 2.5 to 10 mol % in the
IL. A similar effect was previously observed for different ILs
and polymer electrolytes,”**>"*°%%% which has been
explained by the association of ions induced by Li" and the
formation-extended alkali-anion complexes.*”****>° Despite
the smallest size of Li, it diffuses slowly compared to the
organic cations and anions, which is in great agreement with
the previous studies.*”** If it is an effect of ion association
between the Li* and the (FuA)™ anion, then why the presence
of Li* does not decrease the diffusivity of the (FuA)~ anion to
the same extent as that of Li* diffusivity? There are two
possibilities: first, the much higher molar fraction of (FuA)~
compared with Li* results in the presence of free (FuA)~
anions that can diffuse faster, and second, the exchange
between the associated and the free (FuA)~ is fast in the NMR
PGSE time scale (<4 ms) and therefore no significant
contribution of the associated (FuA)~ anions is observed in
the diffusion decays of these ions.

An increase in temperature leads to a monotonous increase
in the diffusivity of all ions due to the thermal activation of
translational mobility. An Arrhenius-type equation describing
temperature-dependent D, is given as follows

= Doexo| ZE2
D(T) =D, exp( RT ) 3)

where D, is a temperature-independent parameter, Ep is the
diffusion molar activation energy, and R represents the gas
constant. Generally, the Arrhenius function shows a linear
dependence D(T) in Arrhenius coordinates. However, non-
Arrhenius dependences were observed for (Pyu,)*, (FuA)T,
and Li* ions as can be seen in Figure S. Such a non-Arrhenius
dependence is also reported for many ILs, >0 73%#31:5259 The
reason for this is the proximity of the glass transition
temperature of the ionic liquid, T, to the temperatures of
measurements. In such cases, eq 4, a Vogel—Fulcher—

Tammann (VFT)-type equation for diffusion, is usually
used ™%
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—_B ]

(T-T) 4)
where T, and B represent adjustable parameters, while the
energy of activation for diffusion is related to B as we know
that E, = B X R. This form corresponds to the Arrhenius
dependence in the high-temperature limit (T, — 0). We have
presented D(T) in Figure S by fitting Dy, T,, and B using eq 4.
Keeping in mind that the glass transition temperature is a
property of a system and not of any distinct ion, we applied
this fitting to temperature dependences of Li* ions as well, in
spite of the fact that its temperature dependences look like
Arrhenius dependences (Figures 5 and S10). The solid lines in
Figures S8—S10 show the best results of the fitting, and the
obtained fitting parameters are shown in Table S2.

The ion transference number is a fraction of the total
electrical current carried by a given ionic species in an
electrolyte. It depends on the fraction, charge, and translational
mobility of a specific ion. Generally, the presence of Li" ions in
an electrolyte changes the transference numbers of all ions of
the system. Equation 5 was used to determine the apparent
transference numbers of the individual ions in the neat IL and
in the electrolytes.®>**

¢ = x;D;
b XD, ()

where ¢, represents the apparent transference number, x; is the
molar fraction of each ion, and Di represents the self-diffusion
coefficient of each ion. It is noteworthy that the transference
number determined from NMR analysis is usually called the
transport number. This is due to the fact that diffusion
coefficients determined from PFG-NMR are an average
contribution from both the individual charged species (isolated
ions) and the neutral species in the form of aggregates. The
aggregates are diffusing slower due to their larger radius than
the individual charged ions, thus leading to an inferior diffusion
coefficient and smaller transference number of each ion
measured. This is also one of the explanations that the
transference numbers determined from electrochemical
techniques are usually double as large as those determined
from PFG-NMR diffusometry.®®

The values of the #; of Li*, (P44), and (FuA)~ ions as a
function of Li(FuA) concentration and temperature are shown
in Figure 6. The ¢, of the (FuA)™ anion is larger than that of the

D =D, exp(
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(Pys4q)” cation, revealing a faster diffusion of the anion
compared with the (P444)* cation. The transference number of
Li* is lower due to its lower fraction and lower diffusivity than
the organic ions. The transference number of the Li" ion is
increasing linearly with an increase in Li salt concentration
with a mean slope of 0.0027 per mole of the added Li(FuA)
salt, while the transference number of the (P,,)" cation
decreases with a mean slope of 0.0012 per mole. However, the
transference number of the (FuA)™ anions remains unchanged.
This is credited to the high Li number density and low fraction
of the (P,)" cation.’® An increase in the temperature does
not reveal any significant change in the transference numbers
of ions. This means that the mobilities of ions change in a
concerted way, while the microscopic structure of the system
and exchange conditions do not change in the studied
temperature range.

’Li NMR and Infrared Spectroscopy. The mobility of Li*
within the neat electrolytes and its interactions with the
(FuA)™ anion are investigated through 'Li NMR and FTIR
spectroscopy (Figure 7 and Figure 8). In the "Li NMR spectra,
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Figure 7. 'Li NMR spectra of the [Li(FuA)],[(P4444)(FuA)]i_,
electrolytes.
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Figure 8. ATR-FTIR spectra of the [Li(FuA)].[(P44)(Fuld)],_,
electrolytes.

two prominent changes are detected upon the addition of Li
salt, such as the shift in the position of the resonance line and
the increase in the line broadening, suggesting that the local
environment of the Li* ion changes with increasing salt
concentration. The peak full width at half-maxima (FWHM)
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are 12.88, 14.87, 18.48, and 17.57 Hz for 2.5, 5, 7.5, and 10
mol % Li electrolytes, respectively. The same phenomenon was
previously reported for LiFSI in the [Cympyr][FSI] IL
system.”” Interestingly, the line width of 7.5 mol % Li
electrolytes is larger than that of the electrolyte with 10 mol %
Li salt, which is also slightly more deshielded ("Li resonance
line at 1.17 ppm) compared with the other three electrolytes
with a “Li resonance line at 1.15 ppm. In these electrolytes, the
NMR line-width shape and chemical shifts are affected by the
quadrug)olar interaction because ’Li has a quadrupole mo-
ment.”” A similar phenomenon was recently observed for
NaFSI and NaTFSI salts dissolved in ammonium-based IL, as
»Na has an even larger quadrupole moment than 7Li.% The
higher amount of Li salt in the IL increases the electrostatic
interactions between Li* and the (FuA)~ anion and, therefore,
decreases the Li* ion mobility within the electrolytes. This is
one of the main causes for the lower ionic conductivity and ion
diffusivity with an increase in the Li salt quantity. The *'P
NMR spectra of these electrolytes remained unchanged with
an increase in Li salt concentration, suggesting no or negligible
interactions of the Li* ion with the (P,44)* cation (Figures
$4-87).

FTIR spectroscopy was employed to further understand the
specific interactions of the Li* ion with various functional
groups of the electrolytes. The ATR-FTIR spectra of the neat
IL and the electrolytes are shown in Figure S11. The IR bands
at 2957—2870, 650—570, and at 1100—1083 cm™' can be
assigned to the aliphatic C—H, P—C,69 and C—O stretchings,
respectively. The carboxylic acid C=O stretching appears at
around 1750 cm™'. However, the attached functional groups
can change the exact position of this band. Figure 8 shows that
the (FuA)~ anion carbonyl stretching bands in all samples
appeared at 1704—1708 cm™' with shoulders at 1662—1666
cm™". The carbonyl stretching bands in the (FuA)~ anion are
shifted to lower values due to the electrons shifting from the
carbonyl toward the furan ring. The electron-withdrawing
factor of the furan ring is also facilitating the detachment of the
lithium jon from the carbonyl group. Further, the C=C
stretching vibrational frequencies in the (FuA)~ anion are also
shifted to lower values of 1610—1564 cm™ in comparison to
the reference stretching vibrational frequencies of cyclic
alkenes (1650—1566 cm™). This is due to the resonance
electron-delocalization promoting more single-bond character
within the furan ring.

Electrochemistry. The (P .,)(FuA) IL is chosen to
prepare high-temperature Li-ion electrolytes for battery
applications as this IL has the highest thermal and electro-
chemical stabilities in comparison to the other ILs having
similar chemical structures as reported in our previous work."
We checked the solubility of the Li(FuA) salt in the
(P4444)(FuA) IL to prepare Li-ion battery electrolytes, and
the concentration reached a maximum value of 0.305 mol kg™".
Yoon et al. dissolved different salts (LiDCA, LiTFSI, LiFSI,
etc.) in the C4mpyr TCB IL and found that the maximum
solubility was less than 0.3 mol kg™".”% There are many reports
where the solubility problem is partly solved by introducing
commercial solvents including glymes, but then the unique
physicochemical properties such as nonflammability, negligible
vapor pressure, and wide ESWs of ILs are sacrificed.”'

The electrochemical studies of the electrolytes are carried
out using cyclic voltammetry (CV) and linear sweep
voltammetry (LSV). Figure S12 shows that the neat IL and
the electrolytes are electrochemically stable and present a
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[Li(FuA)Jo.100l (P44aq) (FuA) Jgogo electrolytes on the GC working electrode at different temperatures.

reversible behavior in the potential range from 0.51 to 6.51 V
(vs Li/Li*). The electrochemical stability windows (ESWs) of
the electrolytes are increasing with an increase in the Li salt
concentration. For example, the ESWs of 2.5 mol % Li, 5.0 mol
% Li, 7.5 mol % Li, and 10 mol % Li electrolytes are 4.75, 4.83,
4.89, and 4.92 V, respectively, at 293 K. An important
characteristic of an electrolyte is its ability to allow electrode
reactions efficiently, at the operating temperature of the
batteries, without any electrochemical degrading sensations.
Therefore, the ESWs of the electrolytes are investigated over a
wide temperature range, and the LSV profiles from 293 to 353
K are shown in Figure 9. The ESW data at a 0.1 mA cm™
cutoff current density is given in Table S3. An inverse
relationship was observed between temperature and ESWs.
With increasing temperature, the ESW of each electrolyte gets
narrower, i.e., the [Li(FuA) Jooos[ (Pysa4) (FuA) Joos electrolyte
has an ESW of 4.75 V at 293 K, 4.28 V at 313 K, 3.80 V at 333
K, and 2.10 V at 353 K. Thus, the ESW (related to the
oxidation and reduction limits) recorded at 353 K differs by
2.65 V with respect to that observed at 293 K.

The decrease in ESWs with temperature might be due to the
increase in ionic conductivity and ionic diffusivity, which
enables frequent anion/cation contacts with the electrode
surface, meaning that the anion oxidation and the cation
reduction are temperature dependent.”® Strongly entrapped
water molecules, which are not possible to remove even by
high thermal and vacuum treatments, can also decrease the
ESWs of IL-based electrolytes.”””® A peak at around 5.18 V (vs
Li/Li") in the LSV curves of the electrolytes at 353 K might be
due to oxidation of the strongly locked-in water molecules.”®
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The current density increases with an increase in the
temperature. Above 313 K, three pronounced features ClI,
C2, and C3 are observed on the cathodic scan side at around
1.66, 1.21, and 0.72 V, respectively (Figure 9). According to
the previously published reports,”” the C1 and C2 peaks can be
associated with the underpotential deposition (UPD) of
lithium®>*" and partial decomposition of the (P,,,,)* cation.
The UPD layer formation can modify the nature of the GC
working electrode surface, which is beneficial for the extended
cathodic limits of the electrolytes where the Li" ions can pass
and prevent further reduction of the (P,,)* cation.”” The C3
bump in the LSV of the electrolytes at higher temperatures is
associated with the reduction of bulk lithium.”” The Li salt
concentration at mid-high temperature exerted a strong
influence on the cathodic stability of the electrolytes, thus
affecting the electrodeposition of bulk lithium.

The lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
salt solution in imidazolium-, piperidinium-, morpholinium-,
and pyrrolidinium-based ILs has been thoroughly investigated
for battery applications. The physicochemical, transport, and
electrochemical properties of the electrolytes are strongly
dependent on the chemical structures of ions, the sizes of ions,
the type of electrode surfaces, and the amount of the Li salt
added. Generally, stronger ionic interactions between the
cation and the anion lead to higher viscosity and lower ion
transportation. Kim et al. reported on the mixture of 3-methyl-
1-propylimidazolium bis(trifluoromethysulfony)imide
(PMIMTEFSI) with LiTFSI at a molar ratio of 1:1. The
electrolyte showed ionic conductivity up to 0.0012 S cm™,
which is 1 order of magnitude higher than that for a similar
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solution of LiTFSI in the N-butyl-N-methyl-pyrrolidinium
bis(trifluoromethanesulfonyl)imide IL.** Further, a similar
ionic conductivity value (107* S cm™) was obtained when
LiTFSI was mixed with the N-butyl-N-ethylpyrrolidinium
bis(trifluoromethanesulfonyl)imide IL.** The N-ethoxyethyl-
N-methylpiperidinium FSI and N-ethoxyethyl-N-methylmor-
pholinium FSI ILs mixed with LiFSI in a 9:1 molar ratio
electrolyte decomposed at 266 °C. These electrolytes
presented acceptable ionic conductivity and a suitable
electrochemical window with an ability to develop solid
electrolyte interfaces on the electrode surfaces.*® The effect of
the anion size on the ionic conductivity of the I1-butyl-3-
methylimidazolium cation with six different anions including
CI7, Br7, I, NCS™, NCN,", and BF,™ is also reported.86 The
ionic conductivity increases with increasing anion size, which
can be understood from the increase in the anion—cation
interaction strength with the ion sizes. In this study, the
relatively lower conductivities of the phosphonium furoate-
based electrolytes in comparison to those of the reported
electrolytes are due to the stronger mutual interactions of ions,
which led to slower ion mobility. However, these new
electrolytes have shown higher thermal stability and wider
electrochemical stability windows. One of the possible
approaches to increase the ionic conductivity of these
electrolytes is to mix them with conventional organic solvents
(acetonitrile)®” or commercial battery solvents (propylene
carbonate),” which will effectively hinder the ion association
and therefore increase the free mobility of ions. However, this
may adversely affect the unique properties of ionic-liquid-based
electrolytes.

B CONCLUSIONS

The biomass-derived electrolytes comprising the [Li(FuA)]
salt and the [(P4)(FuA)] IL exhibited higher thermal
stability, acceptable ionic conductivities over a wide temper-
ature range, and wider electrochemical stability windows in the
temperature range of 293—353 K. The PFG-NMR analysis
revealed that the (FuA)~ anion diffused faster than the (P,44,)*
cation at all of the concentrations of the added lithium salt.
The interactions of the Li* ion with the carboxylate group of
the anion resulted in slower Li* ion diffusion compared with
the organic cation and anion. The addition of Li* ions
decreased the diffusivities of organic ions in a concerted way.
Further, the transference number of the Li* ion linearly
increased with an increase in the Li salt concentration. Three
pronounced features were recorded in high-temperature linear
sweep voltammetry, presenting lithium underpotential deposi-
tion, cation reduction, and lithium bulk reduction. The
development of thermally and electrochemically stable
fluorine-free, cost-effective, environmentally benign, and
sustainable electrolytes will partially meet the challenges
associated with the safety, recyclability, accessibility, afford-
ability, and service life of Li-ion batteries. This study will
motivate researchers working on batteries and other energy
storage devices to look for renewable electrolytes that are
produced from biomass on a large scale and move ahead
toward sustainable energy storage.
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