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Abstract: Deep eutectic electrolytes (DEEs) represent a burgeoning field in electrolytes for energy
storage applications. Compared to the more conventionally studied Li-ion electrolyte systems, these
electrolytes offer numerous advantages, such as high ion concentration, costs, lower temperature
operation, and safety. In this work, we report the formation of a novel eutectic electrolyte based on
lithium salts and methyl carbamate. These DEEs were formed via mixing lithium salts and low-cost
methyl carbamate at ratios varying from 1:2 to 1:5 (mol:mol). The DEE formed from methyl carbamate
and lithium hexafluorophosphate (LiPF6) at a 1:5 molar ratio generated a 4V stability window and a 25°C
conductivity of up to 3.16E-3 Secm-1. The DEE formed from methyl carbamate and lithium
bis(trifluoromethane)sulfonimide (LiTFSI) at a 1:5 molar ratio generated a 3.2 V stability window and a
25°C conductivity of up to 2.87E-3 Secm-1. The LiPF6 DEE also demonstrated a discharge capacity of 128
mAheg-lafter 50 cycles with 93% discharge capacity retention at moderate cycling rates of 0.5Cin a
lithium titanate (LTO)/lithium iron phosphate (LFP) full cell. These results demonstrate the potential for
methyl carbamate to generate eutectics from lithium salts and offer alternative electrolytes for use in
low-temperature Li-ion battery applications.

Introduction

Lithium-lon (Li-ion) batteries have made it to the forefront in the quest for green energy production and
electrification of vehicles to phase out fossil fuels and mitigate climate change. Since their
commercialization in 1991, Li-ion batteries have dominated the field of energy storage, and most of the
research has been focused on electrode materials or conventional solution-based electrolytes.[1]
Specifically, carbonate-based electrolytes and their additives dominate research into the lithium-ion
electrolyte.[2] While other fields of electrolytes, such as polymers, solid-state, and ionic liquids, have



been studied, deep eutectic electrolytes (DEEs) remain largely unexplored. DEEs exhibit numerous
advantages over traditional electrolytes, including low cost, low-temperature operation, and low vapor
pressure which leads to increased safety.[3] DEE systems are an outgrowth of research on deep eutectic
solvents (DES), which are solvents that form with a mixture of two components that has a lower melting
point than the individual compounds. This effect is likely caused by intermolecular interactions between
the two chemicals, such as hydrogen bonding, Van der Waals, and entropy of mixing between the two
components.[4] Some of the first class of DES systems were composed of quaternary ammonium salts
and protic organic compounds.[5] Since then, DEEs have been developed by replacing the quaternary
ammonium with metal salts, leading to a highly concentrated electrolyte as the active ion, which is an
integral component of the DEE structure.[6]

DEEs recently have been applied to Li-ion batteries using lithium salts and organic components based on
ureas, acetamides, sulfonamides, nitriles, and organosulfides.[3, 6-7] One common characteristic
between these eutectic materials is the intermolecular interaction of Li+ to either O or N atoms in the
organic compounds, which results in the deep eutectic effect.[8] Hydrogen bonding also has been shown
to play a role in initiating the deep eutectic effect if both hydrogen bond donors and acceptors are
present.[9] While research into lithium deep eutectics has been carried out, the field is still in its infancy
and additional research can provide an unique pathway enhancement of Li-ion battery technologies.
This work demonstrates the operational capability of two novel lithium DEEs based on either LiTFSI or
LiPF6 mixed with methyl carbamate in a 1:5 molar ratio. Methyl carbamate represents a cheap, and high
boiling point (176°C) component used to form lithium DEEs. These DEEs form spontaneously upon
combining the appropriate molar ratio of precursors at room temperature with stirring as shown in
Figure 1a. These novel eutectic electrolytes show excellent conductivity at room temperature and are
compatible with a LTO anode and a LFP cathode, demonstrating their overall promise as alternative
electrolytes for Li-ion batteries.

Results and Discussion:

Thermal gravimetric analysis (TGA) of the precursors and DEEs was measured to evaluate the
temperature stability of the materials (Figure 1b). Both DEEs demonstrated greater thermal stability
than pure methyl carbamate due to the strong intermolecular interactions between methyl carbamate
and the lithium salt. Methyl carbamate alone showed a sublimation peak onset at ~¥80°C, and upon
formation of the LiPF6 DEE or the LiTFSI DEE, the onset of decomposition (or sublimation) of the methyl
carbamate shifted to ~115°C. This 30°C shift in
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Figure 1: a) Picture of starting materials and formed DEEs. b) Thermogravimetric analysis curves of



starting materials and formed DEEs. c) Differential scanning calorimetry curves of methyl carbamate and
the DEEs.

decomposition temperature indicates the formation of strong bonds that constitute the DEEs.

To confirm the synthesis of the DEEs, differential scanning calorimetry was employed to measure the
melting point (Tm) (Figure 1c). The Tm of methyl carbamate was shown to be 56°C. Upon addition of
LiTFSI or LiPF6 in a 1:5 molar ratio of lithium salt:methyl carbamate, a dramatic decrease in Tm was
observed and resembled a glass transition (Tg) of ~-75°C, demonstrating a clear deep eutectic effect
between the methyl carbamate and lithium salts. The LiTFSI DEE showed a wider range of stable ratios
as compared to the LiPF6 DEE (Figure S1), likely due to the increased size of the TFSI anion leading to
greater disassociation of Li+ than TFSI. LiPF6 DEEs further showed a narrower stable composition
window as compared to LiTFSI DEEs. LiPF6 DEEs only spontaneously formed in a 1:6 or 1:5 m:m ratios at
rt, while LiTFSI DEEs formed in 1:5 to 1:2 m:m ratios. LiPF6 DEEs also had an increased number of peaks
in the DSC and while the 1:6 m:m forms at room temperature it is not stable upon cooling and heating
cycle. However, stable ratios are formed only for 1:5 and 1:4 m:m whereas 1:7 to 1:6 m:m ratios have
excess methyl carbamate and 1:3 — 1:1 m:m ratios have excess LiPF6. Upon heating and cooling cycle
excess crystallization is seen with subsequent reforming of the mixture at higher temperatures, with the
exception of LiPF6: methyl carbamate 1:1 which shows no excess peaks as it so unstable it recrystallizes
at room temperature leaving a slurry of eutectic and LiPF6 crystals. LiTFSI forms stable DEEs at ratios
from 1:5 to 1:2, indicating the bulkier TFSI- ion more easily disassociates. The phase diagram (Figure S2)
clearly shows a wider range of stable LiTFSI DEE when compared to LiPF6. Continued investigation of the
formed DEEs and their coordination properties were performed using density functional theory (DFT)
and Fourier transform infrared spectroscopy (FT-IR) (Figure 2). DFT revealed a coordination between the
carbonyl of methyl carbamate and the counter anion of the lithium salt in both LiPF6 and LiTFSI. This
coordination led to a reduction of electron density from the carbonyl in methyl carbamate and an
increase in partial positive

charge over the amine and methyl groups in methyl carbamate. Although the anionic species of the
lithium salts still contained the most negative region of electrostatic potential, this charge was
distributed more evenly in the presence of methyl carbamate than in LiPF6 or LiTFSI. (Figure S3).

FT-IR measurements of methyl carbamate generated absorptions at 3429 cm-1 and 3329 cm-1, which
were assigned to the N-H antisymmetric and symmetric stretching vibrations, respectively. Both the
LiPF6 DEE and the LiTFSI DEE showed blue shifts for these N-H stretching vibrations. Specifically, the
LiPF6 DEE shifted towards 3508 cm-1 and 3410 cm-1 and the LiTFSI DEE shifted towards 3487 cm-1 and
3380 cm-1 for the antisymmetric and symmetric N-H stretching vibrations, respectively. This shift
suggests a strong coordination of the Li-ion with the nitrogen atom in the methyl carbamate N-H groups.

Additionally, adsorptions at 3265 cm-1 and 3200 cm-1 were noted for methyl carbamate. These
adsorptions significantly decreased for the DEE samples.

Zhao et al. has reported that these adsorptions can be attributed to methyl carbamate dimer association
via hydrogen bonding, which diminishes upon cation coordination with the methyl carbamate N-H
groups.[10] The bands at 1682 cm-1 and 1609 cm-1 for methyl carbamate were attributed to the C=0



stretching vibration and NH2 bending vibration, respectively. Both the LiPF6 DEE and the LiTFSI DEE
showed a slight blue shift for the C=0 stretching vibration and a slight red shift for the N-H bending
vibration. Specifically, LiPF6 DEE shifted to 1690 cm-1 and 1597 cm-1 and the LiTSFI DEE shifted to 1691
cm-1 and 1598 cm-1 for the C=0 stretching vibration and N-H bending vibration, respectively. Taken
together, the data suggest that the Li-ions for each electrolyte are coordinating with the nitrogen atoms
of the N-H groups of the methyl carbamate, causing blue shifts for the antisymmetric and symmetric N-
H stretching vibrations and the C=0 stretching vibration and a red shift for the N-H bending vibration.

Electrochemical impedance spectroscopy (EIS) was performed to evaluate the conductivity of the
resulting DEEs. Specifically, EIS was employed to determine which fully soluble DEE ratio (1:2 to 1:5,
mol:mol) (Figure S4) had the optimal ionic conductivity to facilitate battery performance (Figure S5).
LiTFSI-based DEEs showed the highest conductivity (at room temperature) for a 1:5 molar ratio,
decreasing as the lithium salt concentration in LiTFSI:methyl carbamate was increased to a ratio of 1:2.
LiPF6 DEEs showed a similar trend with a maximum conductance observed with the 1:5 LiPF6:methyl
carbamate ratio, decreasing conductivity with increasing concentration of LiPF6 salt. This phenomenon
is most likely due to a decrease in the coordination between the lithium cation and the corresponding
anion upon additional coordination with methyl carbamate and a decreased viscosity in higher molar
ratios of methyl carbamate as seen in previous DEE systems. This decrease in the anion and cation
interaction strengths and this decrease in viscosity facilitate Li-ion transport across the electrolyte. [7c]
To support this claim, conductivity and viscosity measurements were performed to study the
temperature dependence of the conductivity (Figure 3). A strong correlation between ionic conductivity
(o) and temperature (T) was observed. At 0°C the conductivity was 7.78E-4 and 8.26E-4 Secm-1 for LiPF6
DEE and LiTFSI DEE, respectively (Figure 3a). Upon heating the LiPF6 and LiTFSI DEEs, conductivity
increased to 3.16E-3 Secm-1 and 2.87E-3 Secm-1 at
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Figure 2: a) Coordination environment between LiPF6 and methyl carbamate, b) coordination
environment between LiTFSI and methyl carbamate, c) molecular electrostatic potential map of
LiPF6:methyl carbamate, and d) molecular electrostatic potential map of LiTFSI: methyl carbamate. e) IR
of DEEs and starting materials.

25°C and 1.38E-2 Secm-1 and 1.0E-2 Secm-1 at 80°C, respectively. Viscosity measurements showed a
decrease in viscosity with an increase in temperature, demonstrating a clear correlation between lower
viscosity and higher conductance as would be expected (Figure 3b). Interestingly, the DEEs did not show
a linear Arrhenius-like log(o) vs. temperature (1000/T) behavior but did demonstrate a linear Vogel-
Tammann-Fulcher (VTF) dependance of log(o) vs (log1000/(T-TO) (TO is glass transition temperature
seen in DSC) (Figure S6). VTF linearity coupled with the strong correlation of viscosity and conductivity
suggests the main ionic mobility parameters and charge transport correlate to the methyl carbamate’s
molecular motion in the DEEs.

Cyclic voltammetry (CV) was utilized to characterize the electrochemical stability windows of the DEEs
(Figure 3c). CVs on LiTFSI showed a stability window of ~1.6 V to ~5 V vs (Li/Li+), indicating high voltage
stability and allowing for cathodes such as LFP to be utilized; however, LiPF6 DEEs showed an ever-wider
stability window of ~1 V to ~5 V vs (Li/Li+). Such a stability window suggests that the DEEs should be able
to accommodate a LTO/LFP full cell. However, methyl carbamate DEEs do not seem to form a stable
solid electrolyte interphase (SEl) without additives, as Li/Li symmetric cycling showed rapid voltage
overpotential degradation (Figures S7). However, electrochemical stability may be imparted in future
studies by adding SEI forming additives such as lithium nitrate or ethylene carbonate. The
demonstration of the methyl carbamate based DEEs as electrolytes in LTO/LFP full cells was performed
using galvanostatic cycling experiments in coin cells using 2.05V to .5V charge/discharge cutoffs. The
stability and voltage profiles for the LiPF6 DEE containing full cells showed good cycling stability at
moderate charge/discharge rates (0.5C) with an initial conditioning cycle “0” followed by 50 additional
cycles (Figure 4).
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Figure 3: a) lonic conductivity of DEEs at different temperatures. b) Viscosity of DEEs as a function of
temperature. c) Cyclic voltammetry of DEEs at 25 mV/s sweep rate with Pt|Li|Li three electrode setup.
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Figure 4: a-b) Voltage profiles of (a) LiPF6 DEE and (b) LiTFSI DEE, c-d) Cycling performance and efficiency

of (c) LiPF6 DEE and (d) LiTFSI DEE

An initial 5.5% charging capacity loss and a 0.3% increase in discharge capacity were seen after the initial
conditioning cycle with 84% efficiency and a discharge capacity of 136 mAheg-1 for LiPF6 DEE full cells.

Roughly a 99% efficiency after the initial conditioning cycle charging was observed with a charging

capacity retention of 95.9% from cycle 1 to 40, with a further 99.7% percent discharge capacity
retention. However, between cycle 1 and cycle 50, a charge and discharge capacity loss of 89.4% and
93.0% were seen, showing good initial cycling characteristics.

The LiTFSI-based DEE showed a ~130 mAheg-1 initial discharge capacity with a 6.7% initial loss of charge

capacity and 0.3% discharge capacity gain after the conditioning cycle. Starkly, after 50 cycles only a
43.8% charge capacity and 45.9% discharge capacity were retained. We attributed this loss to the LiTFSI
DEE having a ~0.6V higher reduction potential as opposed to the LiPF6 DEE, which is more
electrochemically unstable, leading to more significant capacity losses. To study the cycling rate
dependance on cell capacity, further cycling of the DEEs was performed at different rates (0.25C, 0.5C,
and 1C), with the 0.5C rate was performed at an elevated temperature of 50°C (Figure S8-10). At 0.25C
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cycling rates, high first cycle discharge capacities of 172 mAheg-1 (LiPF6 DEE) and 175 mAheg-1 (LiTFSI
DEE) were observed. However, a much smaller percent capacity retention of 72% and 78% for the LiPF6
and LiTFSI DEEs, respectively, were noted. These efficiencies were lower when compared to the 0.5C
rates. Interestingly, at lower charge rates LiTFSI DEEs performed better and had a higher discharge
capacity retention rate than the LiPF6 DEEs. However, when high charge rates and high temperatures
were used, LiPF6 DEEs had far superior capacity retention and efficiencies, especially at elevated
temperatures (50°C), in which the LiTFSI DEE full cells failed after 10 cycles. When the 1C rate was used,
a much lower capacity retention was observed, especially with the LiTFSI DEE containing system.

The initial interfacial resistance decreased dramatically after cycling (Figure S11). A clear trend of faster
cycling leading to smaller interfacial resistances and decreasing cycling rates leading to larger resistance
was observed. While Li/Li symmetric cell cycling showed no stable SEI formation, the fast cycling of the
full cell may have allowed for less reductive decomposition time. This SEI formation was observed, as
two higher resistance semicircles appeared at low cycle rates for LiPF6 DEEs as compared to the one
seen in LiTFSI DEEs at low cycle rates. Furthermore, at 50°C a substantial increase in resistance was
observed, showing the instability of these DEEs at elevated temperatures. One advantage for DEEs is the
possibility of low-temperature cell operation indicated by powering an LED at 45 °C (Figure S12).

Scanning electron microscopy (SEM) showed little to no change in particle morphology for the LTO or
the LFP electrodes even with higher temperature cycling (Figures $S13-15), suggesting that LTO and LFP
have good compatibility with the methyl carbamate-based DEE.

Conclusion:

In conclusion, we have shown the development and application of a new DEE incorporating LiPF6 or
LiTFSI with methyl carbamate. The primary DEEs were formed by coordination of Li-ions with the
carbonyl of methyl carbamate and a delocalization of electron density over the complex due to strong
electrostatic interactions. At molar ratios of 1:5 (salt:methyl carbamate), we have demonstrated
promising initial electrochemical characteristics of the DEEs with a large electrochemical stability
window of 1V to 5V versus Li/Li+ and good ionic conductivity of 3.16E-3 Secm-1 at 25°C. We have
further demonstrated the compatibility of these DEEs with LTO and LFP in full cells. A reversible capacity
of 128 mAheg-1 after 50 cycles and a 93% discharge capacity retention were observed. This system was
even shown to be operational at substantially reduced temperatures with the capability of powering a
LED at -45°C. The characterization of this system provides further insight into the potential of DEEs as
alternative electrolytes for Li-ion batteries and demonstrates the potential for methyl carbamate to
generate eutectics from lithium salts.

Experimental:

Materials: Lithium bis(trifluoromethanesulfonyl)amide (LiTFSI) and lithium hexaflourophosphate were
purchased from TCI chemicals. Methyl carbamate was purchased from Thermo Fisher and was double
recrystallized from hot anhydrous benzene and dried under vaccum before use. Premade LiFePO4 (LFP)
cathode foils, lithium titanate (LTO) powders, and CR2025 coin cells were purchased from MTI.
Acetylene black, polyvinylidene difluoride (PVDF), lithium metal, anhydrous benzene, and n-methyl
pyrrolidone (NMP) were purchased from Sigma Aldrich.



LTO cathodes were cast using a slurry NMP solvent with mass fractions of 85% LTO, 10% acetylene black,
and 5% PVDF binder. The obtained cathode slurry was coated on Al foil in air and dried in a vacuum oven
at 120 2C overnight. Foils were cut into 16 mm diameter circles. All other synthesis and fabrication were
done in an argon glovebox or under argon on a Schlenk line. LFP was dried overnight at 100°C under
vacuum.

Deep eutectic electrolyte (DEE) synthesis: DEEs with a 1:5 m:m were synthesized by mixing the lithium
salt with methyl carbamate at room temperature (RT). For other ratios (1:7 — 1:1) the DEEs were stirred
for 2 hours at 70°C if they did not form without heat.

FT-IR: Fourier transform infrared spectroscopy measurements were carried out on a Jasco 4200 using an
attenuated total reflectance (ATR) attachment equipped with a ZnSe prism under nitrogen purge. Sixty-
four scans with a resolution of 2 cm-1 were collected in the region of 4000-550 cm-1 for each spectrum.
Samples were held under argon until briefly being exposed to the atmosphere for sample loading.

DFT: Density functional theory calculations were carried out using the Gaussian 16 platform.[11]
Molecular structures were first gecometry optimized using the M06-2X functional paired with the triple
zeta Pople basis set 6-311g with polarization and diffuse functions on all atoms. Molecular electrostatic
potential maps were generated in the GaussView6 program.[12]

Electrochemical analysis: A BioLogic multichannel potentiostat was used for all electrochemical
experiments. CR2025 coin cells were used for cell cycling. LFP|LTO full cells were fabricated by adding
LFP electrode then glass fiber separator soaked in DEE electrolyte then LTO electode. Li|Li symmetric
cells were fabricating using the same process. LFP|LTO full cells were cycled from 2.05V to 0.5V.
Galvanostatic Li| Li cycling was done using a current of 0.50 mA with 10 minute charge discharge cycles.
LSV was performed using a 10 mv/s scan rate with a lower limit of 0 V to 6 V vs LiO/Li+. Electrochemical
Impedance Spectroscopy (EIS) was measured before and after cycling from 1 MHz to 1 Hz. For low
temperature LED operation, 2 coin cells were used in series and submerged in an acetonitrile slurry
chilled with liquid nitrogen and then attached to a blue LED using alligator clips.

lonic conductivity measurements: The lonic conductivities were measured using DEEs using a coin cell
setup with 2 stainless steel foil electrodes and a rubber washer as the separator with an inner diameter
of .45cm and a thickness of .144 cm to .115 cm (gaskets were measured for thickness using a caliper
before and after coin cell crimping). After dripping the DEEs into the middle and crimping the cell, EIS
was measured from 200 kHz to 100 mHz and from temperatures 0 °C to 80 °C. The ionic conductivity
was calculated using o = L/ (Z x A), where Z is the impedance for the real axis, A is the area of the gasket
hole, and L is the thickness of the gasket.

Differential scanning calorimetry: DSC measurements were performed using a TA Q20 with a RSC90
chiller with a rate of 5 °C/min from -90 °C to 100 °C.

Scanning electron microscopy: SEM measurements on LTO and LFP electrodes were done before and
after cycling using a Hitachi 8230. After cycling coin cells were de-crimped and electrodes were washed
with ether before being dried. Images were taken at 10K and 50K magnification.
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A novel binary deep eutectic electrolyte was developed using lithium salts and methyl carbamate. The
deep electrolyte showed promising electrochemical behavior in a lithium titanate and lithium iron
phosphate full cell, allowing for stable cycling and low temperature operation.
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Figure S1: DSC of various a) LiPFsand b) LiTFSI DEE with salt:methyl carbamate m:m ratios.
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Figure S2: Phase diagrams of a) LiPFs:methyl carbamate and b) LiTFSI:methyl carbamate. Red points
represent melting temperature required to initially form DEE (if not spontaneous at room temperature)
and MP of starting materials, black points are T, of lowest phase transition of DEE. Blue points are to
show deep eutectic region where eutectic formation is spontaneous with no noticble DSC signals above
the Te.
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Figure S3 a) molecular electrostatic density maps of a) methyl carbamate b) LiPFg c) LiTFSI d) LiPFe-
Methyl Carbamate e) LiTFSI-Methyl Carbamate



Figure S4: Formation DEEs at different ratios for LiTFSI (top) and LiPFs (Bottom)
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Figure S5: Conductivity of Li DEEs at different Li salt:methyl carbamate ratios.
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Figure S6: a) Arrhenius and b) VTF plots of Li DEEs showing the relationship of conductivity and
temperature.
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Figure S7: Symmetric galvanostatic cycling of Li|Li coin cells using a) LiPFsand b) LiTFSI DEEs at a current
of 0.50 mA.
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Figure S8: Voltage profiles of LTO|LFP at 0.25 C rate for a) LiPFs DEE and b) LiTFSI DEE. Cycling
performance of full cells for c) LiPFs DEE and d) LiTFSI DEE at 0.25 C rate.
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Figure S9: Voltage profiles of LTO|LFP at 0.5 C rate and 50 °C for a) LiPFs DEE and b) LiTFSI DEE. Cycling
performance of full cells for c) LiPFs DEE and d) LiTFSI DEE at 0.50 C rate and 50 °C.
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Figure S10: Voltage profiles of LTO|LFP at 1 C rate for a) LiPFs DEE and b) LiTFSI DEE. Cycling
performance of full cells for c) LiPFs DEE and b) LiTFSI DEE at 1 C rate.
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Figure S11: Nyquist plots of LTO|LFP full cells. a) EIS before cycling, b) EIS after cycling at 50 °C, and c) EIS
after cycling at different rates.




Figure S12: Low temperature operation of LTO|LiPF¢ DEE|LFP full cell powering a blue LED.
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Figure S13: SEM images of Pristine a) LTO, b) LTO anode after 50 cycles at 0.5 C, and c¢) 0.5 at 50 °C using
LiPF¢ DEE.
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Figure S14: SEM images of a) Pristine LFP, b) LFP anode after 50 cycles at 0.5 C, and c) 0.5 at 50 °C using
LiPFs DEE.
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Figure S15: SEM images of a) LTO anode after 50 cycles at 0.5 C, b) 0.5 at 50 °C, c) LFP anode after 50
cycles at 0.5 C, and d) 0.5 C at 50 °C using LiTFSI DEE.
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