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ABSTRACT: Lithium-ion batteries (LIBs) face increasingly stringent demands as their application expands into new areas,
including extreme temperatures and fast charging. To meet these demands, electrolyte should enable fast lithium-ion
transport and form stable interphases on electrodes simultaneously. In practice, however, improving one aspect often com-
promises another. For instance, the trend towards electrolytes forming anion-derived interphases typically reduces
transport efficiency due to weak-solvating solvents. We propose that instead of relying on anions to form the interphase,
leveraging both solvents and anions to form interphases can potentially lead to a balancing point between robust interphase
formation and effective ion transport. Guided by this design principle, 2,2-difluoroethyl ethyl carbonate (DFDEC) has been
identified as the promising solvent. With the new electrolyte using DFDEC as the major solvent and lithium
bis(fluorosulfonyl) imide (LiFSI) as the salt, graphite||LiNio.sMno.1C00.102 full cells are capable of fast-charging and demon-
strate long-term cycling stability with a cutoff voltage of 4.5 V. Notably, the battery shows the capacity retention of 84.3%
after 500 cycles with an average coulombic efficiency (CE) as high as 99.93%. This new electrolyte also enables stable bat-

tery cycling across a wide temperature range (-20 °C to 60 °C), with excellent capacity retention and long cycle life.

INTRODUCTION

Lithium-ion batteries (LIBs) stand as the cornerstone of a
clean energy society, playing increasingly pivotal roles,
particularly in the electrification of transportation. The
multifaceted application contexts of LIBs impose demand-
ing requirements: they must operate efficiently at both low
and high temperatures and possess fast charging capabili-
ties. Addressing these demands necessitates the develop-
ment of an advanced electrolyte system characterized by
decent ionic conductivity, effective interphase formation,
and a wide electrochemical window.!

Interphases, including solid electrolyte interphase (SEI) on
the anode and the cathode electrolyte interphase (CEI) on
the cathode, are critical components for achieving optimal
battery performance.? Since most electrolytes are unstable
during electrochemical cycling, their decomposition prod-
ucts accumulate on the electrodes, forming these inter-
phases. The formed interphases act as protective layers,
preventing continuous electrolyte decomposition while
still allowing lithium-ion transport. Effective and stable
interphases should stabilize the electrodes and mitigate
side reactions between the electrolyte and electrodes. The
practical application of graphite electrodes was only real-
ized after the introduction of ethylene carbonate into the
electrolyte, highlighting the importance of SEI. Similarly,
the high energy density, lithium metal anode based batter-
ies have become increasingly successful which is enabled
by electrolyte and interphase optimization.3-¢ On the cath-
ode side, a robust CEI is crucial for enabling the use of high
energy density Ni-rich cathodes, as it prevents or sup-

presses electrolyte oxidation on the highly catalytic cath-
ode surface. In addition, a good CEI mitigates structural
degradation, crack formation, and transition metal dissolu-
tion.” The significance of SEI and CEI becomes even more
pronounced under extreme conditions, such as high volt-
age, fast charging, and wide temperature ranges.'%-1* In
these scenarios, not only is the stability of the interphase
critical, but its resistance also plays a key role in enhancing
battery kinetics. Consequently, optimizing interphases
through electrolyte development has become a primary
focus in efforts to improve overall battery performance.!>

Current electrolyte design strategy emphasizes achieving
anion-derived interphases to obtain long cycle life. One
example of this is the development of solvent-in-salt, or
high concentration electrolyte (HCE) and localized high
concentration electrolyte (LHCE), where the high salt con-
centration compels anions to appear in the solvation
sheath, contributing to interphase formation!¢-18. The effi-
cacy of this method is evident in many successful electro-
lyte systems designed based on this strategy!® 20, Another
approach to obtain anion-derived interphases involves
weakening solvation strength by fluorinating the solvent,
as seen in fluorinated ethers?!-23. The resultant weaker
solvation between Li* and the solvent allows anions to be
part of the solvation sheath, thereby promoting the for-
mation of an anion-derived interphase.

The strategy of using anion-derived interphases has been
shown to effectively enhance battery cycle life. However,
this often comes at the expense of other important proper-
ties, particularly ion transport kinetics. In HCE and LHCE



electrolytes, the increased ion pairs and aggregates plays a
crucial role in developing anion-derived interphases. How-
ever, these same factors also significantly increase electro-
lyte viscosity and reduce ionic conductivity. The ionic con-
ductivity of LHCE typically ranges from 1 to 2 mS cm™,
while HCE features even lower values. This poor bulk ionic
conductivity severely limits ion transport, particularly un-
der extreme conditions, leading to unsatisfactory perfor-
mance under demanding conditions like fast charging and
operation at low temperatures.1® 2425 To develop an elec-
trolyte capable of meeting stringent requirements simul-
taneously—including fast charging, operation across a
wide temperature range, and extended cycle life—new
electrolyte design strategies need to be explored.

We propose designing an electrolyte system that lever-
ages both solvents and anions to form interphases, moving
beyond the conventional reliance on anions alone. This
approach broadens the selection of potential solvents, in-
cluding those with superior ionic conductivity. Linear car-
bonates, for instance, are appealing due to their low viscos-
ity, low volatility, and cost-effectiveness. In the literature,
there were various studies exploring the use of linear car-
bonate as the major solvent for lithium-ion batteries26-29.
Some approaches are on introducing additives such as Li-
NOs, fluoroethylene carbonate (FEC), vinylene carbonate
(VQ), 1,3,2-Dioxathiolane-2,2-dioxide (DTD) to address the
interphase problem common in linear carbonates.?? Efforts
have also been made to develop HCE or LHCE using linear
carbonates.?”-30.31 Some recent attempts include fluorinat-
ing the linear carbonate to tailor the solvation strength,
which has been believed to facilitate ion desolvation and
interphase transport kinetics.3233 This study also conclud-
ed that partial fluorination in some cases results in better
cycling stability compared to full fluorination that was at-
tributed to locally-polar -CHzF and -CHFz groups in accord
with the analogous study on the ester-based electrolyte.3*
Importantly, ester electrolyte with the -CF:H group
showed the best low temperature performance.

In this work, we designed a new electrolyte system using
linear carbonate as the major solvent and our strategy is
based on the idea of using both solvent and anion to form
the interphases. To balance the ion solvation strength and
interphase formation capabilities, we introduce locally
polar -CHF2 group into diethyl carbonate, leading to a new
solvent—2,2-difluoroethyl ethyl carbonate (DFDEC). The
DFDEC-based electrolyte has sufficient ionic conductivity
to support fast charging and low temperature operation.
The relatively high boiling point of DFDEC also makes it
possible to operate LIB at high temperature as well. More
importantly, experimental and theoretical studies suggest
both DFDEC solvent and bis(fluorosulfonyl) imide (FSI)
anion contribute to the interphase formation on anode and
cathode, validating our design strategy. The combined
merits of DFDEC-based electrolyte enable LIB under ex-
treme conditions such as fast charging, low and high tem-
perature operation, and long cycle life.

RESULTS AND DISCUSSION

As discussed previously, departure from the reliance of
anion to form the interphases gives access to a larger
scope of solvent choices, potentially enabling the LIBs to
operate satisfactorily under various demanding conditions

(Figure 1a). It should be noted that solvent-derived inter-
phase is not necessarily always inferior to the anion-
derived one. For example, ethylene carbonate (EC) derived
interphase is the key enabler for graphite-based LIB under
normal conditions.3> However, its high viscosity prevents
its usage under demanding conditions such as fast charg-
ing and low temperature operation. Diethyl carbonate
(DEC) is a widely used electrolyte co-solvent because of its
low freezing point and low viscosity. Its weak interaction
with Li also facilitates the Li desolvation process.3¢ Howev-
er, DEC alone is not able to form a stable interphase on the
electrode, resulting in solvent co-intercalation and battery
failure. To go beyond, it is necessary to identify other sol-
vents with balanced interphase formation capability and
transport property. In this work, partially fluorinated di-
ethyl carbonate (DFDEC) which has two fluorine atoms on
one ethyl end (Figure 1b) is chosen as the solvent. Com-
pared to fully fluorinated compounds, partial fluorination
allows not only stronger interaction with Li but also coor-
dination with the anions and solvent oxygens owing to the
local dipole, therefore resulting in balanced ion transport
and interphase properties.?>32 3738 Fluorinating DEC sig-
nificantly improves the reversibility of charge-discharge as
shown in Figure S1, suggesting the much-improved inter-
phase. To design an electrolyte meeting all demanding re-
quirements, lithium bis(fluorosulfonyl) imide (LiFSI) is
chosen over LiPF¢ because of the former has higher tem-
perature stability, higher solubility, as well as better inter-
phase forming capability.3° Further optimization of the salt
concentration (Figure S2) leads to electrolyte consisting of
2M LiFSI in DFDEC with FEC additive (denoted as “FLC”)
with satisfactory performance under various extreme con-
ditions. To demonstrate the performance improvement
and the distinct interphase formation of FLC electrolyte,
commercial LP40 electrolyte (1M LiPFs in EC/DEC, 1/1,
wt%) is used as baseline electrolyte for comparison.

The electrochemical stabilities of FLC and LP40 electro-
lytes were evaluated and compared. Cyclic voltammetry
(CV) in Li||graphite cells were measured to understand the
stability of electrolytes on graphite anodes. As shown in
Figure 1c, reversible Li intercalation/de-intercalation in
the graphite is observed in both electrolytes. In LP40, the
reduction peak at 0.67 V is primarily due to EC decomposi-
tion*%41, In the FLC electrolyte, a broad reduction peak at
1.25 V with an onset of approximately 1.8 V is observed
(inset graph of Figure 1c). Linear swipe voltammetry (LSV)
is carried out in Li||Al cells to understand the oxidative
stability of the electrolyte and the results are shown in
Figure 1d. Compared with LP40, FLC has a higher decom-
position onset voltage and a lower response current, sug-
gesting its superior oxidation stability.

To understand the solvation structure and transport of
both LP40 and FLC electrolytes, molecular dynamics (MD)
simulations were implemented.#? The predicted structure
factor S(Q) and ionic conductivity from MD for both LP40
and FLC electrolytes are in excellent agreement with ex-
periments as shown in Figure S3 and Figure le. The pre-
dicted self-diffusion coefficients from MD simulations for
LP40 electrolyte are also in good agreement with the in-
terpolated NMR data from Hayamizu as shown in Table
S1.43 For LP40, MD prediction and experimental results
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Figure 1. (a) Electrolyte design strategies. (b) Molecular structures of DEC and DFDEC. (c) Cyclic voltammetry (CV) curves
of Li||graphite cell using FLC and LP40 electrolytes. (d) oxidation stability window of FLC and LP40 electrolytes. The error
in the measured CV voltage is better than 1mV and in current less than 1pA. (e) Conductivity of LP40 and FLC electrolytes
from experiments and MD simulations at 298 K. (f) Snapshots of MD simulations boxes for FLC electrolytes with solvents
show as wireframe and anions highlighted with blue isosurfaces. (g) Representative Li* solvates from MD simulations of FLC
electrolytes at 298 K. (h) Radial distribution functions for FLC electrolyte with a focus on the Li* environment. Carbonate

oxygen atoms are denoted as Oc, non-carbonate oxygens as EO.

agree well on the degree of correlated ionic motion (ionici-
ty) with MD being 0.58-0.63 and experimental measure-
ment being 0.6.43 It is noted that such agreement is
reached without empirical adjustments or charge scaling
typical for non-polarizable force fields!?, validating the
force field used in MD and the reliability of the simulation
results. The lower ionic conductivity of FLC electrolyte is
attributed to more extensive ionic aggregation confirmed
by MD simulations (Figures S4, 1f). Interestingly, similar
ionicity values of 0.55-0.63 and transference numbers in
the center of mass frame (t:°M) around 0.31-0.37 were
extracted for LP40 and FLC (Figure S5) despite different
states of ion aggregation. This is due to relatively fast ex-
change between the Li* cations and FSI- anions contrib-
uting to ion transport in a more concentrated FLC electro-
lyte. A representative Li* solvate in FLC electrolyte from
MD simulation is shown in Figure 1g, illustrating the pres-
ence of FSI- anion, DFDEC solvent, and FEC additive in the
vicinity of Li* cation. Radial distribution functions (RDFs)
(Figure 1h, Figure S6) of FLC electrolyte showed that Li*-

Oc(DFDEC) first peak is the highest followed by Li*-
Oc(FEC) and Li*-Oc(FSI). A Li* cation is coordinated to 2.13
DFDEC, 1.11 FSI- anions, and 0.88 FEC. Such solvation
structure suggests that both DFDEC solvent and FSI- anion
will make significant contributions to the interphases,
which is the core idea of electrolyte design in this work. In
LP40, Li* has the highest affinity to carbonyl oxygen from
EC followed by carbonyl oxygen from DEC and fluorine
from PF¢ anions. That is, a Li* cation is coordinated by 2.22
EC, 1.39 DEC and 0.57 PFe¢ anions. The influence of the
local dipole induced by -CHF:z group was examined using
RDFs (see Figure S7). They show that F from the -CHF:
group of DFDEC has the highest first shell Li-F coordina-
tion peak around 2.3 A compared to the Li-F(FEC) and Li-
F(FSI). Such direct Li-F contact facilitates the LiF formation
as a result of reduction of the Li+(DFDEC) discussed below.
Importantly, compared with the -CHF- group of FEC and -
CHs group of DFDEC, the polar -CHF2 group interacts with
both O(FSI-) anion and O(FEC). This is indicated by the
strong peaks in Figure S7(b) (marked by red box), which
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Figure 2. Electrochemical performance of Gr[|[NMC811 cells. (a) Long-term cycling stability and (b) Coulombic efficiency at
1C within the voltage range of 2.8 V to 4.5V. Voltage profiles of the cells using (c) FLC and (d) LP40 electrolytes. (e) EIS spec-
tra after 500 cycles. (f) Rate capability of the cells using FLC and LP40 electrolytes.

correspond to H of -CHF: interacting with O of FSI- anion
and carbonyl oxygen of FEC. In comparison, the H from -
CHF group and from -CHs group has weaker interactions
with FSI- anion or/and cosolvent as indicated by Figure
S7(c-d). The importance of tailoring the strength of the
intermolecular Fé--H%* or H*-0% bonds to adjust solvent-
salt interaction, salt solubility and Li* desolvation was re-
cently highlighted.#* The different solvation structures in
LP40 and FLC electrolytes is expected to lead to distinct
interphase formation mechanisms in two electrolyte sys-
tems which will be elaborated later when we discuss the
interphases.

The electrochemical performance was evaluated in the
graphite|[NMC811 full cells. Both graphite anode and
NMC811 cathode are characterized by XRD and SEM (Fig-
ures S8-S11), revealing their crystal structure, purity, and
morphologies. When the cutoff voltage is 4.4 V, the full cell
using FLC electrolyte delivered close to 200 mAh g-! initial-
ly and still has around 196 mAh g-! capacity after 600 cy-
cles, corresponding to a capacity retention of 99.5% (Fig-
ure S12). It is noted that a fast rate of 1C charge-discharge
was used. The FLC electrolyte also demonstrates excellent
capacity retention even when the charge voltage is in-
creased to 4.5 V. Figure 2a and 2b show that at 1C charge-
discharge rate, the 4.5 V full cell using the FLC electrolyte



has a capacity retention of 84.3% after 500 cycles, with an
average coulombic efficiency (CE) of 99.93%. In compari-
son, the graphite||[NMC811 cell using LP40 electrolyte only
retains 19.5% of its initial capacity, with an average CE of
99.65%. Figure 2c and 2d display the charge and discharge
curves at selected cycles. The voltage profiles of the cell
using FLC is highly reversibly while that of the cell using
LP40 has rapid capacity decay and fast overpotential
buildup. Although FLC achieved much better stability over
cycling, the average CE of 99.93% still suggests irreversible
Li* loss probably owing to electrolyte electrode side reac-
tions. Therefore, for beyond the tested cycles, possible
degradation still could happen.*> The electrode/electrolyte
side reactions consumes both electrolyte and available Li
ions in the battery system, leading to interphase accumula-
tion and impedance buildup. Eventually, the battery fails
when there is no available Li* and electrolyte over extend-
ed long-term cycles.

Electrochemical impedance spectroscopy (EIS) was uti-
lized to evaluate the impedance characteristics of the bat-
teries after cycling, as shown in Figure 2e. The analysis
revealed that both the interphase resistance (indicated by
the high frequency semicircle) and the charge transfer re-
sistance (indicated by the middle frequency semicircle) are
significantly reduced in the cell employing the FLC electro-
lyte compared to the LP40 electrolyte. This reduction indi-
cates a more ionically conductive interphase and an en-
hanced protection of the cathode surface in the FLC elec-
trolyte scenario. Notably, the charge transfer resistance,
represented by the second semicircle, is remarkably higher
for the LP40 electrolyte than for the FLC electrolyte. This
observation suggests that the cathode in the cell using
LP40 electrolyte may be prone to severe surface recon-
struction, which is usually associated with the reduction
and dissolution of transition metals. Further support for
this argument is provided by subsequent surface and in-
terphase characterizations. Figure 2f showcases a compar-
ison of the rate performance between the two electrolytes.
As the current density increases, the capacity of the cell
using LP40 electrolyte significantly deteriorates, with diffi-
culty in capacity recovery even when the current density is
reduced back to C/5. This is likely due to irreversible pro-
cesses such as lithium plating on graphite at high current
densities. In contrast, the cell using FLC electrolyte can still
deliver a capacity as high as 130 mAh g at a 3C rate, with
the ability to recover most of the low rate capacity upon
reducing the current density. Despite the FLC electrolyte
exhibiting lower electrolyte bulk ionic conductivity com-
pared to LP40 (Figure S13), its superior overall cell rate
performance suggests that it has significantly lower inter-
phase impedance.

The success of FLC electrolyte hinges on its capability to
form interphases with contributions from both anion and
solvent. The electrolyte-graphite interphase is character-
ized both theoretically and experimentally. DFT calculation
indicates DFDEC makes significant contribution to forming
stable interphase on graphite anode (Figure 3a). When
Li---F(FEC or DFDEC) close contact is present in a solvate,
reduction will occur in the potential range from 1.4 Vto 1.8
V. This DFT prediction is in excellent agreement with the
experimental CV study discussed in Figure 1, where a

broad reduction peak starting from 1.8V is observed. Be-
cause Li---F(DFDEC) contacts are 15 times more frequent
than Li---F(FEC) contacts, Li*(DFDEC) reduction is ex-
pected to contribute to this reduction process much more
than Li*(FEC) reduction. Previous calculations reported
Li*(FEC) reduction without LiF formation for the reduction
peak at 0.9V.*! FEC reduction without LiF formation were
observed at 0.89 V and 1.07 V as shown in Figures S14 and
S15 for the Li*(FEC)(DFDEC)s and Li*(FEC)2(DFDEC)s
model solvates, respectively. This change indicates the
influence of solvate packing on reduction potential. Anion
FSI plays a relatively minor role in interphase formation on
graphite anode, with a weak current at around 1.6 V con-
tributed by contact ion pairs.

To understand the improved electrochemical performance
in FLC electrolyte, post-mortem analysis of the cycled
graphite anode and NMC811 cathode in both LP40 and FLC
electrolyte was performed. X-ray photoelectron Spectros-
copy (XPS) measurements provide surface composition
information. Taking advantage of the synchrotron XPS
with tunable incident X-ray energies ranging from 2000 eV
to 5000 eV, the interphase composition at different depths
is obtained. In the FLC electrolyte (Figure 3b), C=0 and O-
C=0 molecular moieties arising from DFDEC solvent de-
composition are observed in the O 1s spectra. The F 1s
spectra (Figure 3c) indicate the fluorine-containing species
are mostly LiF which should be mostly generated by sol-
vent decomposition. Although FEC decomposition can also
form LiF4¢, the significantly higher Li---F(DFDEC) contacts
in the FLC electrolyte suggest that LiF is primarily formed
by DFDEC. At the low depth corresponding to the side of
interphase close to the electrolyte, small amounts of S-F
containing species are detected, likely resulting from anion
decomposition or residue salt in the FLC electrolyte. The
unchanged oxygen and fluorine XPS results, regardless of
changes in incident X-ray energy, suggests that oxygen-
and fluorine-containing species are uniformly distributed
within the electrolyte-graphite interphase when the FLC
electrolyte is used. This uniform SEI layer on the graphite
anode, composed of organic carbonate species and inor-
ganic LiF, effectively inhibits electrolyte decomposition
and stabilizes graphite anode. Due to EC decomposition,
the SEI formed in the LP40 electrolyte contains solvent-
derived carbonates as indicated by the C=0 and 0-C=0
peaks in the O 1s spectra. These species are uniformly dis-
tributed within the SEI layer, with no significant variation
at different depths. The F 1s spectra suggest that PFs ani-
ons also make considerable contributions to the SEI for-
mation, probably due to the instability of LiPFs salt that is
prone to self-decomposition. These observations are con-
sistent with previous studies of LP40 electrolyte.*? As a
result of residual salt, large quantities of LiPFs accumulate
at the top of the SEI, while its decomposition products
(LixPOyF,, LiF)*’ reside deeper in the interphase which is
closer to the graphite.

The cycled graphite electrodes were also analyzed using
scanning electron microscopy (SEM) and elemental disper-
sive (EDS) mapping. Figure S16 compares the morphology
of graphite after 500 cycles. The graphite anode cycled in
the FLC electrolyte exhibits a more uniform and smoother
surface, indicating better compatibility and reduced side
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reactions at the graphite electrode compared to the case of
the LP40 electrolyte. EDS mapping, which provides de-
tailed information on the concentration and distribution of
different elements, reveals a higher concentration and
more uniform distribution of fluorine species on the graph-
ite surface when using FLC electrolyte (Figure S16). In con-
trast, when cycled in LP40, there is less fluorine species
due to limited salt decomposition. Fluorine species espe-
cially LiF has been widely accepted as beneficial and pro-
tective interphase components.#8-5¢ The higher abundance
of them in the SEI formed in FLC electrolyte lead to better
passivation of graphite anode compared with the LP40
electrolyte. In addition, owing to SEI degradation after
long-term cycles in LP40, regions with minimal or no SEI

coverage are observed on the cycled graphite, as indicated
by the black regions marked in the mapping. These ex-
posed areas render the graphite electrode more suscepti-
ble to side reactions with the electrolyte, leading to the
consumption of both the electrolyte and lithium ion reser-
voir. Consequently, prolonged cycling in LP40 electrolyte
leads to significant impedance increase and capacity decay.
High voltage battery cycling can easily cause transition
metal dissolution. The dissolution and its deposition on the
graphite anode degrades SEI and the long-term battery
performance. Based on the Ni 2p XPS results in Figure 3d,
obvious Ni signals are observed in the cycled graphite in
LP40 electrolyte. Additionally, the lower energy peak lo-
cated at around 852 eV suggests the presence of low
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valence state Ni species (i.e., Ni°) on the anode surface. The
amount and distribution of the Ni signals are further veri-
fied using EDS mapping in Figure 3e. Less Ni signals are
observed in the cycled graphite anode in FLC electrolyte,
suggesting suppressed transition metal dissolution.

Continuous long-term cycling at high voltage usually caus-
es strain buildup in the cathode, resulting in crack for-
mation, which further accelerates the electrolyte and elec-
trode side reactions because of more exposed fresh cath-
ode surfaces. According to the SEM images of the cycled
NMC811 electrode in Figure 4a-b and Figure S17, using the
FLC electrolyte sufficiently suppressed the NMC811 crack
formation. To understand the CEI formed in the FLC and
LP40 electrolytes, XPS measurements were performed.
Owing to the fluorinated solvents and FSI salt in FLC elec-
trolyte, high abundance of fluorine species in the CEI is
observed as suggested by the higher fluorine/carbon ele-
mental ratio shown in Figure 4c. The narrow carbon scan
results (Figure S18) reveal similar carbon species formed
in these two electrolytes, consisting of conductive carbon
(C-C/C-H) and solvent decomposition species (C-O, C=0).
C-F signal is attributed to PVDF binder or fluorinated sol-
vent. Detailed fluorine species analysis is in shown Figure
4e. The FLC electrolyte promotes an interphase consisting
of S-F and LiF because of FSI- decomposition. With the in-
creasing of X-ray energies, the LiF gradually becomes the

dominant component, owing to more complete decomposi-
tion of FSI- closer to the NMC811 surface. The dominance
of LiF formed in the FLC electrolyte suggests better and
more protective CEI formation. In the LP40 electrolyte, the
fluorine signal is composed of PFyO, and LiF due to salt
LiPFs decomposition,®? 52 the PFy0. is always the major
phase at different X-ray energies. Oxygen XPS of the CEI
formed in the FLC electrolyte (Figure 4d) has three peaks
corresponding three different chemical species: SOx spe-
cies from LiFSI decomposition,?® 53 0-C=0 species from
solvent/additive decomposition, and TM-O from bulk
NMC811. As the incident X-ray energy increases, SOx peak
becomes more prominent, indicating more complete FSI
decomposition at the deep layers of the interphase, where
electron is more accessible compared to the surface layers
of the interphase. The dominance of SOx peak and the rela-
tively weak carbon signals indicate that the CEI in the FLC
electrolyte is mainly composed of LiFSI decomposition
products (LiF, SOx, etc)5* FSI- anion decomposition also
generates sulfur species in the CEI (Figure S19). The uni-
form fluorine and sulfur species distribution on the
NMC811 surface in Figure S20 suggests that the FSI de-
rived CEI is uniformly covering and protecting cathode
surface. In LP40 electrolyte, the high carbon amount sug-
gests that the CEI is mostly derived from solvent decompo-
sition, generating C=0 and 0-C=0 species observed in Fig-
ure 4d. The TM-O peak in oxygen XPS originates from bulk
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Figure 5. Electrochemical performance of Gr||[NMC811 cells at different temperatures. (a) Long-term cycling stability at -20
°C. Voltage profiles of the cells cycled at -20 °C using (b) FLC and (c) LP40. (d) Long-term cycling stability at 60 °C. Voltage

profiles of the cells cycled at 60 °C using (e) FLC and (f) LP40.

NMC811. At 2000 eV, compared with the LP40 electrolyte,
the smaller TM-0 signals in the FLC electrolyte suggest a
thicker CEI formation or a better coverage CEI on the cath-
ode surface. This salt derived LiF-rich interphase formed in
the FLC electrolyte enables a more protective CEI on the
NMC811 cathode at high voltage, suppressing transition
metal dissolution and crack formation after long-term cy-
cling.

SEI and CEI studies highlight the synergistic effects of
DFDEC solvent and LiFSI salt in forming robust interphas-
es and enhancing electrochemical performance in FLC
electrolyte. FEC is well known to have good interphase
formation capabilities. To understand its role in the FLC
electrolyte, we performed comparison studies in various
electrolyte systems. First, a comparison is made between
1M LiPFs in DFDEC electrolyte and 1M LiPFs in
DFDEC/FEC (volume ratio 9:1) electrolyte. As Figure
S21(a) suggests, the cell using 1M LiPFs in DFDEC electro-
lyte experiences rapid capacity decay. Adding FEC im-
proves the cycle life, which is suggested by Figure S21(b)
showing the data of cell using 1M LiPFs in DFDEC/FEC.
However, such improvement is limited as the capacity de-
cays to ~70% of its initial value after 200 cycles. This case
study indicates without a proper salt, FEC is not able to
deliver high performance. Similarly, another comparison is
made between 2M LiFSI in DEC/FEC electrolyte and FLC
electrolyte (the only difference is the major solvent which

is DEC in the former and DFDEC in the latter) and the re-
sults are shown in Figure S22. It suggests that without a
proper major solvent, FEC cannot promise long cycle life.
These comparisons indicate that while FEC has beneficial
effect on forming good interphases and extending cycle
life, its role is limited in the FLC electrolyte. The superior
performance of FLC electrolyte is attributed to the syner-
gistic effect of LiFSI salt and the DFDEC solvent, leading to
LiFSI-derived CEI and DFDEC-derived SEI. Combing DFT
calculation and XPS characterizations, DFDEC decomposi-
tion promotes carbonate and LiF-rich SEI on graphite an-
ode, uniformly covering the anode surface and preventing
side reactions. On the NMC811 surface, LiFSI generates S-F
and LiF-rich CEI, inhibiting further electrolyte oxidation
and NMC degradation (i.e., cracking, transition metal disso-
lution, etc.).

The stable and ionic conductive interphases formed in the
FLC electrolyte enable the superior electrochemical per-
formance at more extreme cycling conditions and envi-
ronmental temperatures. In Figure S23, at a current densi-
ty of 2C and high cutoff voltage of 4.5 V, the cell delivers a
high capacity of 188 mAh gt at 5th cycle. Because of con-
stant current constant voltage cycling protocol, the deliv-
ered capacity is larger than the value obtained in the rate
capability test. With the increasing of cycle number, capac-
ity decay and polarization are observed. After 300 cycles
(Figure S23), the graphite||[NMC811 full cell delivers



77.7% of its initial capacity, with a high average CE of
99.81%. When the current density is increased to 3C, the
full cell still delivers 135 mAh g1 capacity after 300 cycles
as shown in Figure S24.

Full cells operating at low temperature and high tempera-
ture are also tested. At -20 °C (Figure 5a, Figure S25), the
FLC electrolyte delivers 171 mAh g capacity at 0.1C and
156 mAh gt at 0.2C. After 90 cycles at 0.2C, the cell still
delivers 141 mAh g capacity, with 90.9% capacity reten-
tion. However, in the LP40 electrolyte, the full delivers 151
mAh g1 capacity at 0.1C, and experiences fast capacity de-
cay at 0.2C for the longer cycles. The charge and discharge
curves in Figure 5b, 5c¢ further confirm the stable cycling
behavior in the FLC electrolyte with minimum overpoten-
tial change, while there is rapid overpotential growth and
capacity loss in LP40 electrolyte owing to the decreased
cell kinetics at low temperature. As confirmed by EIS re-
sults (Figure S26), significantly higher interphase and
charge transfer resistance in LP40 electrolyte greatly im-
pede ion transport at -20 °C, leading to capacity drop and
large polarization. Besides low temperature operation, FLC
electrolyte enables stable cycling at high temperature as
well. The 4.5 V graphite||[NMC811 full cell using FLC elec-
trolyte delivers a capacity of 205.4 mAh g1 at 1C at 60 °C.
After 130 cycles (Figure 5d), the cell delivers a high capaci-
ty of 164 mAh g, retaining 88.8% of its initial capacity. As
for the cell cycling in LP40 electrolyte, the initial discharge
capacity is slightly lower (194.4 mAh g1). After 130 cycles,
the capacity drops quickly, only remaining 28.5% of initial
capacity afterwards. The charge and discharge profiles
from selected cycles are displayed in Figure 5e and 5f. The
stable curve with minimum polarization is achieved when
using the FLC electrolyte, while the capacity decay and
overpotential growth are observed when the LP40 electro-
lyte is used. The superior high temperature electrochemi-
cal performance of FLC electrolyte can be attributed to
several factors. First, LiFSI, which has better thermal sta-
bility than LiPFs, is used as the salt in the electrolyte. The
slightly higher salt concentration of 2M in the FLC electro-
lyte further enhances thermal stability and reduces volatil-
ity.5> More importantly, DFDEC decomposition promotes
carbonate and LiF-rich SEI on graphite anode, while LiFSI
generates S-F and LiF-rich CEI on NMC811 cathode.>®
These inorganic species-rich interphases effectively inhibit
side reactions at elevated temperatures, contributing to
the improved performance of the FLC electrolyte under
high-temperature conditions.

Among the various high-performance wide-temperature
electrolytes reported (Figure S27 and Table S2),17.27,57-63
the FLC electrolyte also shows great potential as a promis-
ing candidate for practical applications across a wide tem-
perature range.

CONCLUSIONS

In this work, we propose a new electrolyte design strategy
which encourages both solvent and anion to contribute to
the interphase formation. Such strategy enables the selec-
tion of solvents with good ion transport properties and can
potentially enable LIBs to operate under extreme condi-
tions such as fast charging, low and high temperatures.
Based on this idea, partially fluorinated linear carbonate-

2,2-difluoroethyl ethyl carbonate is chosen as a new and
major solvent for the electrolyte system FLC. Its synergy
with LiFSI salt led to graphite-electrolyte interphase that is
formed mostly by solvent and cathode-electrolyte inter-
phase that is formed mostly by anion. Therefore, the
graphite|[NMC811 cells using FLC electrolyte achieved
super stable long-term cycling, with a capacity retention of
99.5% after 600 cycles within a voltage range of 2.8 V to
4.4V, and a capacity retention of 84.3% after 500 cycles
within a voltage range of 2.8 V to 4.5 V. Full cell electro-
chemical performance at extreme cycling conditions is also
greatly enhanced by using the developed FLC electrolyte.
After cycling at 2C within 2.8 V to 4.5V, the graph-
ite][NMC811 cell still delivers 77.7% of its initial capacity.
Additionally, the new electrolyte also promotes battery
operation within a wide temperature range (-20 °C to 60
°C) with greatly improved capacity retention and substan-
tially suppressed polarization growth.

EXPERIMENTAL METHODS

Electrolyte and electrode preparation: All the electrolytes
were prepared inside the Argon filled glovebox with con-
trolled oxygen and water level. The conventional electro-
lyte LP40, 1 M LiPFs in ethylene carbonate (EC) - diethyl
carbonate (DEC) (1:1 by weight) is used as baseline elec-
trolyte. The FLC electrolyte was prepared by dissolving
2.0M LiFSI (Nippon Shokubai) in the mixture of FEC
(Oakwood chemical) and DFDEC (SynQuest Labs), the vol-
ume ratio between FEC and DFDEC is 1:4. The water con-
tent is measured by Karl Fischer titration (Metrohm Eco
Coulometer) to be 15-20 ppm. Graphite and NMC811 elec-
trodes were obtained from the Cell Analysis, Modeling, and
Prototyping (CAMP) Facility at Argonne National Labora-
tory (ANL). Graphite anode is composed of 91.83 wt% su-
perior graphite SLC1520P, 2wt% Timcal C45 carbon,
6wt% Kureha 9300 PVDF binder and 0.17 wt% oxalic acid.
NMC811 cathode consists of 90wt% NMC811, 5wt% Tim-
cal C45 and 5wt% Solvay 5130 PVDF binder. The areal
loadings of graphite and NMC811 electrodes are 1.8 mAh
cm? and 1.58 mAh cm?, respectively. The graphite and
NMC811 electrodes were punched into electrode discs
with a diameter of 12.7 mm, dried under vacuum over-
night, and transferred to the glovebox before use.

Electrochemical measurements: The 2032-type coin cells
were used for electrochemical measurements. The graph-
ite|[NMC811 cells were assembled inside the Ar-filled
glove box, using one piece of NMC811 disc as cathode and
one piece of graphite as anode sandwiched by Celgard
2320 separator and 40 pL electrolyte. For the galvanostatic
cycling, the graphite||[NMC811 cells were cycled at 0.1C for
2 cycles, followed by 1C (1C = 1.58 mA cm-?) for the rest of
the cycles within the voltage range between 2.8 V and 4.5
V. For the rate capability test, two formation cycles at 0.1C
were performed first, followed by rate tests in the same
voltage range. The high rate cycling measurements were
carried out using the constant current constant voltage
(CCCV) protocol for both charging and discharging process.
The cutoff current for the CCCV protocol is 0.2C for the 2C
cycling and 0.3C for the 3C cycling. All the room tempera-
ture battery cycling has been performed in the building
with controlled temperature (70 °F) and humidity (50-
55%). For the low or high temperature cycling, 2 formation



cycles at 0.1C at room temperature were carried out, fol-
lowed by long-term cycling at -20 °C or 60 °C in the Tenney
temperature chamber with temperature uncertainty with-
in 1°C.

The anodic cyclic voltammetry tests were carried out from
3.0 V to 5.5 Vin Li||Al cells, at a scan rate of 1 mV s'.. The
errors in voltage and current measurements are better
than 1mV and 1 pA, respectively. For the ionic conductivity
test, it was measured inside Pt||Pt symmetric cells on a
Biologic SP-300 system. The EIS measurements for the
cycled cells were performed over a frequency range of 7
MHz to 1 mHz at controlled temperatures using the Ten-
ney test chamber. The solution resistance at various tem-
peratures was obtained, and it can be converted to ionic
conductivity using the following equation:

l
R=p 2
where [ is the distance between the electrodes, A is the Pt
electrode area, R represents the solution resistance, and p
is the resistivity. The reciprocal of resistivity is the ionic
conductivity. To obtain the /and 4, a standard solution KCI
was used. There might be errors in the measurements
which may mainly come from electrode area and distance
between Pt electrodes. To ensure high accuracies, we per-
formed test for standard solution multiple times. In addi-
tion, ionic conductivity measurements for the electrolytes
are also performed more than once to improve the accura-
cy.
Characterizations: The morphology of the cycled electrode
was characterized by scanning electron microscopy (Hita-
chi 4800) at the Center for Functional Nanomaterials
(CFN) of the Brookhaven National Laboratory (BNL). The
energy dispersive spectroscopy (EDS) characterization of
cycled electrode was carried out using JEOL JSM-7600F at
CFN.

The hard X-ray photoelectron spectroscopy (HAXPES)
measurement was carried out at the National Institute of
Standards and Technology beamline 7-ID-2 of National
Synchrotron Light Source (NSLS) II at BNL. Samples were
transferred to the beamline under Argon gas and intro-
duced into the vacuum chamber to minimize exposure to
air. The cycled NMC811 electrodes were mounted onto
sample holder after washing and drying. Photon energy
selection was obtained using a double-crystal mono-
chromator. Measurements were made with a 400 mm di-
ameter hemispherical electron analyzer mounted perpen-
dicular to the photon propagation direction and parallel to
the electric polarization direction. For the measured data,
the error in the XPS intensity is expected to be better than
1%. The error in photon energy calibration is better than
0.05 eV.

X-ray total scattering was performed at the 28-ID-2 beam-
line of the National Synchrotron Light Source II of
Brookhaven National Laboratory, using a photon wave-
length of 0.1819 A. The raw data were integrated using
Dioptas software®4, followed by intensity correction, back-
ground removal, and Fourier transform in PDFgetx3 to
obtain the PDF data.®s

Molecular Modeling: Reduction potentials are computed
relative to Li*/Li as the difference between free energies of
solvates (A) and their reduced (A-) states using eq. 1

Erefor = 28280 14, (1)

where F is Faraday’s constant. The final figure of -1.4 V
accounts for shifting the computed potential to the Li*/Li
scale.®¢ An additional error of the order of 0.1-0.3 V is
expected for the conversion factor from the absolute scale
to Li*/Li in nonaqueous solvents as previously discussed.®
It is consistent with the previous report of the variation of
the lithium free energy of solvation in water, methanol,
acetonitrile, hydrazine, and ammonia.®’ Gaussian 16 C.02
package was used in conjunction of PCM(g=20)/
wB97XD/6-31+G(d,p) DFT 6869, Our previous calculations
for the esters containing a -CHF2 group showed that low
computational cost wB97XD/6-31+G(d,p) DFT calculations
predicted reduction potential within 0.32 V of the more
reliable and computationally expensive composite G4MP2
calculations as discussed in Xu et al.! This level previously
predicted reduction potentials of Li*/DEC, Li*/DMC,
Li*/EMC, Li*/EC in the range of 0.5-0.68 V, which is in
good agreement with previous experiments and G4MP4
calculations.”?

MD simulations were performed on LP40 and FLC electro-
lytes with simulation boxes comprised of 64 LiPFs dis-
solved in 228 EC and 210 DEC and 96 LiFSI dissolved in
132 FEC and 286 DFDEC and a 342, respectively. Two rep-
licas of FLC electrolytes were simulated. After initial equi-
libration at 363 K for 4 ns, each system was equilibrated at
333 K for 23 ns followed by production runs of 223-284 ns
for FLC electrolyte and 330 ns for LP40. Simulations at 298
K were 520-550 ns after 22 ns equilibration for FLC elec-
trolyte and 329 ns for LP40. To ensure equilibration of
structural properties, it is important that the Li+ cations
would exchange solvent and anions at least a few times.
The calculated residence times” for the Li-Oc(FEC), Li-
Oc(DFDEC) and Li-N(FSI) were 1.6 ns, 6.4 ns and 3.7 ns
establishing the timescale for equilibration of the distribu-
tion of ionic aggregates and Li* solvates at room tempera-
ture. The equilibration runs were multiple times longer
than the longest residence time between the Li* and ani-
ons, ensuring structural equilibration. A time reversible
(RESPA) integrator utilized three-time steps: i) integrating
the contribution from bonds and angles to the forces were
calculated at any 0.5 fs, ii) the contribution of dihedrals
and non-bonded forces within 7 A cut-off was updated at
any 1.5 fs, and iii) the remainder of the forces (reciprocal
space Ewald using k=82 vectors) and non-bonded forces
within 12 A cut-off was updated at any 3 fs. Nose-Hoover
thermostat was used for temperature control with the as-
sociated frequency of 0.01 fs-1. The induced dipoles (p)
were found self-consistently at each 3 fs timestep with the
tolerance of p? < 102 (e*A)2. A previously developed
many-body polarizable APPLE&P force field 7274 was used
with the force field parameters given in the attached ar-
chive for FLC electrolyte.

Conductivity, viscosity and ion self-diffusion coefficients
were extracted using a previously discussed methodology
that included the application of the finite size correction to
self-diffusion coefficients and conductivity.’? A plateau



between 1 ns and 3 ns was used to extract t+:°M and degree
of ionic correlation motion a4 (ionicity) as shown in Figure
S5. Conductivity (o) is typically determined from MD simu-
lations using Einstein relation

— 1 ez N
o = lIm mzj ZiZj (([Rl(t) - RI(O)])([R](t)

t—oo
= R;(0OD)

o=0{+ o5+ ¢4, + 09 — 20, _

where e is the electron charge, VV is the volume of the
sample, kg is Boltzmann’s constant, T is the temperature
and n, and n_ are the number of cations and anions, re-
spectively. The full matrix of the charge displacement con-
tributions to conductivity could be decomposed to the self-
diffusion contributions coming from the diagonal terms
a3e'f + g3¢'f, the off-diagonal terms arising from the corre-
lation of distinct cation - cations and anion - anion motion
od,+ ¢9_ and the off-diagonal distinct anion - anion mo-
tion. Taking only the contributions due to positive ion mo-
tion from the full matrix of displacements [¢$¢'f + o, —
0,_]/o allows one to estimate transference number in the
center of mass frame.”

In the case when all ions are dissociated, and their motion
is uncorrelated the off-diagonal components could be ne-
glected, i. e 0d,+0% —20,_ =0 and one recovers
Nernst-Einstein equation for the uncorrelated conductivity

KUDCOIT

eZ

Ouncorr = WBT (Tl+D+ + TL_D_)
Thus, the ratio of conductivity to oy,corr Characterizes the
degree of ion uncorrelated motion that is also called ionici-
ty or inverse Haven ratio

o oselfigselfy 64, 4 64 20, _

— -1 — —

%a = HR - Ouncorr. - gself
Plotting a4 (t) as a function of simulation time and finding
a plateau allows one to better assess error bars for a,(t)

as shown in Figure S5.

The difference between the solvent and ion self-diffusion
coefficients extracted from two replicas of FLC electrolyte
was below 1.5% indicating the magnitude of statistical
uncertainty. The difference between the Li* coordination
numbers extracted from replica 1 and 2 of FLC electrolyte
was below 1%.
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