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Use of Ethylene Carbonate Free Ester Solvent Systems with
Alternative Lithium Salts for Improved Low-Temperature
Performance in NCM622|| Graphite Li-ion Batteries
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An investigation of alternative lithium salts, lithium tetrafluoroborate (LiBF,), lithium difluoro(oxalato)borate (LiDFOB) and
lithium hexafluorophosphate (LiPFs), in novel ester-based (methyl acetate/fluoroethylene carbonate- MA/FEC or methyl
propionate/fluoroethylene carbonate- MP/FEC) electrolyte formulations has been conducted in LiNig ¢Cog,Mng,0, (NCM622)/
graphite cells to improve low temperature cycling performance of lithium ion batteries at —20 °C. Improved low temperature
performance was observed with all the lithium salts in MA/FEC electrolyte while comparable room temperature (25 °C) capacities
were observed with LiPF salt only. Detailed ex-situ analysis of surface films generated with LiBF,, LIDFOB and LiPFj in ester-
based electrolytes reveals that the solid electrolyte interphase (SEI) is predominately composed of lithium salt decompaction
products and addition of 10% FEC (by volume%) may not be sufficient at forming a protective SEIL
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Among rechargeable battery technologies, Lithium-ion batteries
(LIB) remain the primary option for many applications ranging from
consumer electronics to electric vehicles (EV). However over the
past few years LIB applications have been further expanded to other
areas such as grid scale energy storage and aerospace systems.'™
With such diverse areas of applications, LIBs need to be able to
successfully perform over a wide range of operating temperatures,
particularly at subzero tempertures.” However, the performance of
LIBs at low temperature is still largely limited by (1) reduced Li™
transport properties of the bulk electrolyte and (2) high charge
transfer polarization from sluggish kinetics at the interphase (slow
de-solvation and intercalation of Lit particularly for graphite
electrodes).* Since electrolyte plays a crucial role in LIB perfor-
mance at low temperature, optimization of the electrolyte formula-
tion can be used to improve performance. Therefore, electrolyte
formulation developments based on (1) lowering the melting point of
the bulk electrolyte, and (2) formation of a low impedance
interphase are considered to be some of the key design concepts to
improve low temperature performance by enhancing the Li"
transportation.

Conventional LIB electrolytes contain ethylene carbonate (EC),
which has a high dielectric constant, aiding in lithium ion solvation.
EC also actively participates in solid electrolyte interphase (SEI)
formation on graphite anodes due to the low reduction potential.®™
Unfortunately, EC also has a high melting point (36.5 °C), which
leads to lower lithium ion conductivity at subzero temperatures
making EC containing electrolytes problematic for low temperature
applications. There has been significant interest in reducing the
amount of EC in the electrolyte by introducing different esters and
other low melting point carbonates as co-solvents.”™!! Esters are
particularly attractive solvents for low temperature -electrolyte
formulations since they have low viscosity, high dielectric constants
and low melting points. Previous investigations have reported that
low molecular weight esters in carbonate solvent blends can improve
the lithium ion conductivity at low temperature.'>'* In particular,
methyl acetate (MA) has been reported to be used as the sole solvent
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in electrolytes for LIB for fast charging applications at room
temperature.'* Both fast charging at room temperature, and low
temperature operation of a battery have common challenges asso-
ciated with slow lithium ion transport in the bulk electrolyte, and
sluggish charge transfer kinetics at the electrode/electrolyte
interfaces.'” Therefore, developing a high ester concentration
electrolyte formulation can be beneficial for low temperature
operations. Though low molecular weight esters like MA provide
excellent transport properties that are unmatched even by complex
ternary or quaternary solvent blends, ester based formulations have a
narrow electrochemical window, particularly at the low potential of
lithiated graphite. The MA is continuously decomposed which limits
the lifetime of the battery. The reductive decomposition is similar to
EC but unlike EC the reductive decomposition of the ester solvents
does not result in the generation of a protective film on graphite
anode allowing graphite to reversibly lithiate and delithiate.® Since
the stability of the SEI formed on graphite anodes depends upon the
structure of the solvents in the electrolyte formulation, EC is
frequently considered an important component of the electrolyte.

In order to eliminate EC from the electrolyte, researchers have
introduced SEI forming additives to the ester electrolyte
systems.'®!” Dahn et al. showed that upon the addition of vinylene
carbonate (VC) to ethyl acetate (EA) or methyl propionate (MP)
based electrolyte formulations in NMC]|| graphite cells delivers
similar capacity retention at high temperature and improved rate
performance and lower impedance than observed with standard
carbonate electrolytes.'” Their work showed that ester based
solvents can be used without any EC, when enough VC is added
to form a stable SEI. Inspiration has been drawn from this work and
improved low temperature performance has also been demonstrated
with MP, fluoroethylene carbonate (FEC) and LiPF4 electrolyte
formulations.'® A direct comparison between MP and MA electro-
lytes with FEC compared to the current state of the art electrolyte
system (1M LiPFg in EC: EMC; 3:7) has been conducted.

In addition to the important effects of the solvents and additives,
the lithium salt plays a key role in determining the low temperature
performance of LIB. The lithium salt in the electrolytes participates
in the SEI formation and thus plays an important role in determining
the Rer.!” Frequently investigated anions include PFq~, BF, ", and
BF,(C,0,4)" have varying degrees of association strength with the
Li* which will influence the viscosity and the conductivity of the
electrolyte. This will directly affect the Rct of the cell as the degree
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of Li* solvation/de-solvation is a critical part of charge transfer
kinetics.?® Therefore, it is very important to find the right combina-
tion of solvents, additives, and salts for improving the low
temperature performance. In this manuscript, the effects of replacing
LiPF¢ with alternative Li salts such as lithium tetrafluoroborate
(LiBF,) or lithium difluoro(oxalato)borate (LiBF,(C,0,), LiDFOB)
in an ester based electrolyte (MA/FEC) and (MP/FEC) systems have
been investigated.

Experimental

Single side coated graphite electrodes and LiNiy¢Cop,Mng,0,
(NCM622) were provided by the Cell Analysis, Modeling and
Prototyping (CAMP) facility, Argonne National Laboratory (ANL)
with electrode compositions of 91.83% active material (Superior
Graphite SLC1520P), 6.38 mg cm ™2 active material loading and 2%
conductive carbon, 6% polyvinylidene difluoride (PVdF) binder and
0.17% oxalic acid as an additive for graphite anodes, and 90% active
material content, 9.78 mg cm > active material loading and 5%
conductive carbon and 5% polyvinylidene difluoride (PVdF) binder
for NCM622 electrodes. Battery grade fluoroethylene carbonate
(FEC), lithium hexafluorophosphate (LiPFg), lithium difluoro(oxa-
lato)borate (LiDFOB) and lithium tetrafluoroborate (LiBF;) were
obtained from BASF (Germany). Battery grade methyl acetate (MA)
and methyl propionate (MP) were supplied by Gotion (USA). All the
chemical reagents were stored in an Ar filled glove box (M-Braun)
with <0.1 ppm moisture level and were used without further
purification.

CR 2032 type coin cells were assembled with NCM622
(13.7 mm diameter) and graphite (15 mm diameter) electrodes,
three separators [one Whatman GF/D glass microfiber (15.6 mm in
diameter) between two Celgard 2325 (19 &15 mm in diameter)], and
100 pl of electrolyte solution in an argon glove box with oxygen and
water contents <1 ppm. Three separators are used to minimize the
damage to the electrode surface for ex-situ analysis. Both NCM622
and graphite electrodes were dried at 110 °C under vacuum over-
night before cell assembly. The electrolytes investigated include 1 M
LiPF¢ in ethylene carbonate (EC): ethyl methyl carbonate (EMC)
(3:7 vol%) denoted as standard electrolyte (STD) from Gotion Inc.
Ester-based electrolytes were prepared with alternative lithium salts;
LiPFg, LiBF,4 and LiDFOB in a mixture of MA, MP and FEC solvent
mixture in a Ar filled glovebox. All the electrolytes tested in this
study are summarized in Table I.

The NCM622/graphite full cells were galvanostatically cycled at
25 °C for 5 formation cycles between 3—4.2 V at a rate of C/20 for
the first cycle, C/10 for the next two cycles and C/S for an additional
two cycles using a high precision battery cycler (Arbin LBT21084).
After the formation cycles at 25 °C, cells were transferred to a
temperature chamber (Tenny environmental test chamber) at —20
(+/— 1) °C for low temperature rate testing and cycling. After a 6 h
equilibration period rate testing was conducted at —20 °C for 15
cycles applying varying charge and discharge C-rates of 0.1C/0.1C,
0.2C/0.2C, 0.3C/0.3C, 0.5C/0.5C, and 0.1C/0.1C respectively for
three cycles at each rate. After rate testing, the cells were cycled for
50 cycles at a charge rate of 0.2C and discharge rate of 0.3C at
—20°C. Similarly, for the room temperature (RT, 25 °C) cycling
another set of cells were transferred to a temperature chamber

Table 1. Electrolyte formulations.

Electrolyte ID Electrolyte formulation

STD 1 M LiPFs in EC: EMC (3:7 vol%)
LiPFs-MA 1 M LiPFg in MA: FEC (90:10 vol%)
LiPFs-MP 1 M LiPFg in MP: FEC (90:10 vol%)
LiBF,-MA 1 M LiBF, in MA: FEC (90:10 vol%)
LiBF,-MP 1 M LiBF, in MA: FEC (90:10 vol%)
LiDFOB-MA 1 M LiDFOB in MA: FEC (90:10 vol%)
LiDFOB-MP 1 M LiDFOB in MP: FEC (90:10 vol%)

(Fisherbrand Isotemp oven) and after formation cycling these cells
were cycled for 100 cycles at a rate of 0.5C. At all temperatures,
cells were cycled between 3—4.2 V using a constant current-constant
voltage (CC-CV) cycling mode with CV step corresponding to 1/20
of the applied current of each C-rate at the top of charge during
formation cycles. For remaining cycling protocols (low temperature
rate and long-term cycling, and room temperature long term cycling)
CV step corresponds to 1 min duration on the top of the charge. The
rate was calculated based on the reversible capacity of NCM622 at
0.1C rate which is 180 mAhg™". Cells were prepared in triplicate for
each electrolyte formulation to confirm reproducibility, representa-
tive data is provided. Cell to cell variation is less than 3%.

For X-ray photoelectron spectroscopy (XPS), cells were dis-
sembled in an Ar-glove box after formation cycling and long-term
cycling (at the end of cycling at —20 °C). Graphite and NCM 622
electrodes were extracted from fully discharged cells and extracted
electrodes were rinsed with 3 x 500 pl of extra dry dimethyl
carbonate (99+%, Acros, DMC) to remove residual electrolyte and
dried under vacuum overnight. XPS measurements were acquired
with a Thermo K-alpha system using Al Ka radiation (hv = 1486.6
eV) under ultra-high vacuum conditions (<1 x 10—12 atm) with a
measured spot size of 400 pum. Samples were transferred into the
XPS chamber with a vacuum transfer vessel to avoid exposure
to air. The binding energy was corrected based on the C 1s of C—C at
285.0 eV.

Infra-red with attenuated total reflectance (IR-ATR) spectra of
graphite electrodes and NCM 622 electrodes after formation cycles
were obtained on a Bruker Tensor 27 spectrometer, using a Pike
MIRacle horizontal ATR accessory equipped with a germanium
crystal in a nitrogen-filled glovebox. All spectra were collected with
512 scans at a spectral resolution of 4 cm™'. An atmospheric
compensation and baseline correction were applied to all spectra.

The morphology of the surface films on graphite electrodes were
examined by ex-situ Field-emission scanning electron microscopy
(Zeiss Sigma VP) (FE-SEM) at 7.00 kV with a secondary electron
detector (SE2). Graphite electrodes extracted from full cells after
formation cycles, at the end of 50 cycles at —20 °C, and at the end
of 100 cycles at RT were rinsed with DMC and then transferred to the
SEM chamber with minimum air exposure. Elemental distribution of
the graphite surface films was obtained with Oxford Instruments X-max
50 mm? energy dispersive X-ray spectroscopy (EDX) detector.

Results and Discussion

The low temperature rate performance (—20 °C) along with
initial formation cycling capacities of NCM622| graphite cells
containing alternative lithium salts in MP and MA based electrolytes
with 10% FEC are provided in Figs. la—1c. As presented in Fig. 1,
reversible capacities during formation cycles were slightly lower for
all the ester-based electrolyte formulations compared to the cells
cycled with STD electrolyte irrespective of the type of the lithium
salt used, while the best performance for an ester based formulation
was observed with the LiPFs-MA electrolyte. This can be taken as
an indication for the need of further optimization of the ester based
electrolyte formulations by introducing SEI forming additives to
improve initial capacities. Even with the low initial capacities,
significant improvements in rate performance at low temperature
were observed for the cells cycled with ester-based formulations
compared to the STD electrolyte. The discharge capacities for cells
cycled with the STD electrolyte significantly decrease with higher
C-rates, delivering 80 mAhg™"' and 50 mAhg™" at 0.3C and 0.5C,
respectively. There is also a clear trend where the cells containing
MA as the cosolvent outperform cells containing MP for faster C-
rates (from 0.2C to 0.5C) irrespective of the lithium salt.

Significant improvements are observed for cells cycled with
LiBF4-MA and LiDFOB-MA electrolyte at C-rates as high as
0.5C, delivering higher discharge capacities of ~80 mAhg™' and
~70 mAhg™', respectively, compared to the STD electrolyte.
Overall, the low temperature rate capabilities are greatly improved
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Figure 1. Charge-discharge cycling performance of NMC 622 | graphite cells with (a) 1M LiPFg (b) 1M LiBF, (c) 1M LiDFOB as the salt at different C rates at

—20 °C.

in both MA and MP containing electrolytes in which LiBF, and
LiDFOB have been used as Li salts. The clear trend of improved
rate capabilities at low temperature for all ester-based electrolytes
regardless of the Li salt is most likely due to the increased
conductivity of ester solvent blends (MA or MP/FEC) compared
to the analogues carbonate solvent blend (EC/EMC) in the STD
electrolyte.'®*1*? In an interesting, related investigation, the ionic
conductivity of a electrolyte system consisting of 1M LiPFs in EMC:
FEC (19:1) demonstrated relatively a lower conductivity compared
to STD. However, in this work we speculate that replacing EMC
[melting point: =53 °C, and dielectric constant at 25 °C: 2.985] with
lower melting point and high dielectric constant solvent such as MA
[ melting point: —98 °C, and dielectric constant at 25 °C: 6.68]
would likely increase the ionic conductivity of 1M LiPFg ester-based
electrolyte compared to standard electrolyte.”> However, differences
in the performance within the ester-based electrolytes arise from the
type of lithium salt used and a further study investigating how
physical-properties of ester-based electrolytes correlates with im-
proved low temperature performance will be conducted in future.
Therefore, a thorough study is needed to understand the interaction
of different Li salts anions with solvents and the composition of the
interphase at the electrodes.

The comparison of the galvanostatic voltage profiles of
NCM622/graphite full cells at their first charge and discharge cycle
at different C-rates for ester-based electrolytes with LiPFg, LiBF,
and LiDFOB salts at —20 °C is depicted in Figs. 2a—2e. The reduced
charge and discharge capacities with increasing C-rate for all the
electrolyte formulations is due to the increase in cell polarization
during low temperature cycling as depicted in Fig. 2.* However,
cells cycled with LiBF,-MA and LiDFOB-MA show less polariza-
tion than cells with STD electrolyte during charge and discharge at
0.3C and 0.5C which enables cells to deliver more capacity.
Interestingly, as depicted in Fig. 2e, cells cycled at —20 °C with
LiBF4-MA electrolyte not only have the lowest polarization but also
deliver the highest capacity despite the lower conductivity reported
for electrolyte systems containing the LiBF, salt.** The results are
consistent with previous investigations that suggest that the lower
Rer related to the use of LiBF, salt may be the dominant factor for
improved low temperature performance.**>

Although higher capacity can be obtained with the LiBF,-MA
electrolyte, the presence of a high voltage plateau during 0.5C
discharge suggest that lithium plating may be occurring during fast
charging at —20 °C.?® Whereas for the cells cycled with LiDFOB
salt in ester-based electrolyte the improved performance may
originate from the desirable surface films generated from LiDFOB

decomposition on both the graphite anode and the NMC622
cathode.””*®

Long term cycling performance at —20 °C for ester-based
electrolytes with alternative Li salts are presented in Figs. 3a—3c.
Reversible capacities for cells cycled with MA/FEC ester-based
electrolyte for all the alternative Li salts outperformed cycling with
the STD electrolyte (average capacity of 82 mAhg™") at the same
conditions. While the best capacities were observed for the
LiBF,-MA electrolyte (average capacity of 96 mAhg™ "), cells
containing the LiDFOB salt in both MA/FEC (average capacity of
94 mAhg ') and in MP/FEC (average capacity of 87 mAhg™') have
improved low temperature performance. The improved performance
observed with MA/FEC is most likely due to the reduced viscosity
coming from smaller molecule ester chain of MA compared to MP.

For any potential electrolyte to be used for LIB it is vital for the
electrolyte to be able to operate over a wide temperature range. To
assess the performance of the ester based alternative Li salt
electrolyte formulations long term cycling was conducted in
NCM622/graphite cells at RT. As illustrated in Fig. S1, cells cycled
with the STD electrolyte have better cycling performance compared
to all the ester-based electrolytes irrespective of the type of the Li
salt used. However, with all 3 alternative Li salts, the solvent blend
with MA/FEC has slightly better performance compared to MP/
FEC. Comparing the different Li salts investigated in both MA and
MP ester based electrolytes, LiPF¢ has comparable performance to
the STD electrolyte at room temperature. Despite the lower capacity
upon cycling at room temperature, both LIDFOB and LiBF, salts in
MAV/FEC have good capacity retention after 100 cycles with a
capacity retention of 94% and 84% of their initial RT capacities of
127 mAhg ™" and 105 mAhg ™", respectively. Even though excellent
low temperature performance was observed with the alternative Li
salts in ester-based solvents, the inferior performance at RT could be
due to the instability of the SEI on the graphitic anode. The
improved low temperature performance of the ester-based electro-
lytes is primarily due to the increased electrolyte conductivity from
the favorable physicochemical properties of the esters such as low
melting points and low viscosities compared to the carbonate
counterparts.'® However, at room temperature, electrolyte conduc-
tivity is unlikely to be the most important factor determining the
cycling performance. The stability and the composition of the SEI
generated on the graphite anode is more likely to be the most
important factor in determining capacity retention at RT. In the
novel electrolyte systems, the reductive decomposition of FEC may
not be sufficient at forming a protective SEI on the graphitic anode
which would lead to continuous salt and ester reduction and poor
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Figure 3. Cycling performance of NMC 622 | graphite cells with (a) 1M LiPFg (b) 1M LiBF, (c) 1M LiDFOB as the salt at C/5 charge and C/3 discharge rate

rates at —20 °C.

cycling performance. The high association strength of LiBF, is
known for its poor stability at the anode surface.'® In the absence of
a protective SEI, BE,~ will be continuously reduced at the anode,
leading to poorer cycling performance observed during RT cycling.
Therefore, further investigations are needed to improve the wide
temperature operation of LiBF,, LIDFOB and LiPFs in ester-based
systems to uncover a good balance between stable SEI formation and
high bulk ionic conductivity.

To understand the composition and the evolution of the surface
film formed on the electrodes in the presence of each electrolyte
formulation, X-ray photoelectron spectroscopy (XPS) was con-
ducted on the electrodes after formation cycling and after cycling
at —20 °C.%° Cls, Ols, Fls, Bls and P2p spectra of the surface films

generated on graphite anodes at different stages of cycling with
different electrolyte formulations are provided in Fig. 4 and the
elemental concentrations of the surface films generated on graphite
anodes at different stages of cycling are provided in Table II. Pristine
graphite electrodes contain 72% C and 27% F due to the presence of
PVdF binder and 1% O from oxalic acid and oxygenated impurities
on the surface of the graphite. The relative intensity of the graphite
peak at 284.5 eV for C—C/C—H and the total concentration of C are
both decreased upon cycling suggesting that the surface of the
graphite anodes is covered by a surface film. The initial surface films
formed on the graphite electrode differ based on the different Li salt
used. The surface film generated on graphite electrodes from the
STD electrolyte is composed primarily of organic species including
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Figure 4. Cls, Ols, Fls, Bls and P2p XPS spectra of the surface films formed on graphite anodes with different electrolyte formulations at different stages of
cycling.

Table II. Elemental concentrations of the graphite anode surface films with different electrolyte compositions at different stages of cycling.

After Formation After —20 °C Cycling
C (0} F B P C (0} F B P
Pristine 71.6 1.0 27.4 — — 71.6 1.0 27.4 — —
Std 38.5 15.8 45.1 — 0.6 38.9 18.8 41.8 — 0.5
LiPF¢-MA 39.1 18.6 413 — 1.1 37.4 23.6 37.8 — 1.2
LiBF,-MA 26.5 17.9 46.7 8.9 — 27.5 17.6 46.1 8.8 —
LiDFOB-MA 41.9 27.1 239 7.1 — 40.1 32.8 19.9 7.3 —

lithium alkyl carbonates but also contains Li,CO;3 (289 eV and PVdF peak (688 eV) is lower suggesting that the high LiF
290.3 eV in Cls) and LiF (685.2 eV in Fls spf:(:tra).30’31 After concentration in LiPF¢-MA electrolyte results from FEC decom-
formation cycling, cells containing LiBF,-MA and LiPFs-MA position rather than LiPFg decomposition.'® The LiBF,-MA
electrolytes generate a LiF rich initial SEI. This is evidenced electrolyte formulation has the highest F and B concentrations
by the higher intensity of LiF (685.2 eV) peak compared to the for the initial SEI, this agrees with the previous reports
PVdF (688 eV) peak in Fl1s spectra. In the carbonate based STD suggesting that LiBF, containing electrolytes generate a LiF,
electrolyte, the intensity of the LiF (685.2 eV) relative to the B-O, B-F rich SEI from the BF,~ decomposition."’
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Figure 5. FE-SEM (top) and SEM-EDX overlay images (center) and SEM-EDX elemental mapping (bottom, Blue- Carbon, Red- Oxygen, Green-Fluorine, light
blue- Boron) of the SEI layer after 50 cycles at —20 °C with each electrolyte formulation.

The LiDFOB-MA electrolyte generates an SEI with a higher
concentration of O than F. This is evident by the much higher O
content compared to other electrolyte formulations. The Bls
spectrum contains a broad peak corresponding to B-O (192 eV)
and B-F (193 eV) species. In the Cls spectra for the LiDFOB-MA
electrolyte there is a high intensity peak at 290 eV characteristic of
lithium oxalate and other oxalate containing species.'®*>>* The IR-
ATR spectra of the graphite anodes after formation cycles (Fig. S2)
confirm the generation of the lithium oxalates and other oxalato
borate species by the presence of strong peaks at 1760, 1650 and
1320 em™" with the LIDFOB-MA electrolyte.'® The results support
LiDFOB reduction at the anode and formation of an oxalate and
oxalato borate rich SEI on the graphite anode.

After cycling at —20 °C for 50 cycles with the STD carbonate
electrolyte, more Li,CO3, lithium alkyl carbonate (290.3 eV in Cls
and 532 eV in Ols spectra) and Li,O (528.8 eV in Ols) are
deposited on the anode surface generating a carbonate rich SEI from
solvent decomposition. In cells containing the LiBF,-MA electro-
lyte, the intensity of the peak corresponding to the B-F species
(686.2 eV in Fls and 193 eV in Bls spectra) has increased along
with F and B concentrations on the surface indicating LiBF,-MA
containing cells have a LiF, B-O and B-F rich SEI resulting from
the decomposition of BF, ™. This agrees with previous investigations
which suggest that in the absence of a stable SEI, BF,  is
continuously reductively decomposed.’® With the LiDFOB-MA
electrolyte, prolonged cycling at —20 °C results in a significant
increase in O and B containing species (C-O at 286.6 eV, CO; at
289 eV, 290.3 eV and poly VC at 291 eV in Cls spectra). The
presence of poly(VC) results from the reductive decomposition of
FEC. 3435

FE-SEM images and the SEM-EDX images of the initial SEI
formed with each electrolyte formulation are provided in Fig. S3.
The SEI generated from the two electrolytes with LiPFg have similar
morphologies after formation cycles despite the differences in
elemental compositions, as observed by XPS spectroscopy. After
formation cycling with the LiBF,-MA electrolyte, spherical LiF

particles are observed on the graphite surface. The spherical particles
range in size from about 0.5-1 pm in diameter and are evenly
distributed on the surface. The FE-SEM with EDX layered image
and the elemental mapping images of the graphite electrodes after
50 cycles at —20 °C with different electrolyte systems are provided in
Fig. 5. After low temperature cycling, SEM images reveal signifi-
cantly different morphology on the surface of the graphite particles in
the two electrolyte systems containing LiPFs. Graphite particles
cycled with the STD electrolyte have a grainy rough surface, the
EDX elemental mapping reveals that the granular shaped particles
have a high concentration of oxygen. The granular shaped particles are
likely EC decomposition species such as Li,CO; and lithium alkyl
carbonates.®’ Graphite anodes cycled with LiPF¢-MA electrolyte
generate a much smoother surface film on graphite. The spherical
LiF particles formed on the graphite surface in cells containing
LiBF,-MA during the initial formation cycling have not changed in
shape or size upon the additional cycling. However, after the long term
cycling at —20 °C, rod like structures are observed on the graphite
particles which can be identified as plated lithium from the EDX
mapping. This confirms that the voltage plateau observed with
LiBF,-MA at high rates in Fig. 2 results from lithium plating.
Additional magnifications of FE-SEM images are provided in Fig.
S4. Cells cycled at room temperature (25 °C) for 100 cycles with
LiBF,;-MA electrolyte also contain spherical LiF particles on graphite
electrodes (Fig. S5). The morphology of the graphite surface film
generated with LIDFOB-MA electrolyte does not change significantly
after 50 cycles at —20 °C.

XPS spectra (Ols, Fls, B1s and P2p) of the surface films formed
on NMC622 cathodes after formation cycling and after low
temperature cycling with different electrolyte compositions are
provided in Fig. S6. Elemental concentrations of the surface films
are provided in Table SI. After formation cycling there are only
small changes to the surface of the cathode cycled with the STD,
LiPFs-MA and LiBF4-MA electrolytes suggesting minimal cathode
electrolyte interphase (CEI) formation on NCM622 surfaces. This is
evident by the presence of the lattice O peak at 529.6 eV in Ols
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spectra with these electrolyte formulations. However, considerable
changes are observed to the cathode particle surface when the
LiDFOB-MA electrolyte is used consistent with the formation of a
CEI as evidenced by the disappearance of the lattice O peak and the
appearance of B-F and B-O peaks in Bls and Fls spectra. This
agrees with the previous reports which indicate LIiDFOB generates a
passivating film on both the anode and the cathode surfaces.>® The
generation of a passivating film on the cathode likely contributes to
the improved LT performance for the LiDFOB-MA formulation.
Upon extended cycling at —20 °C there are no significant changes to
the CEI formed with the different electrolyte formulations.

Conclusions

In this study, three different lithium salts LiPFs, LiBF, and
LiDFOB were investigated in 90% ester (MA or MP) based
electrolyte formulations with 10% of FEC over a wide operating
temperature range. Compared to the standard carbonate-based
electrolyte, cells cycled in MA/FEC electrolyte with all the alter-
native salts have improved performance at low temperature. Of the
three different lithium salts, in MA/FEC ester-based electrolytes
formulations, LiBF, has the best cycling performance at —20 °C
while the LiDFOB salt containing electrolyte has the second best
performance having reversible capacities of 96 mAhg™' and 94
mAhg™" respectively. However, upon replacing MA by MP, a
decrease in reversible capacities is observed which is most likely due
to the increased viscosity from replacing the lower molecular weight
MA by relatively higher molecular weight MP. In contrast, the initial
room temperature capacity is lower for the ester-based electrolytes
with LiBF, and LiDFOB, while the LiPF¢ salt containing ester
electrolytes have comparable initial capacity and capacity retention to
the STD electrolyte. Even though excellent low temperature perfor-
mance was observed with the alternative Li salts in ester-based
solvents due to the increased electrolyte conductivity from the
favorable physicochemical properties of the esters, the inferior
performance at RT is likely due to the instability of the SEI on the
graphitic anode. Therefore, electrolyte conductivity is unlikely to be
the most important factor determining the cycling performance at
room temperature instead the composition and the stability of the
anode SEI is the most important factor. Ex-situ surface analysis of
graphite anodes cycled with alternative salts in ester-based electrolytes
reveals that continuous electrolyte decomposition, particularly decom-
position of the salt anion occurs upon long term cycling generating an
SEI primarily composed of lithium salt decomposition products. This
further suggests that the reductive decomposition of FEC may not be
sufficient at forming a protective SEI on the graphitic anode for these
ester based electrolyte formulations. Further investigation is needed to
successfully employ these novel electrolyte systems over a wide
operating temperature range by finding the right balance between
stable SEI generation and high bulk ionic conductivity.
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