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Lithium-ion (Li+) batteries are considered the most attractive for low temperature operation. Though Li+-

conducting electrolytes predominately use carbonate solvents, we show that nitriles, such as 3-

methoxypropyionitrile (MPN), are promising candidates for use at low temperatures. At a high salt

concentration (2.5 molal), and combined with a fluoroethylene carbonate additive, this electrolyte

enables �40 �C operation when configured in a graphiteklithium cobalt oxide cell. We leverage

molecular dynamics simulations and experimentally validate Li+ diffusivity/conductivity measurements to

bolster our understanding of the MPN electrolyte in comparison with carbonates. At room temperature,

cells demonstrate high rate capability (100 mA h g�1 discharge capacity at 2C), and also maintain >75%

of their initial capacity up to 100 cycles when cycled at 0.2C. At �40 �C, >50% of the cell's room

temperature discharge capacity is sustained, showing exemplary low temperature performance. By

performing an impedance-based distribution of relaxation times analysis, we identify that interfacial

kinetics at the anode surface and the cathode electrolyte interphase are the two underlying factors

limiting low temperature operation. The results presented herein offer an exciting direction for the

discovery and implementation of nitrile-based solvents that can withstand low temperatures.
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1. Introduction

Lithium-ion batteries (LIBs) are ubiquitous in modern society
and their application space continues to expand at an acceler-
ating rate.1–3 A subset of these applications involve operating
below room temperature, which is known to hinder the
performance of LIBs due to decreased electrolyte ionic
conductivity, sluggish lithium-ion (Li+) transport kinetics at the
solid electrolyte interphase (SEI), increased polymer binder
degradation, and decreased Li+ diffusivity within the electrode
active material.4–6 Commercial state-of-the-art LIBs exhibit
a notable decrease in capacity retention and rate capability
below 0 �C and are oen only recommended for use down to
�20 �C, limiting applications for certain low-temperature
extreme environments (e.g., space).7–13 At such low tempera-
tures, the electrolyte is the greatest source of performance loss;
thus, electrolyte engineering is essential to addressing the key
challenges for low temperature operation.8–11

Early studies identied electrolyte chemistry as one of the
critical factors governing low temperature performance,
a consensus that holds largely to the present day.4,14 An elec-
trolyte comprises salts, solvents, and additives for the proper
function of Li+ mobility across a porous separator. Such prop-
erties as ionic conductivity, Li+ transference number, dielectric
permittivity, solvation/de-solvation, and stable SEI formation all
contribute to the performance of LIBs.8–11,15 As a consequence,
This journal is © The Royal Society of Chemistry 2022

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ta03240f&domain=pdf&date_stamp=2022-09-24
http://orcid.org/0000-0002-3856-734X
http://orcid.org/0000-0003-1603-0442
http://orcid.org/0000-0002-5825-2994
http://orcid.org/0000-0001-6965-4174
https://doi.org/10.1039/d2ta03240f
https://doi.org/10.1039/d2ta03240f
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA010037


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
3 

Q
as

a 
D

ir
ri

 2
02

2.
 D

ow
nl

oa
de

d 
on

 0
7/

11
/2

02
5 

1:
15

:5
5 

A
M

. 
View Article Online
the effect of low operating temperature on these properties and
the resulting LIB capacity retention must be studied. The bulk
electrolyte should have a high ionic conductivity and a low
liquidus point to maintain high performance at freezing
temperatures. This in turn requires high dielectric permittivity
and low dynamic viscosity to encourage strong dissociation of
the lithium salt to form a highly conductive solution based on
the Stokes–Einstein and Nernst–Einstein relations.16 Currently,
mixtures of carbonate solvents (e.g., 1 M lithium hexa-
uorophosphate (LiPF6) in 1 : 1 ethylene carbonate
(EC) : dimethyl carbonate (DC)) are used to maintain high
dielectric permittivity and low dynamic viscosity to achieve Li+

conductivities >10 mS cm�1.8–11 However, solvents with high
dielectric permittivity tend to have high liquidus points, making
such solvents more likely to freeze at low temperature and
impede Li+ transport. For these reasons, bulk electrolytes are
typically mixtures of multiple carbonate solvents and additives,
combined in ratios that ensure that the most desirable prop-
erties of certain components balance out the less desirable
properties of other components.

Since the 1990's, the Jet Propulsion Laboratory has under-
taken an expansive study of salt and solvent ratios to enable low
temperature LIB operation for space applications.17–22 Ternary
and quaternary carbonate solvent combinations were prepared
and shown to improve low temperature performance. The
motivation for using these complex mixtures was to extend the
liquidus range and decrease the dynamic viscosity. For the
ternary combination, the addition of diethyl carbonate (DEC) to
an EC : DMC mixture was shown to prevent freezing of the
electrolytes down to �40 �C, where ionic conductivities of �1
mS cm�1 were measured.17 The improved conductivity of the
ternary system (1 M LiPF6 in EC : DMC : DEC (1 : 1 : 1 v/v))
compared to the binary systems EC : DMC (3 : 7) and
EC : DEC (3 : 7) was attributed to the synergistic effects of the
high dielectric permittivity of EC, the low freezing temperature
of DEC, and the low dynamic viscosity of DMC. For the purposes
of forming a stable SEI, ethyl methyl carbonate (EMC) was
introduced in a ratio of EC : DMC : DEC : EMC (1 : 1 : 1 : 3 v/v)
to achieve high performance down to �60 �C.21 Another prom-
ising solvent combination was propylene carbonate (PC) and
DEC, where a high DEC content (>50%) resulted in a conduc-
tivity of�1 mS cm�1 at�40 �C.23,24 Comparable trends were also
observed when changing the salt to lithium tetrauoroborate
(LiBF4), though the overall ionic conductivities were lower than
electrolytes using LiPF6.25 For batteries equipped with lithium
metal anodes, stable cycling ranging between �40 �C to even
�85 �C has been achieved by leveraging unique combinations of
uorinated electrolytes.26,27 These results highlight the need for
discovering new solvents or solvent combinations that can
provide high dielectric permittivity, low dynamic viscosity, and
interface stabilizing properties.

When assessing appropriate solvents to encourage the
dissociation of lithium salts, only solvents with polar groups
such as carbonyl (C]O), nitrile (C^N), sulfonyl (S]O), and
ether-linkage (–O–) merit consideration.4,14 Nitriles, such as
acetonitrile (AN), have been popular in the past due to their
superior ionic conductivities (>30 mS cm�1 at 25 �C) compared
This journal is © The Royal Society of Chemistry 2022
to their carbonate counterparts (�10 mS cm�1 at 25 �C).4,14

However, the narrow electrochemical stability window of AN,
particularly when paired with a lithium metal anode, limited
their applications for LIBs. Within the context of bulk electro-
lyte properties, nitriles such as 3-methoxypropionitrile (MPN)28

and 3-ethoxypropionitrile (EPN)/3-(2,2,2-triuoro)
ethoxypropionitrile (FEPN)29 offer low melting points (�43.8
to �57 �C), relatively high dielectric constants (�36 at 25 �C),
and low dynamic viscosities (0.37–1.1 cP at 25 �C). When
a lithium salt, such as lithium bis(triuorosulfonylimide)
(LiTFSI), is dissolved, nitrile-based electrolytes provide
a compelling electrolyte system for enabling high rate operation
at room temperature. In particular, electrolytes prepared with
MPN as the sole solvent possess the advantages of being envi-
ronmentally benign, having a lower melting point, lower am-
mability, and lower volatility compared to commercial
carbonate-based electrolytes.28 Wang et al., observed that 1 M
LiTFSI in MPN exhibits an ionic conductivity of �8.5 mS cm�1

at room temperature and provides nearly a two-fold increase in
rate capability compared to 1 M LiTFSI in EC : DMC or 1 M
LiTFSI in AN when used with a lithium cobalt oxide (LCO)
cathode and a lithium titanate (LTO) anode. Graphite anodes
were found to be incompatible with MPN due to electro-
chemical instability, so MPN-based electrolytes are typically
used with higher-potential anodes, such as LTO.44,45 It was also
demonstrated that 1 M LiTFSI in EPN or FEPN supported
comparable rate capabilities to 1 M LiTFSI in MPN.29

Another consideration is the use of additives for both low
temperature operation and interface stabilization, particularly
at the anode/electrolyte interface. Although additives have been
shown to improve low temperature performance, their under-
lying function is to stabilize the electrode interfaces to chemical
or morphological changes during formation of the SEI.9 Fluo-
roethylene carbonate (FEC) is a popular additive due to its
favorable SEI-forming properties.4,30,31 Yoo et al. observed that
1.0 M LiPF6 in a mixture of butyronitrile, EC, and FEC formed
a stable SEI comprising lithium nitride and lithium uoride,
which lowered the anode charge-transfer resistance and could
be operated down to�40 �C.32 Another study demonstrated that
acetonitrile, when combined with FEC, can also enhance
compatibility with graphite anodes.33 These results advocate
that the addition of FEC to nitrile-based electrolytes may
stabilize interfaces and enable low temperature operation.

In the present study, we assess the viability of LiTFSI dis-
solved in MPN as the dominant component with an FEC addi-
tive (2.5 m LiTFSI in MPN + 5 wt% FEC; denoted as 2.5 m MPN)
for operating at temperatures down to �40 �C. We compre-
hensively study the physical properties and electrochemical
performance of this electrolyte for temperatures ranging from
room temperature to �40 �C. To further elucidate bulk elec-
trolyte properties, we also perform molecular dynamics simu-
lations to simulate Li+ diffusion at low temperatures, which
directly impacts Li+ conductivity. The computational efforts
reported in this study further extend our understanding of
complex electrolyte systems and how their behavior changes at
low temperatures. We also perform an exhaustive impedance
analysis by representing Nyquist plots in the form of relaxation
J. Mater. Chem. A, 2022, 10, 19972–19983 | 19973
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times to identify the underlying interfacial processes respon-
sible for low temperature operation.
2. Experimental
2.1. Chemicals

Lithium bis(triuoromethanesulfonly)imide (LiTFSI, $98%),
lithium hexauorophosphate (LiPF6, $97%), and 4-uor-2-oxo-
1,3-dioxolane (FEC, $98%) were purchased from TCI America.
Ethylene carbonate (EC, anhydrous$99%), dimethyl carbonate
(DMC, anhydrous $99%), diethyl carbonate (DEC, anhydrous
$99%), and 3-methoxypropionitrile (MPN, $98%) were
purchased from Millipore Sigma. 2032-Coin cell components
were purchased from MTI Corporation. Graphite and LCO
electrode coatings with areal capacities of 1.21 and
1.1 mA h cm�2, respectively, were graciously provided by Sa
America. All reagents were used as received with no further
purication unless otherwise specied.
2.2. Electrolyte synthesis and characterization

Three electrolyte types were synthesized in this study: 1.0 m
LiPF6 in EC : DMC (3 : 7) + 5 wt% FEC; 1.0 m LiPF6 in
EC : DMC : DEC (1 : 1 : 1); and Xm LiTFSI in MPN + 5 wt% FEC
(X ¼ 1.0, 1.5, 2.0, 2.5). Electrolytes were prepared by adding the
necessary molal amounts into a 20 mL glass vial. The solvents
were continuously stirred at room temperature until all solid
material was dissolved, which typically required 30 min of
stirring. Samples were prepared in a glovebox (H2O and O2

levels maintained <0.5 ppm) and transferred into a dry room
(humidity maintained <100 ppm) to be used to prepare coin
cells.

To measure the total conductivities of the electrolyte solu-
tions, liquid electrolyte was soaked into glass ber separators
(18 mm dia., 190 mm thick), sandwiched between two stainless
steel discs (15.5 mm dia., 0.5 mm thick, Gelon Lib Group),
placed into a 2032-coin cell case with one stainless steel wave
spring (Gelon Lib Group), and crimped at 700 psi (MTI MSK-110
Hydraulic Crimping Machine). Coin cells were placed into an
ESPEC BTZ-133 environmental chamber, aer which Electro-
chemical Impedance Spectroscopy (EIS) measurements were
performed at 25 �C, 0 �C, �20 �C, and �40 �C (20 mV RMS, 100
kHz to 0.2 Hz, Gamry Instruments Reference 3000 Potentiostat/
Galvanostat/ZRA). The coin cells were allowed to equilibrate at
each temperature for 30 min before measurement. Reference
measurements of the short-circuited setup were performed
using the same EIS settings and temperature prole. “Electro-
lyte + setup” resistance was taken from the high frequency
intercept of the electrolyte Nyquist plots, while “setup” resis-
tance was taken from the low frequency intercept of the refer-
ence Nyquist plots. Aer subtracting the “setup” resistance
from the “electrolyte + setup” resistance, the calculated “elec-
trolyte” resistance was converted to “electrolyte” total conduc-
tivity using the glass ber separator thickness and the stainless
steel disc diameter.

Differential scanning calorimetry (DSC) was performed
using the TA Instruments 2500 to identify the freezing/melting
19974 | J. Mater. Chem. A, 2022, 10, 19972–19983
transitions of the electrolyte solutions. Samples were removed
from the dry room and prepared for DSC. The DSC aluminum
pan mass was measured, 30 mg of electrolyte solution was
pipetted into the pan, and the pan mass was measured again to
determine the sample mass. The lid was then crimped closed
using the Tzero Sample Encapsulation Press. Samples were
punctured to create a pinhole opening and loaded onto the DSC
auto sampler. All samples underwent the same measurement
program, with an isothermal hold for 5 min at 25 �C, followed
by ramping down to �100 �C at a rate of 1 �C min�1, and then
ramping up to 25 �C at a rate of 1 �C min�1.
2.3. Electrochemical characterization

Li+ coin cells (CR2032) were used for all electrochemical char-
acterization experiments. For corrosion measurements, chro-
noamperometry was performed at 4.5 V vs. Li/Li+ for 5 h for 1.0,
1.5, 2.0, and 2.5 m MPN electrolytes using a coin cell congu-
ration of liquid electrolyte soaked into a glass ber separator,
lithium metal as the anode, and a 14 mm dia. aluminum foil
disk as the working electrode. A Zeta-20 optical proler was
used to obtain optical micrographs of the aluminum foil
current collectors before and aer corrosion tests. For electro-
chemical stability window tests, the coin cell conguration was
liquid electrolyte soaked into a glass ber separator, lithium
metal as the anode, and a stainless steel disc as the working
electrode. Linear sweep voltammetry was performed at a scan
rate of 5 mV s�1 from open circuit potential to 5 V vs. Li/Li+ with
one cell, and from open circuit potential to 0 V for the other cell.

Full cells comprising lithium cobalt oxide (LCO) as the
cathode and graphite (gr) as the anode were constructed using
a N/P (negative/positive) capacity ratio of 1.1 (LCO:
1.1 mA h cm�2; gr: 1.21 mA h cm�2). A glass ber separator
soaked in the respective electrodes was used as the separator.
Room-temperature rate capability tests were carried out for 5
cycles at each of the following C-rates: C/10, C/5, C/2, 1C, and
2C, then returned to C/10 for 5 more cycles. For cycle life tests,
cells were rst cycled at C/10 for 5 cycles, then cycled at C/5 for
a total of 100 cycles. Temperature-controlled experiments
ranging from room temperature down to �40 �C were con-
ducted using an Espec BTZ-133 environmental chamber. EIS
measurements were performed on the full cells at multiple
temperatures (20 mV RMS, 100 kHz to 0.2 Hz, Gamry Instru-
ments Reference 3000 Potentiostat/Galvanostat/ZRA). At room
temperature (25 �C), the cells were cycled for three formation
cycles before EIS measurements were performed in the dis-
charged state. For 0, �20 �C, and �40 �C, cells were held at the
desired temperature for 2, 4, and 8 h, respectively, before EIS
measurements were performed in the discharged state. In
between each EIS measurement, cells were returned to room
temperature, charged to 100% SOC, and held at room temper-
ature for 8 h before returning to the target temperature for
discharging.

Distribution of relaxation times (DRT) analysis was used to
identify characteristic distribution of typical EIS timescales,
where the experimental data were tted against a model (ZDRT),
which is obtained from the following relationship (eqn (1)):34
This journal is © The Royal Society of Chemistry 2022
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ZDRTðf Þ ¼ RN þ
ðN
0

gðsÞ
1þ i2pf s

ds (1)

“RN” is the ohmic resistance, “g(s)” represents the reactive
impedance as a function of relaxation times “s” (impedance
distribution in the timescale), and “f” is the frequency. The “s”
and “f” terms are related by the following expression (eqn (2)):

s ¼ 1

2pf
(2)

The Matlab GUI, DRTtools, developed by Ciucci, et al., was
used to t the impedance data based on the Tikhonov regula-
rization.34 Since the frequency data was collected on a loga-
rithmic scale, eqn (1) can then be expressed as eqn (3):34

ZDRT ¼ RN þ
ðN
�N

gðln sÞ
1þ i2pf s

dlnðsÞ (3)

Here, g[ln(s)] ¼ sg(s); so the term “ln[g(s)]” is then another
representation of the distribution of relaxation times.
2.4. Molecular dynamics simulations

All-atom molecular dynamics (MD) simulations were used to
model ionic diffusivities and conductivities of electrolyte solu-
tions corresponding to the three systems measured experi-
mentally, excepting the FEC additive for stabilization of the
solid–electrolyte interphase: 1 m LiPF6 in EC : DMC (3 : 7 v/v), 1
m LiPF6 in EC : DMC : DEC (1 : 1 : 1 v/v), and 2.5 m LiTFSI in
MPN. Structures and force eld parameters for Li+, PF6

�, and
the carbonates (EC, DMC, DEC) were adapted based on OPLS-
AA.35–37 Structures and force eld parameters for TFSI� and
MPN were obtained using the Automated Topology Builder
(ATB)38 based on GROMOS 54A7.39 Since non-polarizable force
elds are known to signicantly underestimate diffusivities
when using full ionic charges, the charges of all salt ions were
scaled by a standard correction factor of 80%.40 Simulation
domains with composition corresponding to each electrolyte
system were prepared using Moltemplate41 and MD simulations
were run using LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator).42

Each simulation domain was initialized using Moltemplate
to randomly distribute 512 total molecules consisting of salt
and electrolyte to match experimental concentrations excepting
FEC. A sequence of ve sequential phases was used in each MD
simulation at temperature T: (1) energy minimization, (2) NPT
Table 1 Physical properties of organic carbonate solvents commonly u
ypropionitrile solvent

Solvent
Melting point
(�C)

Boiling poi
(�C)

Ethylene carbonate (EC) 36.4 248
Dimethyl carbonate (DMC) 0.5 90.5
Diethyl carbonate (DEC) �43 127
3-Methoxypropionitrile (MPN) �63 165

This journal is © The Royal Society of Chemistry 2022
at 300 K for 1 ns, (3) NVT at T for 400 ps, (4) NPT at T for 400 ps,
and nally (5) data collection under NVT at T for 10 ns. The
diffusivity for each cation and anion species i was calculated as

Di ¼ 1
6

d
dt
MSDiðtÞ, using a linear model t to the mean squared

displacement MSDi(t) ¼ <jri(t) � ri(0)j2>i based on the last 5 ns
of the trajectory from the data collection phase. The total
conductivity was then estimated using the Nernst–Einstein
equation k ¼ (D+ + D�)ce

2NA/(kBT),43 where D+ and D� are the
diffusivities of the cation and anion, c is the molar salt
concentration, e is the elementary charge, NA is Avogadro's
number, kB is Boltzmann's constant, and T is the system
temperature.
3. Results and discussion

The three electrolytes studied in this work are (i) 1.0 m LiPF6 in
EC : DMC (3 : 7) + 5 wt% FEC; (ii) 1.0 m LiPF6 in
EC : DMC : DEC (1 : 1 : 1); and (iii) 2.5 m MPN + 5 wt% FEC. To
facilitate the discussion, these electrolytes will be referred to as
STD1, STD2, and 2.5 m MPN, respectively. The STD1 electrolyte
is ubiquitous in current LIB technologies while the STD2 elec-
trolyte is one of the rst discovered low temperature electro-
lytes, so these were chosen as references to compare against 2.5
m MPN.17 The 2.5 m MPN electrolyte was selected for its
optimum balance of conductivity and stability. Table 1
summarizes the key physical characteristics of the solvents used
for this series of electrolytes. The melting point of native MPN is
�63 �C, which is lower than that of each of the carbonate
solvents studied here (e.g., EC, DMC, and DEC). This is desir-
able for ensuring that the native solvent is unlikely to freeze at
low temperatures. The ash point of MPN is higher than that of
DMC, which may offer slightly better safety (though MPN
remains a ammable solvent and should still be handled with
care). Though the viscosity of MPN is similar to that of EC, the
much higher dielectric permittivity compared to DMC and DEC
enables this solvent to be used without the addition of other
nitriles.

Literature studies have shown that LiTFSI at low concentra-
tions (<2.0 M) corrodes the aluminum current collector, which
leads to signicant capacity fade or shorting of the cell.44,45 At
higher concentrations of LiTFSI, a cathode electrolyte inter-
phase (CEI) can readily form to protect against parasitic reac-
tions.44,45 To identify the optimized concentration of LiTFSI in
MPN, the corrosion behavior of the aluminum current collector
was tested by imposing a constant potential of 4.5 V vs. Li/Li+ for
sed in rechargeable lithium-ion battery technologies and 3-methox-

nt Flash point
(�C)

Viscosity
(cP) Dielectric constant (3)

143 1.92 89.8 (40 �C)
19 0.585 3.09 (25 �C)
77 0.827 2.82 (25 �C)
66 2.5 36 (25 �C)

J. Mater. Chem. A, 2022, 10, 19972–19983 | 19975
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5 h when exposed to electrolyte solutions with 1.0, 1.5, 2.0, and
2.5 m LiTFSI in MPN (Fig. 1a). For 1.0 m concentration, high
current generation of �7.5 mA cm�2 is observed within the rst
30 min. At higher concentrations (1.5 and 2.0 m), we observe
less current generation of 1.8 and 0.7 mA cm�2, respectively. At
2.5 m, no peaks were detected, and the current maintained <0.2
mA cm�2 for the entire 5 h duration. This decrease in current
generation advocates corrosion mitigation at higher concen-
trations of LiTFSI. To corroborate these electrochemical
measurements, optical micrographs were taken of the current
collectors to visualize the presence of pitting and crevice attack
that are indicative of corrosion; the micrograph of pristine
aluminum foil is shown as a control (Fig. 1b). For 1.0 m
concentration, severe pitting and crevice corrosion was
observed (Fig. 1c). For 1.5 and 2.0 m concentration, slightly less
crevice corrosion is observed; however, there is extensive pitting
Fig. 1 (a) Chronoamperometry curves with an imposed potential of 4.5 V
1.5, 2.0, and 2.5 m LiTFSI in MPN electrolytes. Optical micrographs of (b) p
corrosion tests.

19976 | J. Mater. Chem. A, 2022, 10, 19972–19983
of both aluminum foils (Fig. 1d and e). At 2.5 m concentration,
the edge of the aluminum foil is comparable to that of the
pristine aluminum current collector, and only slight pitting
occurred (Fig. 1f). Moreover, with the addition of 5 wt% FEC, the
decomposition currents at low potentials (0–1.5 V vs. Li/Li+)
yielded comparable trends to STD1 and STD2, suggesting that
a stable SEI was formed (Fig. S1†). Based on these results, the
2.5 m MPN electrolyte solution was down-selected to be the
most desirable candidate for electrochemical testing.

The total conductivity of this series of electrolytes was
measured at the following temperatures: (i) room temperature
(25 �C); (ii) 0 �C; (iii)�20 �C; and (iv)�40 �C (Fig. 2a). Tabulated
values of the conductivity measurements are listed in Table S1.†
At room temperature, STD1 yielded the highest conductivity of
5.79 mS cm�1. The conductivity of STD2 was slightly lower (3.30
mS cm�1), which was attributed to the higher viscosity of DEC.
vs. Li/Li+ for 5 h of aluminum current collectors when contacting 1.0,
ristine aluminum, (c) 1.0, (d) 1.5, (e) 2.0, and (f) 2.5 m concentration after

This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d2ta03240f


Fig. 2 (a) Total conductivity of the following electrolytes (STD1, STD2, and 2.5 mMPN) at room temperature, 0 �C,�20 �C, and�40 �C. (b) Total
conductivity estimated using molecular dynamics simulations (B) and measured experimentally (D). The relative magnitudes among the three
systems are consistent between MD and experiment, as are temperature trends.
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The 1.0 m MPN achieved a conductivity of 5.38 mS cm�1

comparable to STD1, while the 2.5 m MPN exhibited a slightly
lower conductivity of 4.21 mS cm�1. At 0 �C, STD1 maintained
the highest conductivity of 3.60 mS cm�1, with the next highest
being 2.5 m MPN (2.12 mS cm�1), and the lowest conductivity
being STD2 (1.64 mS cm�1). At �20 �C, STD1 and 2.5 m MPN
yielded comparable conductivities (�1.0 mS cm�1), while STD2
was 0.66 mS cm�1. At �40 �C, STD1 froze and EIS could not
provide a meaningful measurement. In contrast, STD2 and 2.5
m MPN exhibited a conductivity of �0.2 mS cm�1, which sug-
gested both of these systems should be good candidates for low
temperature operation.

MD simulations were performed to corroborate the experi-
mental conductivity trends and to simulate the diffusion
process for 2.5 m MPN in comparison to the carbonate-based
electrolytes. Values of ionic conductivity estimated from MD
simulations were reported alongside experimentally measured
values in Fig. 2b for the three electrolyte systems. The conduc-
tivities from simulation and experiment are in qualitative
agreement. Furthermore, simulations performed at T ¼ �40,
�20, 0, and 20 �C also reproduce the correct temperature trends
for this series of electrolytes. These trends are driven by the
temperature dependence in calculated ionic diffusivities, which
are reported in Fig. S2.† Both the measured and simulated
transport properties for STD1 and STD2 are consistent with
literature values in similar carbonate systems: conductivities of
�10 mS cm�1 and diffusivities of 10�6 cm2 s�1 at room
temperature.46–48 The conductivity in MPN was also consistent
with prior measurements for the LiClO4 salt (�5.0 mS cm�1 at
20 �C).49 To the best knowledge of the authors, the results re-
ported in this work are the rst MD simulations of ion transport
in MPN-based electrolytes. Quantitatively, the simulated
conductivity of MPN underestimates the experimental values
and with a larger error than the carbonate-based systems. This
difference is likely due to shortcomings in the GROMOS-based
parameters for MPN from ATB, in contrast with the more-
established OPLS-AA parameters for the carbonates.
This journal is © The Royal Society of Chemistry 2022
Therefore, there is a need to develop improved molecular
models for more detailed modeling of diffusion mechanisms in
MPN and other solvents in future work.

Taken together, the simulation results corroborate the
experimental observations that ion transport in MPN exhibits
similar temperature dependence to STD2, albeit lower overall
conductivity values, down to �40 �C. This suggests that signif-
icant opportunities remain to further optimize nitrile-based
solvents as an alternative to carbonates, particularly for low
temperature operation. Future studies will continue to build
towards this goal by using complementary experimental and
modeling efforts, performing more extensive analysis of the
transport mechanisms in the carbonate versus nitrile systems,
and by expanding the parameter space for optimizing low
temperature performance.

The freezing point of the electrolyte solution is another
critical factor to be useful for LIBs operating at low tempera-
tures. Differential scanning calorimetry measurements were
performed for this series of electrolytes from 25 �C down to
�100 �C to identify the freezing point, then returned to 25 �C to
identify the melting point, using a heating/cooling rate of
1 �C min�1. As shown in Fig. 3, both STD1 and STD2 exhibited
a freezing point of roughly �33 �C. This is consistent with re-
ported freezing points in the literature, where STD1 was 100%
solid at roughly �40 �C while STD2 displayed coexistence of
solid and liquid phases at �42.5 �C.6 For 2.5 m MPN, no
freezing point was observed down to �100 �C, which is
a promising attribute for low temperature operation.

Electrochemical performance was assessed in a technologi-
cally-relevant cell conguration: graphitekLiCoO2 (grkLCO).
First, the rate capability and cycle life retention of cells utilizing
these electrolytes were measured at room temperature for C-
rates ranging from 0.1C to 2C (Fig. 4a–c). The rate capability
performance of STD1, STD2, and 2.5 m MPN are in agreement
with the high conductivity trends at room temperature. The
specic capacities for these three cells (based on the active mass
of LCO) all yielded near-theoretical values (135–138 mA h g�1).
J. Mater. Chem. A, 2022, 10, 19972–19983 | 19977
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Fig. 4 Rate capability performance of grkLCO cells when subjected to
C-rates ranging from C/10 to 2C and utilizing (a) STD1, (b) STD2, and
(c) 2.5 m MPN electrolytes.

Fig. 3 Differential scanning calorimetry curves to identify possible
freezing points using a scan range of 25 �C to �100 �C.
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At an imposed rate of 2C, a capacity of �100 mA h g�1 is still
supported by all electrolytes. The initial coulombic efficiencies
of STD1 and STD2 were both >82%, whereas for 2.5 m MPN is
�78%. However, aer the 1st cycle, all cells yielded high
coulombic efficiencies, reaching up to >99% from C/5 to 2C, and
�98% at C/10.

The performance of the standard andMPN formulations was
further evaluated to assess long-term stability when subjected to
a C-rate of 0.2C (Fig. 5a) at room temperature. The STD1 elec-
trolyte exhibited rapid capacity fade, dropping below 60% of its
initial discharge capacity aer 100 cycles. The STD2 electrolyte
showed improved capacity retention up to 85 cycles, then began
to decay. The 2.5 m MPN solution, though initially exhibiting
a more rapid decrease in capacity over the rst 80 cycles versus
STD2, yielded the greatest capacity retention aer 100 cycles
(>75%). When examining the coulombic efficiencies (Fig. 5b),
STD1 yielded an efficiency of �97%, while STD2 maintained
�100%, but began to drop to �97% aer the 85th cycle,
correlating well with the decay in discharge capacity. For 2.5 m
MPN, the efficiency was maintained at �100% throughout the
entire duration, demonstrating that this electrolyte can be used
as a drop-in replacement for potential commercial use. Overall,
STD2 and 2.5 m MPN offer the best combination of rate
performance and cycle stability at room temperature. Though
both are nearly comparable to each other, with the more chal-
lenging grkLCO cell conguration, a signicant improvement in
stability was observed with the addition of 5 wt% FEC to the
nitrile-based electrolyte. Otherwise, a LTO anode would be
needed to maintain both high-rate capability and long-term
stability.

To further analyze the electrochemical performance, low
temperature testing was performed, ranging from room
temperature to�40 �C (Fig. 6). At room temperature and at 0 �C,
both STD1 and STD2 exhibited comparable performance with
19978 | J. Mater. Chem. A, 2022, 10, 19972–19983
negligible capacity loss (Fig. 6a and b). However, at �20 �C,
STD1 showed a signicant capacity drop of �30% relative to its
room temperature discharge capacity, while STD2 retained
nearly 100% of its room temperature discharge capacity.
Between STD1 and STD2, the discharge capacity at �40 �C was
much higher for STD2 (�50% retention), which was to be ex-
pected due STD1 freezing. The 2.5 m MPN electrolyte showed
a capacity drop of �10% at �0 �C and an additional �5% decay
at�20 �C relative to its room temperature discharge capacity. At
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Long-term cycling of grkLCO cells when subjected to C/10 for the first 5 cycles, then C/5 the next 95 cycles (total 100 cycles) utilizing
STD1, STD2, and 2.5 m MPN electrolytes. (b) Corresponding Coulombic efficiency vs. cycle number.
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�40 �C, the 2.5 m electrolyte retained >50% capacity, compa-
rable to STD2 (Fig. 6c). To probe deeper into the distinct
advantage of the 2.5mMPN electrolyte, themid-point discharge
voltage was tracked, which relates to the ohmic polarization of
the cells during discharge (overlaid discharge curves shown in
Fig. 6d). Though the 2.5 m MPN electrolyte showed comparable
capacity retention to STD2, it in fact had a higher mid-point
voltage (3.07 V) at �40 �C compared to STD2 (2.98 V) (Table
2). This implies that 2.5 m MPN showed less resistance at
�40 �C compared to STD2 and can exhibit higher power at
�40 �C, traits that are important for practical applications
under such extreme conditions. Under continuous charge/
discharge operation at �40 �C, high initial discharge capacity
retention was observed for both STD2 and 2.5 m MPN, though
subsequent cycling led to decreasing discharge capacities
(Fig. S3†), suggesting that charging at low temperatures was the
limiting factor in delivering high capacities.

Impedance measurements were performed on the full cells
for a range of operating temperatures (Fig. 7a–c), and the bulk
resistance (Rb) and the charge-transfer resistances of the anode
and cathode (Ran and Rca, respectively) were quantied using
a Rb � RanjQan � RcajQca equivalent circuit. For all three elec-
trolytes, a commensurate increase in Rb was observed, which is
consistent with the decrease in conductivity measured experi-
mentally (Table S2†). At �40 �C, 2.5 m MPN had the highest Rb
This journal is © The Royal Society of Chemistry 2022
(22.1 U) compared to STD1 (5.67 U) and STD2 (15.44 U). For all
three types of full cells, the resistance values for Rca were nearly
one order-of-magnitude higher than the resistance values for
Ran (Table S3†). STD1 and STD2 yielded comparable values of
Ran, which increased from�15 U at room temperature to �70 U

at �40 �C. For Rca, values >1000 U were observed at �40 �C for
STD2 and 2.5 m MPN (Table S4†). Though the resistance values
of STD2 and 2.5 m MPN were higher than that of STD1, these
two electrolytes maintained a higher level of capacity retention
when compared to their room temperature performance. This
shows that while charge-transfer processes are slower at low
temperature, the performance of the LIB is to a large degree
dependent on maintaining a liquid phase.

The distribution of relaxation times (DRT) method is
a complementary electroanalytical tool used to interpret elec-
trochemical systems as a continuous distribution of RQ
elements with a range of relaxation times.34,50–53 By taking
advantage of the different responses of the anode and cathode
to changing temperatures, the interfacial processes in full cells
could be separated into (i) electrolyte (Rb); (ii) passive lm
processes (anode SEI, RSEI; and cathode electrolyte interphase,
RCEI); (iii) charge transfer at the anode (Ran); and (iv) charge
transfer at the cathode (Rca).54 All tabulated s values are
summarized in Table S5.†
J. Mater. Chem. A, 2022, 10, 19972–19983 | 19979
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Fig. 6 Low-temperature discharge performance of grkLCO cells at room temperature, 0 �C, �20 �C, and �40 �C when cycled in (a) STD1, (b)
STD2, and (c) 2.5 m MPN electrolytes. (d) Discharge curves of STD1, STD2, and 2.5 m MPN at �40 �C.

Table 2 Summary of mid-point discharge voltages for grkLCO cells
cycled in STD1, STD2, and 2.5 m MPN electrolytes room temperature,
0 �C, �20 �C, and �40 �C

Electrolyte

Mid-point discharge voltage (V)

Room temperature 0 �C �20 �C �40 �C

STD1 3.85 3.79 3.59 3.00
STD2 3.81 3.78 3.65 2.98
2.5 M MPN 3.85 3.79 3.66 3.07
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The DRT plots for STD1 initially showed four peaks at room
temperature that corresponded to RSEI, Ran, RCEI, and Rca, which
shied to Rb, RSEI, Ran, and RCEI for 0 �C to �40 �C (Fig. 7d). The
DRT method can only be applied to processes in the frequency
range of the impedance measurement (100 kHz to 0.2 Hz), so
faster processes (e.g., bulk electrolyte transport at room
temperature) or slower processes (e.g., charge transfer at the
cathode for 0 �C to �40 �C) cannot be evaluated accurately.54,55

When examining Rb, s increased from 1.0 ms to 6.0 ms when the
temperature decreased from 0 to �40 �C, respectively. This
slight increase indicated that the bulk electrolyte began to
exhibit slower reaction kinetics at lower temperatures.
19980 | J. Mater. Chem. A, 2022, 10, 19972–19983
Similarly, s for RSEI increased slightly from 10 ms to 60 ms for
the same temperature range. The greatest change was observed
for Ran, which represented the charge-transfer reaction at the
graphite surface. The s values increased two orders-of-
magnitude from 10 ms to 1.0 s when the temperature
decreased from 0 to �40 �C, respectively. Similarly, RCEI

increased by an order-of-magnitude from 0.27 to 3.7 s when the
temperature decreased from room temperature to 0 �C,
respectively.

These results indicated that the cell kinetics are most strongly
limited by Ran and RCEI. The DRT analysis of STD2 and 2.5 m
MPN focused on these two parameters. For STD2, s for Ran at 0 �C
(0.18 s) was higher than that for STD1 and increased to 1.0 s at
�40 �C, suggesting STD2 had a similar anode response time to
STD1 (Fig. 7e). For 2.5 m MPN, s for Ran was 0.05 s at 0 �C, but
only increased to 0.59 s at �40 �C (Fig. 7f), demonstrating the
improved low temperature interfacial kinetics of the 2.5 m MPN
electrolyte. For both STD2 and 2.5 mMPN, s for RCEI was 0.16 s at
room temperature and increased to 1.1 s at 0 �C, which was two
times lower than that for STD1 (3.7 s). Overall, the DRT method
identied that the limiting interfacial kinetics most affected by
lower temperatures occurred at the anode (e.g. gr) and cathode
(e.g. CEI) surfaces, lower temperatures.
This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Nyquist plots of grkLCO cells cycled in (a) STD1, (b) STD2, and (c) 2.5 m MPN and corresponding DRT plots for (d) STD1 (e) STD2 (f) 2.5 m
MPN collected at room temperature, 0 �C, �20 �C, and �40 �C.
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4. Conclusions

Nitrile-based solvents are a promising candidate for low
temperature lithium-ion battery operation. In the present study,
we demonstrate that 3-methoxypropionitrile (MPN) mixed at
a 2.5 m concentration with LiTFSI, enables operation under low
temperature environments (�40 �C). With the addition of an
interface stabilizing–additive (FEC), grkLCO full cells demon-
strated high cycling rates and stable cycling capacities at room
temperature, accompanied by high capacity retention at low
temperatures. Leveraging impedance spectroscopy, particularly
the DRT method, we identied that interfacial processes at the
graphite surface and the cathode electrolyte interphase are the
two underlying limitations to low temperature performance. By
characterizing the physical properties of the studied electrolytes,
we also demonstrate that molecular dynamics simulations can
semi-quantitatively reproduce diffusion and conductivity mech-
anisms in nitrile-based systems, as well as more established
carbonate-based systems, while identifying quantitative short-
comings to be addressed in force eld development. This unique
combination of theoretical and experimental assessments
provide insight into novel chemistries that can be leveraged for
novel low temperature electrolytes. Future studies will focus on
identifying other nitrile-based solvents and solvent combina-
tions that enable low temperature operation below �40 �C, with
This journal is © The Royal Society of Chemistry 2022
the aid of simulation-based predications and experimental
validation.
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