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ABSTRACT: The operation of lithium-ion batteries (LIBs) at low
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operation. This outstanding electrochemical performance is further
supported by electrochemical impedance spectroscopy (EIS) in three-
electrode pouch cells to investigate the internal resistances between
cathode and anode, as well as careful structure and composition characterizations at the electrode interfaces. This work offers
a new avenue for high-performance LIBs capable of ultralow-temperature charging—discharging operation.
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applications from the already commercialized mobile
phones and laptop computers to electric vehicles (EVs)
and energy storage systems (ESSs). In accordance with the
diverse applications of LIBs, the cells should be able to maintain
their energy and power densities under a wide range of operating
temperatures.1 However, typical LIBs containing carbonate-
based conventional liquid electrolytes have suffered from various
impedance issues such as ohmic resistance caused by poor
electrolyte transport properties and sluggish charge transfer at
the electrode interfaces.””* These limitations are exacerbated at
subzero temperatures because of insufficient ionic conductivity,
freezing of the electrolyte, and sluggish Li* desolvation at the
interphase, resulting in poor electrochemical performance.”™’
As arepresentative example, it has been previously observed that
full cells consisting of Li;,Nij;5Coq ;oMny ssO,llgraphite and
carbonate-based electrolytes have produced only 28% of their
room-temperature discharge capacity at a 0.1C rate and —20
OC.S
As these limitations stem from the electrolyte, improving the
low-temperature electrochemical performance should also arise
from the optimization of its components. Previous studies for
enhancing the low-temperature operation of LIBs have been
generally dedicated to (1) lowering the freezing point of the bulk

Lithiurn-ion batteries (LIBs) have been expanding their
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electrolyte to maintain a liquid phase at low-temperature in
order to maintain sufficient ionic conductivity”'’ and (2)
forming low-resistance solid-electrolyte interface (SEI) layers on
the anode side'"'” and a cathode-electrolyte interface (CEI)
layer on the cathode side”'” to reduce the resistance of the
charge transfer and Li-ion (Li*) diffusion through the interfaces.

Carboxylate esters have been previously considered as
promising additive solvent candidates for low-temperature LIB
electrolytes because of their beneficial physicochemical proper-
ties.”''* For instance, ethyl acetate (EA) was previously
chosen because of its low freezing point (T;) of —84 °C and a
suitable dielectric constant of 6.02, which produced" a high
ionic conductivity of 0.2 mS cm ™ at the ultralow temperature of
—70 °C when paired with 1 M LiTFSL"® However, the cathodic
stability was constrained to 1.5 V vs Li/Li*, which indicates that
this electrolyte is not capable of utilizing graphite as an anode.
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Even though higher-concentration carboxylate ester-based
electrolytes were able to expand the reduction stability to ~0
V (Li/Li*)," the compatability of such systems with full cell
LIBs over long term cycles at low temperatures has been rarely
reported.

Our recent work has demonstrated methyl propionate (MP)
as a promising solvent for the low-temperature operation of
graphitellgraphite dual-ion batteries (DIBs)'® and Li-sulfurized
polyacrylonitrile (LillSPAN) batteries.'” While previous ester
systems have been demonstrated, the acetate family has
generally been attributed to poor reductive stability in addition
to problematic high-temperature characteristics, while the
butyrate class typically displays increased viscosities.”'® MP is
particularly promising for low-temperature electrolytes because
of its extremely low freezing temperature of —87.5 °C; relatively
high boiling point of 79.8 °C; and low viscosity (0.43 cP), which
is lower than that of dimethyl carbonate (DMC), 0.59 cP, the
lowest viscosity of the conventional carbonate solvent family.
These physical properties of MP lead a high ionic conductivity at
low temperature (Table S1). In addition, molecular dynamics
(MD) simulation shows that the MP/FEC electrolyte system
displays a solvation structure in which PF4~ partially participates
in the solvation, with calculated Li*/solvent coordination
number of 3.3, lower than the Li*/solvent coordination number
(3.7) in the 1 M LiPF; EC/DEC system.” This behavior is
attributed to the partial participation of PF~ in the solvation,
which is similar to the contact ion pair (CIP) solvation structure
that is commonly associated with a high Li* transference number
and imgproved electrochemical stability at room temperature
(RT)."*~*° However, to the best of our knowledge, the effect of
such ester electrolyte chemistry on low-temperature charge and
discharge behavior in NMCllgraphite type full cells has not been
studied.

In this work, we report a major advance by demonstrating
stable charge and discharge cycling of LiNij;33Co,33Mng 330,
(NMC111) ligraphite pouch-type full cells at temperature as low
as —40 °C. Using the ester-based electrolyte consisting of
MP:FEC (90:10 vol %) with 1 M LiPF, abbreviated as M9F1,
we show significantly enhanced electrochemical cycling
performance at —20 °C, far superior to the industry standard
carbonate electrolytes. It also exhibits 60% capacity retention at
—40 °C compared with RT charge and discharge operation. The
outstanding electrochemical performance is further supported
by electrochemical impedance spectroscopy (EIS) in three-
electrode pouch cells to investigate the internal resistances
between cathode and anode, as well as careful electrode interface
characterizations. This work offers a new avenue for high-
performance LIBs capable of ultralow-temperature charging—
discharging operation.

First, it was found that the ionic conductivity (5;) of the MOF1
electrolyte is significantly improved compared with that of the
conventional ethylene carbonate (EC)-based LP40 and LP30
electrolytes (LP40 = 1 M LiPF4 in EC:DEC (5:5 vol %); LP30 =
1 M LiPF, in EC:DMC (5:5 vol %)), especially at temperatures
below —20 °C (Figure la and Table S2). Specifically, the o; of
MOF1 was found to be 2.48 mS cm ™! at —60 °C, whereas LP30
and LP40 showed sudden o; drop from —30 and 0 °C,
respectively, which is typically related to the phase transition
from liquid to solid of the electrolytes. Through the application
of differential scanning calorimetry (DSC), it was found that
MOF1 did not undergo a phase change between —90 and 50 °C,
despite the relatively high freezing point of FEC (Figure 1b).
However, LP30 displayed a freezing point at —21.9 °C, whereas
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Figure 1. (a) Ionic conductivities (6;) of different electrolytes
measured at various temperatures from —60 to 30 °C. The
measurements of 6; were recorded for each 10 °C. (b) Differential
scanning calorimetry (DSC) heating curves of different electrolytes
consisting of 1 M LiPF for electrolyte phase confirmation. Samples
were cooled to —90 °C and then heated up to 50 °C with 2 °C min™".
Optical images of different electrolytes after storage for 12 h at —20
°C (c) or —80 °C (d). Electrolyte solution (1 mL) was added in each
glass vial. Liquid phase and solid phase are indicated by blue and red

rectangle boxes, respectively.

LP40 was found to exhibit two noticeable endothermic peaks at
~0.5 °C as well as —18.1 °C. These phase transitions have been
previously observed in the EC/DEC systems, where the initial
peak corresponds to the initial solidification of EC, while we
believe the secondary peak at —18.1 °C could be attributed to
further internal ordering of the solid similar to a crystalliza-
tion.”"*” The single peak observed in the EC/DMC system is
likely due to the significantly closer freezing points of the two
solvents as compared to the large difference between EC and
DEC (Table S1). The significantly steeper ionic conductivity
degradation observed in LP30 is likely indicative of this trend, as
liquid DEC is likely still present in the LP40 system below 0 °C
(Figure la). These DSC results are also supported through
observation of the electrolytes after storing at —20 and —80 °C
for 12 h. As seen in Figures 1c,d and S1, LP40 and LP30 were
found to freeze after storage at —20 and —40 °C, respectively,
while M9F1 did not freeze even after days of storage at —80 °C.

On the basis of the outstanding ionic transport properties of
MO9F1, NMCl111llgraphite pouch-type full cells were assembled
for electrochemical performance assessment (Figures S2 and
S3a,b). The discharge capacity of the cell was found to be 157.9
mAh ¢! (based on the cathode mass) for MOF1 with clear SEI
formation peaks in the initial formation cycle, which was similar
to the cells using LP30 and LP40 (Figure S3c,d). Next, the
discharge rate capability test of the cells was assessed after
charging all the cells at 0.1C to observe any variance in kinetic
behavior between the electrolytes at room-temperature. It was
found that M9F1 delivered a discharge capacity of 80 mAh g ™' at
the discharge rate of 10C (Figures 2a,b and S4). Conversely,
almost no discharge capacity was obtained for the cells with
LP30 and LP40 under the same conditions. The rate capability
of the M9F1 was also found to be significantly improved at 2C
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Figure 2. Rate performance results of the NMC111llgraphite pouch
cells and EIS analysis data of the cell at 0% SOC after cycling. (a)
Rate capabilities of full cells evaluated between 2.7 and 4.3 V voltage
window using different electrolytes. All the cells have the same
cathode and anode configuration, and the cell capacity was
calculated and referred to the cathode mass. (b) The normalized
capacity retention of panel a. The retentions are calculated from the
discharge capacity of 0.1C. Nyquist plots of the cells after rate
capabilities at the different temperature between (c) room-
temperature (RT) and (d) —20 °C.

and SC compared with LP30 and LP40. This phenomenon was
further investigated by EIS measurement of the three discharged
cells between RT and —20 °C at 0% stage of charge (SOC)
(Figure 2c,d). The acquired full-cell impedance spectra can be
distinguished by the bulk electrolyte resistance (R;), SEI layer
resistance (Rgg;), anode resistance (R,,,), and cathode
resistance (R.,) (Figure S5a).”> During this analysis, it was
found that the R, of the LP30 and LP40 was substantially
higher than R,,, compared to the other resistances at both RT
and —20 °C (Figure SSb,c). Furthermore, as seen in Figure 2d,
the cathode resistances of LP30 and LP40 were remarkably
increased at —20 °C compared with that at RT, which indicates
that the charge-transfer resistance (R,) on the cathode is more
limiting in this temperature range. This result suggests that the
outstanding cycling at —20 °C may be caused by the extremely
low charge-transfer resistance on the cathode provided by
MOF1.

With the assessment of any prospective electrolyte for use in
LIBs, it is also vital to address concerns regarding operational
reversibility under standard conditions. As such, long cycling
tests were conducted in NMC111lIgraphite pouch-type full cells
at room-temperature, where a capacity loss of only 0.6% was
observed in the M9F1 cell over 300 cycles at 1C charge and
discharge cycling, compared to 5.3% observed in the LP40 cell
(Figure S6a). The M9F1 system was also found to provide
similar advantages in the output voltage retention of the system,
where the energy loss was found to be only 1.3% for the M9F1
system compared to 7.2% in LP40 (Figure S6b). Additionally, to
provide a substantive result regarding the gas generation from
the MOF1 system, three-layer pouch-type full cells were
constructed and the gas volume was measured using the
Arrhenius method (Supporting Information). It was found that
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Figure 3. Low-temperature electrochemical performance of NMC111lIgraphite type pouch cells using different electrolytes. Voltage profiles
during discharge at (a) 0.1C, (b) 0.2C, and (c) 0.5C under —20 °C after room-temperature charge at 0.1C. (d) Charge and discharge cycling
performance of cells at different C-rates (0.1C, 0.2C, and 0.5C) using different electrolytes. The cycling test was conducted on 0.1C for 5 cycles,
0.2C for 10 cycles, 0.5C for 10 cycles, and 0.2C for 100 cycles. The first closed circle at each C-rate is the first discharge capacity after charge at
room-temperature. Following open circles are the repeated charge and discharge cycling after discharge at the same rate at —20 °C. (e) The

normalized capacity retention at first charge from panel d.
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Figure 4. Cathode and anode impedance contributions from (a) the three-electrode pouch cell system. (b) The comparison of charge-transfer
resistance (R,) of the cells using different electrolytes at the temperatures between room-temperature and —20 °C (red = M9F1, black = LP40,
blue = LP30). Nyquist impedance plots of the cells using (c) M9F1, (d) LP40, and (e) LP30. Impedance of the cells were measured at 50% SOC.
Impedance spectra was obtained with a frequency range between 1 mHz and 1 MHz.

after 8 cycles at 0.1C, the cell employing M9F1 ester electrolyte
generated only 0.042 mL of gas compared to 0.1532 mL
generated by the carbonate system (Figure S7and Table S3).
Crucially, the necessity of a 10% FEC content was also observed
via the gassing and cycling comparison between the MIF1
system and a M9SFS formulation (MP:FEC = 95:S in vol.),
where the capacity was shown to sharply decay after only S
cycles (Figure S8), generating 0.1933 mL of gas after 8 cycles
(Table S3). These results not only indicate the practical viability
of the M9F1 system for scale-up but also reveal the critical role of
10% FEC content in passivating the electrode surface, allowing
for stable cycling and reduced gas generation.
NMCI111llgraphite pouch-type full cells were then discharged
at —20 °C after they were fully charged at RT and a 0.1C rate
(Figure 3a—c). Despite similar IR drop behavior, the discharge
capacity of MOF1 was found to retain 84% (133 mAh g') of its
RT capacity (Figure 3a), whereas the cells employing LP30 and
LP40 displayed 61% and 33% of their RT capacity, respectively,
under the same conditions. At the higher C-rate of 0.5C, the cell
employing M9F1 delivered a discharge capacity retention of
70% (111 mAh g™') (Figure 3c). Although the M9F1 system’s
advantage was clearly shown during discharge, this electrolyte
was also found to enable the cycling of these cells at —20 °C
(Figure 3d). In Figure 3d, after an initial formation charge at RT
(closed circle), both charge and discharge were conducted at
each C-rate under —20 °C. Even at 0.1C, the cyclabilities of
LP30 and LP40 faded dramatically in the first S cycles with
significantly unstable Coulombic efficiencies (7). The capacity
deterioration was more severe after charge and discharge rates
were increased to 0.2C and 0.5C. Additionally, the LP30 and
LP40 electrolytes did not exhibit any significant capacity at the
aforementioned higher rates. In contrast, highly stable capacity
retention was recorded at the same operating conditions in the
cells employing MOF1. Assessing the last 100 cycles at 0.2C, 92%
of the cell capacity was retained (i.e., 88 mAh g™ for the 100th
cycle, 95 mAh g~! for the Ist cycle). The retained capacities at
—20 °C and each C rate are summarized in Figure 3e to provide
a clearer comparison. The results from these low-temperature

2019

cycling experiments imply that the charging process of LIBs
remains a monumental challenge that can be solved through the
application of advanced electrolytes.

To further confirm the improved low-temperature perform-
ance of the cells containing M9F1 during operation, EIS
measurements of three-electrode cells was carried out to record
the resistances without influence from the counter electrode
(CE).** In our system, a strip of lithium metal was used as the
reference electrode (RE) in the pouch cells (Figure 4a), and the
EIS was measured at 50% SOC after S cycles at 0.1C to ensure
the stable formation of SEI and CEI layers. First, the R, of
cathodes containing LP30 and LP40 was remarkably increased
at =20 °C compared with that at RT, whereas M9F1 showed
significant improvement over the other cells (Figures 4b—e and
S9). The relatively increased R, of LP40-based cells may be
caused by the solidification of the electrolyte at —20 °C as shown
in Figure lc. However, the R of the anodes was found to be
lower than that of the cathodes, which may suggest that the
charge-transfer kinetics on the cathodes suffers more than that
on the anodes at —20 °C (Table S4). On the other hand, M9F1
provided a significantly reduced cathode resistance, which may
result from the stable interface film on the electrodes and the
improved physical properties at low-temperature. This trend
agrees with the full cell EIS analysis at 0% SOC (Figure 2¢,d).
Our finding is consistent with the recent study on the positive
film-forming behavior of commercial size LiCoO,|Igraphite cells
employing electrolytes with an FEC additive, which suggests
that the impedance of Rgg; and R, is mainly distributed on the
cathode side and that FEC plays a beneficial role."

Three-electrode cells were also investigated for low-temper-
ature discharge capability, which is shown in Figure S10. It was
found that the graphite’s average polarization between room
temperature and —20 °C was 171 and 122 mV for LP30 and
MOF], respectively. The NMC 111, on the other hand showed
substantially increased polarizations of 677 and 241 mV for
LP30 and MOYF1, respectively, which supports the trends
revealed by EIS. However, it is important to note that while
the polarization of the graphite anode is indeed lower than the
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Figure 5. Characterization of electrode surfaces by XPS. (a) O 1s and (b) F 1s regions for graphite anodes; (c) O 1s and (d) F 1s regions for
NMC111 cathodes. All the electrodes were obtained from cells after the cycling test described in Figure 3d.

NMC 111 cathode, its thermodynamic proximity to Li metal
indicates that even small changes in the anode overpotential may
result in Li metal plating.

X-ray photoelectron spectroscopy (XPS) was then conducted
on the NMCI111 cathodes and graphite anodes after cycling at
—20 °C (Figure 3d) to probe the differences in interphase
composition. As observed in the comparison of O 1s spectra
(Figure Sa), electrolyte decomposition products of Li,CO;
(~530.6 eV) and Li,O (528.5 eV) were detected on the
graphite anode cycled in LP40 and LP30 when compared to the
pristine spectra. However, the graphite anode cycled in M9F1
reveals clear C=0 (~531.8 eV) and C—O (~533.1 eV) peaks,
which may suggest that the SEI layer formed by FEC and MP
was largely free of LiCO; species. Further comparison with the F
1s spectra found in Figure 5b reveals a strong LiF peak at 684.5
eV in the spectra formed from M9F1, which could be formed
from FEC or PF~ decomposition."” However, a relatively high
ratio of Li,PF,0, was detected on the anode of LP40 and LP30,
which may indicate the LiF produced in M9F1 is largely formed
via FEC. It is worth noting that significant amounts of Li,CO;
and Li,O have been previously associated with mixtures
containing carbonate solvent molecules and may explain their
absence in cathode interface with M9F1 electrolyte, which is
composed largely of a carboxylate ester.”®

From the viewpoint of cathode surface (Figure Sc), the
significant species found in the O 1s spectra of M9F1 appear as
C=0, C—0, and lattice oxygen at ~533.3, ~ 531.7, and ~529.8
eV, respectively. In the presence of the LP30 and LP40
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electrolytes, however, the peak for lattice oxygen disappeared
with the high intensities of the other peaks. After the surface is
etched for 120 s, however, the clear lattice oxygen peaks were
obtained in the presence of LP30 and LP40 (Figure S11), which
indicates that the CEI formed from these electrolytes was
substantially thicker than that formed in M9F1 during cycling at
—20 °C. As shown in Figure 5d, three peaks from the cathodes
cycled in M9F1 are present in the F 1s spectra: (i) 683.6 eV
ascribed to LiF, which is formed because of the electrochemical
decomposition of FEC and LiPF; (ii) 685.1 eV assigned to
Li,PF,0,, indicative of LiPF¢ decomposition; and (iii) 687.1 eV
responsible for CF, in the PVdF binder. However, the peak
intensity of LiF was significantly decreased in the presence of
LP40 and LP30 electrolyte with a significant increase of
Li,PF,0,, which indicates that most products of the CEI layer
originated from the decomposition of LiPF during cycling. We
believe that the well-known effect of the thin and uniform LiF-
rich SEI and CEI layers for electrochemical stability”® would be
beneficial even at low temperatures.

Furthermore, it was found that the resistive nature of the
graphite anode encouraged lithium metal plating on the surface
during low-temperature charging because of its increased
polarization. The amount of deposited lithium and the speed
of its growth can be controlled by (1) Li" transport
limitations®”*® and (2) the interphasial kinetic resistance due
to its inhomo§eneity,29 which are exacerbated at subzero
temperatures.”” >~ Through the application of scanning
electron microscopy (SEM), it was observed that the graphite
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Figure 6. SEM images of the pristine and cycled graphite electrodes at —20 °C. All the cycled electrodes were obtained from cells after cycling
test described in Figure 3d: (a) pristine graphite and graphite cycled in LP40 (b), LP30 (c), and M9F1(d). Potential profiles at the first charge
and discharge cycle of cells with (e) LP40, (f) LP30, and (g) M9F1 electrolyte at —20 °C.

anodes cycled at —20 °C in LP30 and LP40 presented a
significant amount of mossy and dendritic Li when compared
with the pristine graphite (Figure 6a—c). The anode cycled in
MOF1, however, did not show a significant Li metal presence
(Figure 6d). The growth of Li metal at low temperatures is vital
to avoid for both the safety and the cycling performance of LIBs.
Because the highly reactive nature of Li leads to the loss of
cyclable Li" and the growth and stripping of such metal lead to a
significant increase in SEI, further increasing the polarization of
the cell and reducing cell capacity (Figure 6e—g). This
phenomenon is displayed in the Coulombic efficiency at —20
°C, where the LP30 system displayed an average CE of 94.4%
when cycled at C/10, whereas the M9F1 system displayed an
average CE of 99.5% (Figure 3d). It is also important to note
that the presence of Li metal may lead to an increased initial
discharge voltage due to the decreased potential of Li in relation
to graphite. While this is ostensibly a performance improvement,
the extremely diminished cycle life coincident with such plating
events as well as the safety concerns associated with dendrites
poses an extreme concern for LP30 and LP40 device operation
at low temperatures. Though much higher capacity can be
achieved by M9F1 electrolyte at low temperature, the small
upper voltage plateau shown in the discharge curve at 0.5C from
the M9F1 electrolyte indeed suggests the existence of Li
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deposition on the anode during charging at low temperature
(Figure 6g). Nevertheless, the relatively clean surface of the
graphite particles with small roughness indicates that this
insignificant amount of Li deposition is uniform (Figure 6d).

Though the advantage of the M9F1 electrolyte is clearly
demonstrated at —20 °C, its ionic conductivity of 2.48 mS cm ™
of M9F1 at —60 °C indicates that this electrolyte may enable
stable performance at even lower temperatures (Figure S12a).
To demonstrate this, the pouch cells employing M9F1 were also
cycled at —40 °C, which produced a discharge capacity of 109
mAh g™ ata 0.1C rate (Figure S12). Furthermore, when cycled,
the M9F1 cell was able to display a 94.5% and 96.3% capacity
retention under 0.05C/0.05C, and 0.05SC/0.1C of charge and
discharge, respectively, as well as maintain stable Coulombic
efficiencies. Note that LP30 and LP40 cells were not able to
deliver any capacity because of poor transport properties and
large electrolyte/electrode interfacial resistances at such a low
temperature. Continuous improvement in the rate capability of
NMCllgraphite type full cells for low-temperature charge and
discharge cycling will need further work on the materials and
electrode architecture design, which will be an important topic
for our future study.

To enable wide-temperature battery operation that is of
significant interest for broader applications, high-temperature
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performance of the ester electrolyte should also be probed to
provide a more wholistic system assessment. As such, we have
assembled NMC 11lllgraphite pouch-type full cells with
different electrolytes and cycled them at 45 °C. As shown in
Figure S13, after activation at room-temperature the M9F1 cell
was able to maintain stable 1C cycling with no capacity
degradation after 50 cycles at the elevated temperature. In
contrast, the LP30 cell showed slightly lower initial capacity with
an overall degradation of 4% at 1C. While the M9SES cells show
an initial capacity similar to that of the M9F1 cell at low rate, its
capacity loss reached 10% after SO cycles, indicating the
important role of having a critical composition of FEC in the
ester-based electrolyte. This result suggests that our ester
electrolyte can be tailored for wide temperature range
applications.

In summary, we successfully demonstrated that the capacity
retention as well as Coulombic efficiency of NMC111llgraphite
pouch-type full-cells was significantly improved in the presence
of an MP-based ester electrolyte at the subzero temperatures of
—20 and —40 °C. This aforementioned electrolyte was designed
to endow ionic conductivity at low temperatures with an
extremely low freezing point and LiF-rich interface layers on the
cathode and anode, which facilitate charge transfer at both
charge and discharge cycling. The 1 M LiPF4 in MP:FEC
electrolyte was effective in (1) enhancing the rate capability at
room temperature and outstanding discharge properties at low-
temperatures even at —40 °C and (2) protecting the cathode
and anode by suppressing thick SEI layer formation and metallic
Li deposition. We believe that this electrolyte formula can be
used to improve the low-temperature performance of a variety of
electrode chemistries and holds promise to do so at the pouch-
cell level for more practical applications.
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