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ABSTRACT: The use of alternative lithium salts, lithium tetrafluorobo-
rate (LiBF4), lithium difluoro(oxalato)borate, and lithium hexafluorophos-
phate (LiPF6), in the ester/fluoroethylene carbonate electrolyte results in
improved low-temperature performance at −20 °C compared to LiPF6 in a
carbonate-based electrolyte, but the room-temperature performance of the
ester-based formulation has significant capacity fade due to the instability
of the solid electrolyte interphase (SEI). Incorporation of electrolyte
additives, lithium bis(oxalato)borate, lithium difluorophosphate, and
lithium bis(trimethylsilyl) phosphate (LiTMSP), into lithium tetrafluor-
oborate (LiBF4) ester-based electrolytes (methyl acetate/fluoroethylene
carbonate-MA/FEC) has been investigated in graphite//Li-
Ni0.6Co0.2Mn0.2O2 cells to improve room-temperature cycling stability
without diminishing low-temperature rate performance. The LiBF4-based
ester electrolyte containing 1% LiTMSP delivers the highest reversible capacity at low temperature (−20 °C), while the room-
temperature performance is significantly improved compared to that of the base ester-based electrolyte (LiBF4-MA) and almost
comparable to that of the standard carbonate-based electrolyte. The improved electrochemical performance for 1% LiTMSP at −20
°C is due to the lower charge transfer resistance as supported by electrochemical impedance spectroscopy, and improved room-
temperature performance can be ascribed to the generation of a stable phosphate-rich SEI on the graphite surface as revealed by X-
ray photoelectron spectroscopy.
KEYWORDS: ester electrolytes, low-temperature electrolytes, lithium tetrafluoroborate, lithium bis(trimethylsilyl) phosphate,
lithium-ion batteries, solid electrolyte interphase

■ INTRODUCTION
Lithium-ion batteries (LIBs) are an important electrochemical
energy storage technology due to their high energy density
(∼300 W h kg−1).1 Since LIBs are utilized in a wide range of
applications including consumer electronics, grid-scale energy
storage, power tools, and electric vehicles, operation over a
wide range of operating temperatures without loss of energy
density is critical.2 Current LIBs only produce a fraction of the
room-temperature energy when operated at temperatures
below 0 °C, and the cause for poor energy density is attributed
to several factors including reduced ionic mobility in the bulk
electrolyte and increased resistance at the interfaces.3,4 Since
the electrolyte composition controls Li+ mobility and the
composition and conductivity of the solid electrolyte
interphase (SEI), optimization of the electrolyte formulation
is a common method for improving the low-temperature
performance of LIBs.5−7

Most of the previous approaches toward improving the low-
temperature performance of LIBs were focused on the

development of liquid electrolytes with lower freezing points;
this includes lowering the amount of ethylene carbonate (EC)
in the electrolyte and/or using eutectic electrolyte systems or
adding low-freezing-point diluents.8−10 Introducing low-
melting point/low-viscosity co-solvents such as esters has
been widely elxpored.11−15 However, most esters are not
capable of forming a stable SEI on the graphite surface.16,17

Recent discoveries also found that the competition between
the ion−ion interaction and ion−solvent interaction plays an
important role in low-temperature LIB performance.9,18

However, most of the previous research focused on the
modification of the solvents, and lithium hexafluorophosphate
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(LiPF6) was kept as the primary salt. The impact of the salt on
the low-temperature performance has not been investigated in
detail. A recent report focused on the effects of replacing LiPF6
with LiBF4 or lithium difluoro(oxalato)borate (LiDFOB) in
novel ester-based electrolyte formulations, and the incorpo-
ration of either LiBF4 or LiDFOB resulted in superior cycling
performance compared to the conventional carbonate-based
electrolyte or the ester-based electrolyte with LiPF6.

19 A
detailed investigation of the source of superior cycling
performance observed with LiBF4 and LiDFOB salts in ester-
based electrolyte systems under low-temperature conditions
has been conducted.

The room-temperature cycling performance of LiPF6-based
electrolyte formulations (both the carbonate and ester)
outperformed that of LiBF4 or LiDFOB in ester-based
formulations. The differences in cycling performance have
been attributed to different requirements of the electrolyte at
different operating temperatures.20 At low temperatures,
reduced ionic transport properties and significant charge-
transfer polarization limit cell performance, while room-
temperature cycling performance is limited by the composition
and the stability of the SEI on the graphite anode.4,21,22

Therefore, improvement in the room-temperature cycling
performance of the novel ester-based formulation with LiBF4
salt has been expanded by introducing additives that have been
reported to form a stable SEI on graphite anodes.23−26

In this work, a novel methyl acetate (MA)-based electrolyte
was selected due to its promising liquidus range and potential
applications in low-temperature LIBs. The effects of three
lithium salts, LiBF4, LiPF6, and lithium bis(oxalato)borate
(LiBOB), were first investigated, and then, three different
electrolyte additives, lithium bis(oxalato)borate (LiBOB),
lithium difluorophosphate (LiF2PO2), and lithium bis-
(trimethylsilyl) phosphate (LiTMSP), were investigated with
the ester-based electrolyte formulation, aiming to specifically
address the poor SEI properties and improve the low-
temperature and room-temperature battery performance. The
surface films generated in the presence of the novel electrolyte
formulations were studied via ex situ surface analysis to

understand the effect of additives on the cycling performance
at each temperature.

■ EXPERIMENTAL SECTION
Graphite (91.83% active material, 2% conductive carbon, 6%
polyvinylidene difluoride (PVdF) binder, and 0.17% oxalic acid,
active material loading, 6.38 mg cm−2) and LiNi0.6Co0.2Mn0.2O2
(NCM622; 90% active material, 5% conductive carbon, and 5%
PVdF binder, active material loading, 9.78 mg cm−2) single side-
coated electrodes were obtained from Cell Analysis, Modeling and
Prototyping (CAMP) facility, Argonne National Laboratory, with an
n/p ratio of 1.22. Battery grade LiPF6, lithium tetrafluoroborate
(LiBF4), LiDFOB, fluoroethylene carbonate (FEC), LiBOB, and
LiF2PO2 were supplied by BASF (Germany), and electrolyte grade
MA was obtained from Gotion Inc. (USA). LiTMSP was synthesized
using the procedure as previously described with a very high purity of
over 99% based on 1H NMR spectroscopy.26 All electrodes and
reagents were stored in an Ar-filled glovebox (M-Braun with a ≤0.1
ppm moisture level), and the reagents were used as received.
Cell Construction. 2032-type coin cells were assembled inside an

Argon glovebox (with a ≤0.1 ppm moisture level). The coin cells
consisted of two electrodes (NCM622 13.7 mm and graphite 15
mm), three separators (two 2325 Celgard separators, 19 and 15 mm,
and one Whatman GF/D glass microfiber separator, 15.6 mm), and
100 μL of the electrolyte. The standard electrolyte used in this study
was 1 M LiPF6 in EC: ethylmethyl carbonate (3:7, v/v) denoted STD
was obtained from Gotion Inc. Other electrolyte formulations
investigated include 1 M LiPF6 in MA/FEC (90:10 vol %) (LiPF6-
MA), 1 M LiBF4 in MA/FEC (90:10 vol %) (LiBF4-MA; base), and 1
M LiDFOB in MA/FEC (90:10 vol %) (LiDFOB-MA), and LiBOB,
LiF2PO2, and LiTMSP were added to the base (LiBF4-MA)
electrolyte formulation in a 1 weight percent (wt %).
Electrochemical Testing. After the cells were constructed, a 6 h

wetting period was allowed before initiating cycling. Galvanostatic
charge/discharge cycling was performed in a high-precision Arbin
LBT21084 battery cycler between 3 and 4.2 V. For formation cycling,
NCM622 || graphite full cells were galvanostatically cycled for 5 cycles
at a rate of C/20 for the first cycle, C/10 for the next two cycles, and
C/5 for an additional two cycles at 25 °C. After formation cycling
cells, cells were transferred to a temperature chamber (Tenney
environmental test chamber) at −20 (± 1) °C for low-temperature
cycling. After a 6 h equilibration period, the cells were cycled for 50 or
100 cycles, at a charge rate of 0.2C and a discharge rate of 0.3C at

Figure 1. Charge−discharge cycling performance of NCM 622 || graphite cells with 3 salts in the MA−FEC solvent system and the STD electrolyte
at (a) −20 and (b) 25 °C.
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−20 °C. Another set of cells were built for low-temperature rate
testing (−20 °C), which included a total of 15 cycles (0.1C/0.1C,
0.2C/0.2C, 0.3C/0.3C, 0.5C/0.5C, and 0.1C/0.1C for three cycles at
each rate). A third set of cells were built, for room-temperature (25
°C) cycling; after formation cycling, these cells were cycled for 100
cycles at a rate of 0.5C in a Fisherbrand Isotemp oven. Cells were
built in triplicate for each electrolyte formulation to confirm
reproducibility, and representative data was provided (cell to cell
variation is less than 3%).

Electrochemical impedance spectroscopy (EIS) measurements
were acquired with a BioLogic Multichannel potentiostat/galvanostat
(model: VSP). The impedance spectra were obtained between 20
MHz and 300 kHz with an AC amplitude of 10 mV at −20 °C after
cells were cycled for 50 cycles at the same temperature. Impedance
measurements were taken in the fully charged state of the cells.
Ionic Conductivity Measurements. The ionic conductivity of

the electrolytes was measured at different temperatures: 20, 10, 0,
−10, and −20 °C. The electrolytes were first prepared in an Ar-filled
glovebox with O2 < 0.1 ppm and H2O < 0.1 ppm. Then, 1.5 mL of the
prepared electrolyte solution was sealed in a plastic tube with the
same diameter as the ionic conductivity probe. Tape was used to seal
the connection part to ensure the airtight environment of the
electrolytes. After this, the electrolytes were transferred into a TPS
Tenney Junior environmental chamber (control tolerance ±1 °C) and
held at the desired temperature for 1 h before EIS (Gamry EIS
measurements station). The ionic conductivity at different temper-
atures was calculated by converting the impedance to the ionic
conductivity based on the impedance of a standard NaCl solution
with a known ionic conductivity.
Ex Situ Analysis of the Electrode. At different stages of cycling,

fully discharged cells were disassembled in an argon glovebox, and
electrodes were extracted for ex situ surface analysis. Harvested
electrodes were washed with 700 μL of dimethyl carbonate 3 times to
remove any residual electrolyte. X-ray photoelectron spectroscopy
(XPS) was used to determine the chemical compositions of the
surface films generated on the electrodes at different stages of cycling
with different electrolyte formulations. The washed electrodes were
dried in the argon glovebox antechamber overnight and using a
vacuum-sealed transfer module transferred to a Thermo Scientific K-
alpha spectrometer without air exposure. The binding energy was
corrected based on the C 1s spectrum, assigning the C−C/C−H peak
to 284.8 eV. The pass energy and X-ray spot size were 50 eV and 400
μm, respectively.

■ RESULTS AND DISCUSSION
The charge−discharge cycling performance of NCM622 ||
graphite cells with the alternative lithium salts along with the
STD electrolyte at low temperature (−20 °C) and room
temperature (25 °C) is given in Figure 1a,b, respectively. For
low-temperature cycling, all three MA/FEC-based solvent
systems reveal higher reversible capacities than the carbonate-
based STD electrolyte system. At low temperature, among the
three MA-based formulations investigated, the formulation
containing LiBF4 gives the best cycling performance with an
average capacity of 99.9 mA h g−1 over 50 cycles. Both
LiDFOB and LiPF6 in MA have better cycling performance at
−20 °C compared to the STD electrolyte. However, at room
temperature, the STD electrolyte outperforms all three salts in
the MA-based electrolyte system as depicted in Figure 1b.
When comparing the three Li salts in MA/FEC-based
formulations, only the formulation containing LiPF6 has
comparable reversible capacities (133 mA h g−1) to the STD
(141 mA h g−1). Despite the lower initial capacity, both LiBF4
and LiDFOB electrolytes, as previously reported, have good
capacity retention after 100 cycles, retaining 84 and 94% of
their initial capacities, respectively.19

To understand the influences of the three different salts in
the MA-based electrolyte formulations on battery performance,
ionic conductivities of the electrolyte systems were measured
at different temperatures and are given in Figure 2. The ionic

conductivity of the LiPF6-MA electrolyte (17.01 mS cm−1) is
higher than that of the other two MA-based electrolyte
formulations which have ionic conductivities of 10.70 (LiBF4-
MA) and 12.04 mS cm−1 (LiDFOB-MA) at 25 °C. This can be
attributed to the low dissociation energy of LiPF6 due to the
larger size of the PF6

− anion which is known to form solvent-
solvated ion pairs.27,28 Considering the two formulations with
LiPF6 as the salt, the ester formulation has a much higher ionic
conductivity compared to the carbonate at 25 °C (17.01 vs
7.23 mS cm−1). This implies that solvents influence the ion
transport properties through different intramolecular inter-
actions and through properties related to melting points,
viscosity, etc.28 Previous reports suggest that LiPF6 in
carbonate-based electrolytes has a much higher ionic
conductivity than LiBF4 and that LiDFOB has an ionic
conductivity in between that of LiPF6 and LiBF4.

29 BF4- is
known to strongly coordinate with Li+, resulting in more
contact ion pairs.27 However, in the novel ester-based
electrolyte system, when the temperature decreases, the ionic
conductivity change of the LiPF6-MA electrolyte is greatest
and the change in that of the LiBF4-MA electrolyte is the
smallest, though the relative dimension of the ionic
conductivity does not change. Overall, a clear trend in higher
ionic conductivity for all three Li salts in ester-based
electrolytes was observed compared to the STD electrolyte
over the temperature range of 20 to −20 °C. The improved
low-temperature performance observed with the ester-based
electrolytes compared to the STD carbonate electrolyte is
related to the increased ionic conductivity of the electrolyte
formulations containing esters.19

The log σ versus 1000/T plots for the four electrolytes are
provided in Figure S1 supporting Arrhenius behavior for all
electrolytes and that there are no phase transformations within
the −20−25 °C temperature range measured. Our previous
results showed that the LiBF4-MA electrolyte has a much

Figure 2. Ionic conductivities of the three salts in the MA−FEC
solvent system and the STD electrolyte measured at different
temperatures.
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higher reversible capacity and lower cell polarization than the
LiPF6-MA or LiDFOB-MA electrolyte despite the lower
conductivity at −20 °C.19 This suggests that the ionic
conductivity of the electrolyte may not be the limiting factor
determining low-temperature performance.

To understand the LiBF4-MA electrolyte’s superior perform-
ance at −20 °C cycling, the effect of the salt on cell impedance
was examined using EIS (Figure 3). It has been reported that

the cell impedance, particularly charge transfer impedance
(RCT), varies significantly with the state of charge of the cell.30

Therefore, the impedance of the cells was measured in a fully
charged state. Full-cell impedance spectra typically consist of
bulk electrolyte resistance (Rs; which reflects the conductivity
of the electrolyte, separator, and the electrode), solid-state
interface layer resistance (RSEI/CEI; represented by a semicircle
at high frequency), and faradaic charge transfer resistance

Figure 3. (a) Equivalent circuit used for interpreting the EIS spectra. Rs = solution resistance, RSEI/CEI = SEI/CEI layer resistance, Ranode = anode
resistance, Rcathode = cathode resistance, and CPE = constant phase elements representing capacitance on each interface. (b) Solution resistance
values obtained by fitting the spectra. (c) Nyquist plots of the 3 salts in MA−FEC electrolyte formulations and the STD electrolyte taken in the
fully charged state after 50 cycles at −20 °C.

Figure 4. Charge−discharge cycling performance of NCM 622 || graphite cells with STD; LiBF4-MA (base); and base with 1% LiBOB, 1%
LiF2PO2, and 1% LiTMSP electrolyte formulations at (a) −20 and (b) 25 °C.
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(RCT; by a semicircle at medium frequency). Figure 3a
represents the equivalent circuit of the full-cell impedance
spectra fitted to obtain the Rs values for the 4 electrolyte
formulations. LiPF6-MA has the lowest solution resistance,
while the STD electrolyte-containing cells have the highest.
The Rs values shown in Figure 3b calculated from the Nyquist
plot (Figure 3c) correlate well with the conductivity data
shown in Figure 2. Nyquist plots reveal that the STD
electrolyte has the highest RCT value after low-temperature
cycling, while the cells containing the LiBF4-MA electrolyte
have the lowest. Charge transfer impedance includes multiple
reaction-dependent steps related to Li+ charge transfer.
Multiple reports have identified desolvation of solvated Li+

as the limiting step in this process which determines the low-
temperature performance.4,7,31 Therefore, it can be concluded
that while ionic conductivity of the electrolyte is a major

component affecting the low-temperature performance, the
charge transfer process is a key factor that limits low-
temperature performance of the Lithium ion battery; thus,
the superior low-temperature performance of the LiBF4‑MA
electrolyte can be attributed to the lower charge transfer
kinetics.

As discussed in Figure 1b, the room-temperature cycling
performance of the ester-based electrolyte formulations has
lower capacities compared to that of the STD electrolyte
despite having good capacity retention. Previously, it was
suggested that the inferior performance at room temperature
could be due to the instability of the SEI on the graphite anode
(despite having higher ionic conductivities compared to the
STD electrolyte at RT; Figure 2) and that FEC alone may not
be sufficient to form a protective SEI resulting in continuous
decomposition of the salt and MA.19 Since the LiBF4-MA

Figure 5. F 1s (left), P 2p (center), and B 1s (right) XPS spectra of the graphite anodes after 5 formation cycles at 25 °C with different electrolyte
formulations.
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electrolyte formulation provided the best capacities at −20 °C,
a further investigation has been conducted to improve room-
temperature performance in LiBF4-MA electrolyte-containing
cells without compromising low-temperature performance.
Thus, the LiBF4-MA electrolyte formulation was modified by
introducing electrolyte additives to generate a more stable SEI
on the anode surface. Long-term cycling of the LiBF4-MA
electrolyte containing various electrolyte additives at low
temperature (−20 °C) and room temperature (25 °C) is
provided in Figure 4a,b, respectively. Cells with ester-based
electrolyte formulations have superior performance compared

to the STD electrolyte formulations for cells cycled at low
temperature (−20 °C). Cells containing the STD electrolyte
have an average capacity of ∼72 mA h g−1 after 100 cycles,
whereas LiBF4-MA, the base electrolyte (blue), has an average
capacity of ∼99 mA h g−1. Incorporation of 1% LiBOB (gray)
and 1% LiF2PO2 (orange) results in a slight decrease in the
overall capacity of the cells at low temperature, while addition
of 1% LiTMSP (green) improves the low-temperature capacity
resulting in the highest average capacity of ∼105 mA h g−1

over 100 cycles. Low-temperature rate performance (−20 °C)
along with initial formation cycling capacities of NCM622 ||

Figure 6. F 1s (left), P 2p (center), and B 1s (right) XPS spectra of the graphite anodes after 50 cycles at 25 °C with different electrolyte
formulations.
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graphite cells of the different electrolytes is provided in Figure
S2. At higher rates, the capacity of cells cycled with the STD
electrolyte is significantly decreased compared to that of the
cells cycled with the ester electrolyte formulation. Incorpo-
ration of 1% LiTMSP or 1% LiF2PO2 into the base ester
formulation results in significant improvements in the
capacities at high rates.

Cells cycled with the STD electrolyte still have the highest
initial capacity and capacity retention (∼132 mA h g−1 average
capacity over the 100 cycles) at room temperature (Figure 4b),
but incorporation of additives significantly improves the
performance of ester-based formulations compared to that of
the base ester electrolyte formulation (LiBF4-MA), which has
an average capacity of ∼97 mA h g−1 and a capacity retention
of only 84%. Cells containing 1% of added LiTMSP, which has
the highest initial capacity of 129 mA h g−1, have a significant
increase in the capacity retention with 91% of the initial
capacity after 100 cycles. Addition of 1% LiBOB and 1%
LiF2PO2 results in slightly lower initial capacities of ∼122 and
120 mA h g−1�, respectively, but incorporation of these
additives provides better capacity retention (94.3 and 94.6%,
respectively) after 100 cycles.

To understand how the incorporation of the different
additives leads to improved low- and room-temperature cycling
performance, XPS was conducted on the graphite anodes of
the cells after formation cycling (Figures 5 and S3), room-
temperature (25 °C) cycling (Figures 6 and S4), and −20 °C
cycling (Figure S5). As depicted in Figure 5, surface films
generated with the STD electrolyte after formation cycling
appear to differ from the surface film derived from ester-
containing electrolytes.32,33 The anode surface films generated
from the ester-containing electrolytes contain peaks character-
istic of boron-containing species (B−F at 192 eV).34

Moreover, additional differences are observed for the ester-
based electrolyte formulations which contain different electro-
lyte additives. Compared to the electrolytes containing
additives, increased intensities for O 1s [C−O/C�O at 533
eV (Figure S3)], F 1s (LiF at 685 eV), and B 1s (B−O at 192
eV, B−F at 193 eV) spectra observed for the base ester
electrolyte (LiBF4-MA) suggest that more decomposition of
the LiBF4 salt has occurred to form a thicker SEI in the
absence of additives. A thinner SEI was observed with the
different electrolytes containing additives as suggested by
reduced peak intensities for C 1s, O 1s (Figure S3), and F 1s
(LiF at 685 eV, LixPFyOz at 687 eV). In addition, significant
differences in surface film composition were observed for
electrolytes containing 1% LiTMSP or 1% LiBOB. A
phosphate-rich SEI (134 eV) is observed with added 1%
LiTMSP, while an SEI rich in oxalatoborates (B−O and B−F
at 192/193 eV) is observed for electrolytes containing 1%
LiBOB.24,34 Similar to the electrolyte containing LiTMSP, the
surface film generated from the 1% LiF2PO2 electrolyte
consists of an inorganic-rich SEI which primarily consists of
LiF and LixPFyOz and boron-containing decomposition
products from BF4

−.23,34

After low-temperature cycling at −20 °C (Figure S5), there
are only small changes to the chemical composition of the
anode surface film derived with STD, base ester (LiBF4-MA),
1% LiBOB, 1% LiF2PO2, and 1% LiTMSP electrolytes
suggesting minimal SEI evolution between formation and
low-temperature cycling. This is evident from relatively similar
peak intensities and shapes observed with the elemental

spectra for the same electrolyte compositions after formation
cycling and after low-temperature cycling.

However, upon cycling at 25 °C for 50 cycles, the chemical
composition of surface films on the graphite electrodes with
the base ester (LiBF4-MA), 1% LiBOB, and 1% LiF2PO2
electrolytes (Figures 6 and S4) has changed significantly
generating thicker surface films. For the base electrolyte
(LiBF4-MA) and the 1% LiBOB electrolyte, increased
intensities for peaks characteristic of O-species [C−O, C�O
at 533 eV (Figure S4)], LiF (685 eV), and boron species (133
eV) suggest more decomposition products on the graphite
electrode.34,35 The SEI generated from the base electrolyte is
primarily composed of the reduction products of LiBF4 and
FEC, while the SEI generated from the 1% LiBOB-containing
electrolyte is dominated by LiBOB reduction products.34

Similarly, when electrolytes containing 1% LiF2PO2 are
utilized, the SEI is dominated by the decomposition products
of LiF2PO2 as supported by increased intensities for LiF (685
eV) and LixPFyOz (687 eV in F 1s and 136 eV in P 2p).23

Alternatively, a lower LiF to LixPFyOz ratio in the F 1s
spectrum and increased intensities in O 1s spectra [C−O, C�
O at 533 eV (Figure S4)] for the STD electrolyte suggest that
the carbonate solvent decomposition is more dominant
compared to salt decomposition as the SEI changes during
room-temperature cycling.35 However, minimal changes to the
surface composition upon extended cycling are observed for
cells cycled with 1% LiTMPS suggesting less evolution of the
SEI over a wide operating temperature.24,26

To understand how the different surface films formed with
the additives affect the cell impedance, EIS measurements were
performed at −20 °C in a fully charged state after cells were
cycled at low temperature (−20 °C) for 50 cycles, and the
Nyquist plots are presented in Figure 7. RCT values are
consistent with the low-temperature cycling performance
illustrated in Figure 4a. Addition of 1% LiTMSP results in
generation of lower RCT compared to its base electrolyte
(LiBF4-MA), and this further confirms that RCT of the cell is
the major limiting factor determining the low-temperature
cycling performance of the cells.4,30

Figure 7. Nyquist plots of NCM 622 || graphite cells with STD;
LiBF4-MA (base); and base with 1% LiBOB, 1% LiF2PO2, and 1%
LiTMSP electrolyte systems, measured in the fully charged state after
50 cycles at −20 °C.
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■ CONCLUSIONS
From the 3 salts investigated in MA−FEC-based electrolyte
formulations, 1 M LiBF4 in MA/FEC has the best low-
temperature performance (reversible capacities of ∼100 mA h
g−1) despite having lower bulk ionic conductivity at low
temperature. EIS results suggest that the improved low-
temperature performance likely results from lower RCT in
LiBF4-MA-containing cells which leads to lower cell polar-
ization, as previously reported.19 While the LiBF4-MA-
containing cells have excellent low-temperature cycling
performance compared to the other three formulations,
room-temperature capacities are inferior to those of the
other two salts. It was hypothesized that the improved low-
temperature performance of ester formulations could be
coming from the improved physiochemical properties
(improved bulk conductivity, lower RCT), but these properties
are unlikely to be the most important factors determining
room-temperature performance. Stable room-temperature
cycling performance is dominated by the formation of a stable
SEI on the graphite electrode. The hypothesis has been
investigated via the incorporation of four different electrolyte
additives that have been reported to improve both low- and
room-temperature cycling performance, for the LiBF4-MA
formulation. Incorporation of all the additives results in
improved low-temperature and room-temperature perform-
ance compared to the base formulation (1 M LiBF4-MA),
while the electrolyte containing 1% LiTMSP has the best
overall performance. XPS analysis of the graphite surface
reveals a generation of a phosphate-rich SEI, which has been
previously reported to improve the cycling performance of the
cell.
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