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Facilitating widespread adoption of electric vehicles will require next-generation battery systems that can
operate reliably over a large temperature range, at high operating voltage, and under fast charging rates.
Herein, a novel class of nonflammable fluorinated ester-based local high concentration electrolytes
(LHCEs) are described. When cycled in commercially relevant graphite/LiNiggMng1Co10, (NMC811)
pouch cells, these electrolytes demonstrate improved capacity retention compared to carbonate-based
electrolytes under multiple usage conditions including high voltage (4.5 V), fast charge (4C, 15 minutes),
and low temperature (=20 °C) without sacrificing capacity retention at elevated temperature (40 °C). Low
carbon, high fluoride cathode electrolyte interphases formed by the LHCE system yield a significant
reduction in charge transfer impedance during cycling and contribute to capacity retention. These results
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demonstrate that using fluorinated esters in a LHCE modality enables creation of a new class of
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Introduction

There is increasingly a need for lithium-ion batteries (LIBs),
especially for electric vehicles, that can operate under a wide
range of conditions such as wide operating potential and high
rate charging as well as low and elevated temperatures; the
demand for lithium-ion batteries (LIBs) continues to increase,
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nonflammable electrolytes that can successfully operate over broad operating conditions.

especially in the electric vehicle industry. Specifically, LIBs
with wide operating potentials, high rate charging, and
outstanding performance in low and high temperature
environments are sought after.'™ This is because use under
such operating conditions can lead to compromised cycling
stability when wusing industry standard carbonate-based
electrolytes. Therefore, new electrolytes are required to meet
the needs and operating conditions of next-generation LIBs.

A desirable electrolyte for utilization in a battery that can
operate under an array of extreme conditions should possess
moderate (de)solvation energy to allow for Li" dissolution and
transport to the electrode interface, chemical compatibility with
the materials inside the battery, low viscosity, and wide ranges
of electrochemical stability and liquid phase behavior.” Prior
strategies to develop electrolytes with these characteristics
include: (1) low viscosity, low melting point esters®™® for
improving low temperature and fast charge performance; (2)
carbonate based electrolytes with functional salts or solvents as
additives (e.g., vinylene carbonate (VC), lithium bis(oxalate)
borate (LiBOB), and fluoroethylene carbonate (FEC)) to form
chemically robust and thermally stable interfaces for high
temperature>'>** and high voltage'® operation; (3) electrolytes
incorporating flame-resistant additives such as trimethyl
phosphate (TMP), triphenyl phosphate (TPP), and triethyl
phosphate (TEP)™ or liquid polymer electrolytes™ for reducing
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flammability; and (4) non-flammable, non-volatile ionic liquids
with high voltage stability.">"”

The major drawback with the prior approaches is that
each often improves functionality for a specific usage regime
at the expense of other desirable characteristics. For instance,
the use of flame retardant additives can reduce electrolyte
conductivity,’® and often ionic liquids have unacceptably
high viscosity and low conductivity."® Similarly, esters
including methyl acetate,>” ethyl acetate,'® methyl butyrate,*
and methyl propionate** have demonstrated improved
deliverable capacity under fast charge at room temperature®’
and low temperature operation at practical rates,” but are
severely limited by poor oxidative stability at high voltages
during charge, resulting in decreased cell functional lifetime,
particularly at higher temperatures.”***!

Intriguingly, recent reports investigating fluorinated ester
solvents have demonstrated that fluorination improves
oxidative stability compared to non-fluorinated ester analogs
while  imparting  non-flammability and  conserving
functionality — at temperature.”> The electron
withdrawing nature of fluorine is responsible for the
improved oxidative stability, while the low polarizability of
the molecules maintains the liquid phase at
temperature.”>*® Fluorinated esters reported in the literature
as solvents include methyl trifluoropropionate,>* ethyl
trifluoroacetate,*** trifluoroethyl acetate*® and trifluoroethyl
trifluoroacetate.>® Electrolytes based on these solvents can
provide significant enhancement in low temperature
delivered capacity and retention compared to state of the art
carbonate electrolytes.>*>> However, demonstration of the
fluorinated ester based electrolytes in Li-ion cells with
graphite electrodes has been limited with observations
including high first cycle irreversible capacity®® and low
(<140 mA h g™") capacity under high rate (>4C) in graphite/
NMC622 cells.*

Incorporation of fluorinated ester solvents into a local
high concentration electrolyte (LHCEs)*”>° provides a new
opportunity to tune the functional properties of the
electrolyte. In LHCEs, use of miscible but non Li-ion
coordinating diluents enable formation of local domains of
high salt concentration dominated by contact ion pairs and
cation-ion aggregates. The unique solvation structures
facilitate the formation of robust anion derived interphase
layers while mitigating the low wettability and high viscosity
disadvantages inherent to high concentration electrolytes
(HCE) without diluent.**** LHCEs based on fluorinated
carbonate  solvents with fluoroether diluent have
demonstrated low and high temperature function with good
stability against high voltage cathodes, although cycling was
only demonstrated at a low C/3 rate.®® For fast charge
applications, an LHCE with ether solvent (dimethoxyethane,
DME) and fluorinated ether diluent demonstrated improved
delivered capacity under 4C current, but voltage stability was
poor.”® Thus, investigation of new solvents for use in LHCEs
is warranted to achieve operation under expanded usage
conditions.

low

lower
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Experimental
Electrolyte formulation

Electrolytes were prepared by mixing anhydrous salts, solvents,
and diluents in an argon-filled glovebox. Several electrolytes were
tested. 1 mol L™ lithium hexafluorophosphate in 3:7 v:v
ethylene carbonate:dimethyl carbonate (LiPFs EC:DMC) was
used as a control electrolyte, with solvents and salts procured
from Gotion. An alternative lithium bis(fluorosulfonyl)imide
(LiFSL, Gotion) containing control electrolyte was formulated
using 1 mol L™ LiFSI in 3:7 v:v EC:DMC (LiFSI EC:DMC).
Local high concentration electrolytes (LHCEs) were prepared by
initially preparing a 2.25 M HCE by dissolving LiFSI in methyl
3,3,3-trifluoropropionate (MTFP, Synquest) to yield a 2.25 mol

L™ solution. Diluent, either 2,22-trifluoroethyl 1,1,2,2-
tetrafluoroethyl ~ ether  (TFETFE, Synquest),  2,2,3,3-
tetrafluoropropyl trifluoroacetate (TFPTFA, Synquest), or
1H,1H,5H-octafluoropentyl 1,1,2,2-tetrafluoroethyl ether

(OFPTFE, Synquest) was then added in a 1:2 molar ratio of
diluent: solvent, to form the final LHCE. Finally, 10% by weight
of fluoroethylene carbonate (FEC) or vinylene carbonate (VC) was
added to the LHCEs. This yielded: [(2.25 mol L LiFSI in MTFP):
OFPTFE 2:1]:FEC 9:1 (MOF), [(2.25 mol L™* LiFSI in MTFP):
TFETFE 2:1]: FEC 9:1 (MTF), [(2.25 mol L™ LiFSI in MTFP):
OFPTFE 2:1]: VC 9:1 (MOV), and [(2.25 mol L™ LiFSI in MTFP):
TFETFE 2:1]:VC 9:1 (MTV). All solvents, diluents, and
additives used in the electrolytes had water content <20 ppm.

Electrolyte characterization

Viscosity measurements were performed using a RheoSense
microVisc viscometer and associated temperature controller.
Ionic conductivity was measured by electrochemical impedance

spectroscopy (EIS) as described in previous reports.** ™’
Symmetric conductivity cells for EIS were wused. EIS
measurements were performed using a BioLogic VSP

potentiostat with a frequency range of 500 kHz to 100 mHz,
amplitude = 5 mV. Eqn (1) was used to calculate the conductivity.
The cell constant (//S) used for the measurements is 0.21 cm™ .

l
0= s (1)
Flammability measurements were collected by placing 500 uL of
electrolyte in a stainless-steel container and placing the flame
from a butane lighter over the electrolyte for 2 s.

The voltage stability window of the solvents and LHCEs was
assessed using cyclic voltammetry in a 3-electrode cell
configuration with Pt working electrode versus Li/Li". Solutions
of 100 mM LiFSI in the appropriate solvent were used for the
solvent measurements. Cyclic voltammograms were collected
at a scan rate of 20 mV s™', with the voltage incrementally
increased or decreased for upper or lower voltage limit testing,
respectively, until the current density reached 1 x 10 A cm™.
Differential scanning calorimetry (DSC) data of the electrolytes
were determined using a DSC250 differential scanning
calorimeter (TA Inc.). Approximately 10 mg of the sample was

enclosed in an aluminum hermetic pan. The samples were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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prepared in an argon filled glove box. The electrolytes were
cooled from 30 °C to —80 °C at a rate of 5 °C min™".

Materials characterization

Polycrystalline NMC811 (LiNiygMn,1C0010,) with Li,CO;
and LiOH content of 0.64% and 0.43%, respectively, was
procured from Targray while natural graphite was procured
from Superior Graphite. The active materials were analyzed
by X-ray diffraction with data collected using beamline 28-ID-
2 (XPD) at the National Synchrotron Light Source II (NSLS II)
at Brookhaven National Laboratory (BNL). Data calibration,
integration, and Rietveld refinements were performed using
GSAS-IL.** The wavelengths were determined to be 0.1847 A
and 0.1885 A for the XPD experiments in which the NMC and
the graphite data were collected, respectively. The wavelength
was determined by calibration of the data from a LaBg
standard, and all data was collected using a 16 in amorphous
silicon detector with CsI-scintillator. A JEOL JSM-6010PLUS/
LA scanning electron microscope (SEM) with an accelerating
voltage of 10 kV was used to collect SEM images. SEM and
energy dispersive X-ray spectroscopy (EDX) analysis of the
cycled NMC811 electrodes were acquired using a JEOL 7600F
instrument equipped with an EDX detector. SEM images were
acquired using an accelerating voltage of 5 kV with an energy
r-filter to allow acquisition in both secondary electron (SE)
and backscattered electron (BE) imaging modes. EDX maps
were acquired at an accelerating voltage of 20 kv. All the
electrodes were rinsed with dimethyl carbonate (DMC) and
dried in a glovebox prior to data collection.

Cell fabrication and electrochemical testing

NMC811 composite cathodes were fabricated by tape-casting a
N-methyl pyrrolidone (NMP) slurry of 90% NMC811, 5% carbon
black, and 5% polyvinylidene difluoride (PVDF) on carbon-
coated aluminum foil. Graphite composite anodes were
fabricated by tape-casting a slurry of 90% graphite, 3% carbon
black, and 7% PVDF in NMP on carbon-coated copper foil. A
mass loading of 8.5 mg cm™ (1.7 mA h cm™) of NMC811 was
targeted and graphite electrodes were matched to NMC811
such that the N/P ratio was 1.21 + 0.04 (uncertainties are
described throughout as the mean + the standard deviation);
using reversible capacities of 360 mA h ¢ and 200 mA h g™*
for graphite and NMC811, respectively. Single layer replicate
pouch-type cells were fabricated with 20 cm® cathode area,
23.76 cm” anode area. Polyethylene separator was used (25 um
thick, 36% porosity). The dimensions of the pouch cells are
9.25 cm x 7.90 cm and they have a capacity of 34 mA h. 1.6 mL
of electrolyte was added to each cell (9.4 mL gymc ')-

All electrochemical testing was performed at 30 °C unless
otherwise specified. All cells underwent four formation cycles
at a C/10 rate (assuming a theoretical capacity of 200 mA h g™*
for NMC811) from 3.0 V to 4.3 V at a C/10 rate for four cycles
to ensure the formation of an effective SEL.>® Cells were then
cycled according to one of five conditions (1C/1C CCCV, 40 °C,
-20 °C, 4.5 V charge, 15 min charge). 1C/1C CCCV cycling was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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performed under a constant current constant voltage (CCCV)
protocol with 1C charge rate until an upper voltage limit of
4.3 V was reached, with the voltage held at 4.3 V until the
current dropped below the equivalent C/10 rate. The discharge
rate was 1C with a lower voltage limit of 3.0 V. 40 °C cycling
and —20 °C cycling was performed under the same protocol
with variation of the temperature. For the 4.5 V charge cycling
protocol the upper voltage limit was increased to 4.5 V. For
the 15 min charge cycling, a constant current CCCV protocol
with 4C charge rate until an upper voltage limit of 4.3 V was
reached, with the voltage held at 4.3 V until the total charge
time was fifteen minutes. Every 100 cycles, cells received two
recovery cycles at 3-4.3 V, C/10, 30 °C. EIS was collected on
cells using a BioLogic VSP multichannel potentiostat (10 mHz
to 1 MHz, V, = 5 mV) after formation and after the completion
of cycling, with the data collected in the charged state (4.3 V).

Soft X-ray Absorption Spectroscopy (sXAS) characterization

Cathodes were recovered from graphite/NMC811 pouch cells
after 200 fast charge cycles in the discharged state, and were
rinsed, dried, and kept under inert atmosphere prior to
analysis. sXAS measurements were collected at NSLS-II (BNL)
using beamline 7-ID-1. Measurements were carried out under
vacuum at the Ni L-edge (840 to 880) eV using both partial
electron yield (PEY) and fluorescence yield (FY) detectors.
The Athena software package was used to merge and
calibrate data.*’

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were
collected on recovered NMC811 cathodes and graphite
anodes after 200x cycles under the baseline condition.
Measurements were collected at the Center for Functional
Nanomaterials (CFN) at BNL. Measurements were performed
under a base pressure of 5 x 107° Pa in an ultra-high vacuum
chamber. The X-ray source and detector were a non-
monochromatized Al Ko (Av = 1486.6 eV, V = 15 kV, I = 20
mA) source and a SPECS Phoibos 100 MCD analyzer,
respectively. An inert transfer suitcase was used to transfer all
samples from an argon-filled glovebox to the XPS instrument.
A step size of 0.05 eV and an Ep, of 20 eV were used for the
measurement of the C 1s, O 1s, F 1s, P 1s, Li 1s, S 2p, and N
1s spectral regions.

All peak fitting of the XPS spectra was performed with
CasaXPS software.*" A Shirley background function was used
and the line shape was Gaussian-Lorentzian. Eqn (2) was
used to determine the relative concentrations (x;) of all the
surface components.

x, = ~2i/S0). @)
E;Ai/si
i=

Where 4; is area of each component determined from the
fitting and S; is the sensitivity factor for the element
(including instrumental corrections).
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DFT calculations of solvent reduction potentials

The reduction potentials vs. Li*/Li® for different electrolyte
constituents were calculated using DFT. Gaussian 09 code
was used to minimize the energies of salt-solvent-diluent
complexes for all calculations.”? The calculations utilized the
double hybrid functional M06-2X,** the basis set 6-31+G**,
and the D3 dispersion correction.** The implicit SMD model
was employed to account for the solvation environment for
all solvation energy calculations.”® A dielectric constant of 7.2
was used for all electrolytes.”® The reduction and oxidation
potentials with respect to Li'/Li were calculated using the
equations®”*® ER (vs. Li/Li") = ~AGR/F - 1.4 and EO (vs. Li/
Li") = AGO/F - 1.4, where AGR and AGO are the Gibbs free
energy change for the one-electron reduction reaction and
the one-electron oxidation reaction, respectively and F is the
Faraday constant.

Results and discussion

In this work, a new class of LHCEs using fluorinated esters as the
primary solvating species in the system was investigated. The
voltage stability of four fluorinated esters (Fig. 1a): ethyl
trifluoroacetate (ETFA), methyl 3,3,3-trifluoropropionate (MTFP),
2,2, 2-trifluoroethylacetate (TFEA), and 2,2,2-trifluoroethylbutyrate

(a) Solvents
ETFA MTFP
L]
A | o

TFEA TFEB
6
(c)sAs
5
45
4
S35
T 3
52.5
g 2
15
1
05
0
05

ETFA  MTFP  TFEA  TFEB

Fig. 1
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(TFEB), was assessed using cyclic voltammetry (CV) in a
3-electrode cell configuration with Pt working electrode versus Li/
Li". Solutions used 100 mM lithium bis(fluorosulfonyl)imide
(LiFSI) where a limiting current of 1 x 10 A em™ was used to
define the electrochemical stability.*>** Voltage stability windows
are shown in Fig. 1c and the corresponding cyclic
voltammograms are in Fig. S1a and c.f All solvents were found to
have an oxidative voltage stability of >4.5 V vs. Li/Li". However,
MTEFP was the only fluorinated ester to exhibit reductive voltage
stability at 0.05 V. Density Functional Theory (DFT) was used to
augment the experimental findings where computations for the
free solvent MTFP indicated reductive voltage stability —0.01 V
versus Li/Li" and computed oxidative stability of 6.17 V. Based on
these findings, MTFP was selected as the solvent for further
studies in LHCEs.

LHCEs were formulated using the MTFP solvent, with
lithium bis-(fluorosulfonyl)imide (LiFSI) due to its chemical
stability at high temperature compared to LiPF; (ref. 51) and its
ability to form ionically conductive interfaces.*® A HCE was
prepared by dissolving LiFSI in MTFP at an experimentally
determined maximum concentration of 2.25 M, corresponding
to a salt:solvent molar ratio of 1:3.25. Our recently reported
molecular dynamics (MD) simulations of the LiFSI-MTFP HCE
system® indicate that the solvation structure of the HCE is

(b) Diluents
o &
TFPTFA TFETFE
Y 9
) O .
OFPTFE
6
(d),.
5
45
4
S35
3 3
5 25
g 2
15
1
05
0
> TMTpLHCE  MOLHCE  MTLHCE

(a) Solvents investigated for LHCEs: ethyl trifluoroacetate (ETFA), methyl 3,3,3-trifluoropropionate (MTFP), 2,2,2-trifluoroethylacetate (TFEA),

and 2,2,2-trifluoroethylbutyrate (TFEB). (b) Diluents for LHCEs: 2,2,3,3-tetrafluoropropyl trifluoroacetate (TFPTFA), 2,2,2-trifluoroethyl 1,1,2,2-
tetrafluoroethylether (TFETFE), and 1H,1H,5H-octafluoropentyl 1,1,2,2-tetrafluoroethylether. (c) Experimental voltage stability window of
fluorinated ester solvents in (a). (d) Experimental voltage stability of LHCEs: 2.25 M LiFSI in MTFP with 2,2,3,3-tetrafluoropropyl trifluoroacetate
(MTp LHCE), 2,2,2-trifluoroethyl 1,1,2,2-tetrafluoroethylether (MT LHCE), or 1H,1H,5H-octafluoropentyl 1,1,2,2-tetrafluoroethylether (MO LHCE) in

a 2:1 molar ratio.
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comprised mainly of contact ion pairs (FSI" anions coordinating
to 1 Li") and aggregates (FSI” coordinating to 2 and 3 Li"), rather
than solvent separated ion pairs (FSI” coordinating to 0 Li").

Suitable diluents for an LHCE should be miscible with the
primary solvent but not dissolve the Li-based salt on their
own to not disrupt the local salt/solvent coordination
environment of the HCE.*> Three molecules were explored as
diluents (Fig. 1b): fluorinated ester 2,2,3,3-tetrafluoropropyl
trifluoroacetate (TFPTFA), and fluorinated ethers 2,2,2-
trifluoroethyl 1,1,2,2-tetrafluoroethyl ether (TFETFE) and
1H,1H,5H-octafluoropentyl 1,1,2,2-tetrafluoroethyl  ether
(OFPTFE). TFPTFA was investigated as a diluent due to its
increased number of electron withdrawing fluorine atoms
relative to MTFP and thus weakened coordination strength of
the solvating oxygen atoms, as confirmed by MD
simulations.’> The fluorinated ethers TFETFE and OFPTFE
were investigated as they have been utilized successfully in
fluorinated carbonate-based LHCE formulations.**>*

The diluents were added to the ester based HCE using a 2:1
molar ratio of MTFP:diluent, and voltage stability of the
resulting LHCEs was investigated using CV (Fig. 1d and Sib
and df). The oxidative voltage stability limits of all three LHCEs
was between 4.6-4.7 V; however, the reductive voltage stability
limits were favorable for diluents TFETFE and OFPTFE (<0.05
V), while the limit for the TFPTFA containing LHCE was >1.5 V.
Thus, the 2.25 mol L LiFSI in MTFP:OFPTFE (MO) and 2.25
mol L™ LiFSI in MTFP:TFETFE (MT) electrolytes were selected
for electrochemical evaluation in graphite/NMC pouch cells. In
addition to the two LHCE formulations, conventional
carbonate-based electrolytes 1 mol L™ LiPF, in 3:7 v:v ethylene
carbonate : dimethyl carbonate (LiPFs EC:DMC) and 1 mol L™
LiFSI in 3:7 v:v EC:DMC were tested as control electrolytes.
Formation cycling of the cells was performed at a C/10 rate
(based on 200 mA h g™" NMC811) for four cycles with voltage
limits of 3.0-4.3 V. Voltage profiles for cycles 1 and cycle 4 are
shown in Fig. 2a and b. Cells with both LHCE formulations
exhibited a voltage plateau during the initial charge profile that
was absent in the cells with the control electrolytes. This is
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suggestive of capacity associated with electrolyte reduction at
the graphite anode above the lithium intercalation voltage
(0.05-0.1 V vs. Li/Li" (ref. 54)). The subsequent discharges of
cells with the LHCE formulations showed suppressed capacity,
indicating loss of Li inventory during the first charge. First cycle
irreversible capacities (Table S11) were 63 and 76 mA h g™* for
MO LHCE and MT LHCE cells, respectively, compared with only
37-38 mA g for the control cells.

Modification of the negative solid electrode interphase
(SEI) to suppress the irreversible capacity observed in the
LHCE containing cells was done through the addition of
fluoroethylene carbonate (FEC) and vinylene carbonate (VC),
both previously reported as SEI stabilizers.””*?**> The FEC
and VC additives were added to the MO and MT LHCEs
with a 9:1 ratio of LHCE:additive by mass, resulting in
four formulations: [(2.25 mol L™ LiFSI in MTFP): OFPTFE
2:1]:FEC 9:1 (MOF), [(2.25 mol L™ LiFSI in MTFP):
TFETFE 2:1]:FEC 9:1 (MTF), [(2.25 mol L™ LiFSI in
MTFP): OFPTFE 2:1]:VC 9:1 (MOV), [(2.25 mol L™" LiFSI in
MTFP): TFETFE 2:1]:VC 9:1 (MTV). Formation testing of
graphite/NMC811 pouch cells using the LHCEs with VC or
FEC additives, Fig. 2b, showed significant reduction of the
first cycle voltage plateau at ~2.5 V observed without FEC
or VC and the first cycle irreversible capacities were reduced
to ~40 mA h g ' (Table S1f), comparable to the control
electrolytes.

Further testing of the graphite/NMC811 pouch cells with
the MOV, MOF, MTV, and MTF electrolytes was performed
between 3.0-4.5 V for 100 cycles at a 1C rate (Fig. 2c). The
MOF and MTF electrolytes maintained >150 mA h g of
capacity for 100 cycles, however, capacity fade of the VC
containing formulations MOV and MTV was observed within
the first 20 cycles. The poor capacity retention of the VC
containing formulations is consistent with previous reports
that suggest the oxidative stability of VC is not sufficient for
use at high voltage.”®>” A comparable MTV electrolyte with
2% VC was also tested (Fig. S2t); however, even charged to
4.3 V the cells with this electrolyte delivered limited capacity.

45 45
(a) (b)
4 4
5
235 235 S
s s £
2 Z B
2 g .l g
& 3 a 3 3
LiPF EC:DMC S
o 7 LiFSI EC:DMC
25 LiPFg EC:DMC| 25 g MOV
LiFSI L\C DMC MOF 25
MO LHCE MTV
MT LHCE MTF o

2
0 25 50 75 100 125 150 175 200 225 250

Capacity (mAh/g)

2
0 25 50 75 100 125 150 175 200 225 250

Capacity (mAh/g)

0 20 40 60 80 100
Cycle Number

Fig. 2 (a and b) 1st (solid) and 4th (dashed) (dis)charge galvanostatic cycling curves for graphite/NMC811 pouch cells during initial formation
cycling between 3.0-4.3 V at C/10 rate at 30 °C. (a) Cells with 1 M LiPFg EC:DMC, 1 M LiFSI EC:DMC, 2.25 mol L™* LiFSI in MTFP):OFPTFE (MO), and
2.25 mol L™ LiFSI in MTFP):TFETFE (MT) electrolytes. (b) Cells with [(2.25 mol L™ LiFSI in MTFP): OFPTFE 2:1]: FEC 9:1 (MOF), [(2.25 mol L™ LiFSI in
MTFP): TFETFE 2:1]: FEC 9:1 (MTF), [(2.25 mol L™ LiFSI in MTFP): OFPTFE 2:1]:VC 9:1 (MOV), [(2.25 mol L™ LiFSI in MTFP) : TFETFE 2:1]:VC 9:1
(MTV) electrolytes. (c) Discharge capacities vs. cycle number for graphite/NMC811 pouch cells during 1C/1C CCCV cycling at 3.0-4.5 V with the
MOV, MOF, MTV, and MTF LHCEs.
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Thus, the MOF and MTF electrolytes were selected as the two
LHCE formulations for further electrochemical evaluation
under other operating conditions. It is noted that the primary
purpose of FEC in these formulations is as a film forming
additive as it can form a stable interphase on graphite that is
rich in LiF.”*?° However, it also likely enters the
coordination sphere of Li' due to its high dielectric
constant.’®>° As the molar ratio of FEC and Li" is 1:1; the
coordination sphere of Li" will be a combination of MTFP
and FEC molecules coordinated by the carbonyl oxygen in a
tetrahedral arrangement.®®°"

The conductivity and viscosity of the relevant electrolytes are
presented in Fig. 3a and b and S3-S5.f The conductivities of
conventional carbonate-based electrolytes 1 mol L™" LiPFg in 3:
7 v:v ethylene carbonate : dimethyl carbonate (LiPFs EC: DMC)
and 1 mol L™ LiFSI in 3:7 v:v EC:DMC were 11 mS cm ™" and
16 mS cm™' at 25 °C, respectively, while viscosities of these
electrolytes were below 3 mPa s. In comparison to the EC:DMC
electrolytes, the LHCEs have lower conductivities (4.3 mS em™
for MOF, 7.0 mS cm™* for MTF) and higher viscosities (4.8 mPa
s for MOF, 3.1 mPa s for MTF), where conductivity of the
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electrolytes are inversely proportional to the viscosity. The
conductivities of these LHCEs are significantly higher than
previously reported LHCEs with conductivities between 1 and 3
mS cm 27271 All - electrolytes  exhibit an  Arrhenius
relationship of viscosity and conductivity with temperature. It is
also noted that the measured viscosities and conductivities of
the MOF and MTF LHCEs are related to the viscosity of their
component diluents (OFPTFE = 2.6 mPa s, TFETFE = 0.70 mPa s
at 25 °C).

The flammability of the electrolytes is shown in Fig. 3cj,
and ESIf videos 1-4. Both EC:DMC electrolytes immediately
ignite when exposed to a flame and burn until a highly viscous
residue remains. On the other hand, both MOF and MTF, as
well as the parent high concentration electrolyte, could not be
ignited when a flame was applied; demonstrating reduced
electrolyte flammability compared to the conventional
carbonate-based electrolytes. This should have a beneficial
effect on the safety of the overall battery;****”*”* but would
need to be verified at the battery level.®®

Pouch cells with NMC811 cathodes and graphite anodes
were fabricated with MTF, MOF and two EC:DMC electrolytes

1.0
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091 LiFSIEC:DMC
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0.81 MTF
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= ¥
w06 *’ r
a ¥ *
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= 3 ,—}’ L
go4 RS S
= B S P e
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Fig. 3 Properties of the LHCE electrolytes [(2.25 mol L™ LiFSI in MTFP): OFPTFE 2:1]: FEC 9:1 (MOF) and [(2.25 mol L™ LiFSI in MTFP): TFETFE 2:
1]:FEC 9:1 (MTF) compared with control formulations (1 mol L™ LiPFg in 3:7 EC:DMC and 1 mol L™ LiFSI in 3:7 EC: DMC). Arrhenius plots of (a)
conductivity and (b) viscosity. (c-j) Flammability testing of the electrolytes. (c) LiPFs EC:DMC, (d) LiFSI EC:DMC (e) MOF, and (f) MTF electrolytes
with flame held to them. (g) LiPFg EC:DMC, (h) LiFSI EC:DMC (i) MOF, and (j) MTF electrolytes after flame is removed.
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where the nominal areal capacity was 1.7 mA h cm™?; details
of the cell construction are included in the experimental
section of the ESIj Characterization of the electrode active
materials by X-ray diffraction (XRD) and scanning electron
microscopy (SEM) is in Fig. S6.5 XPS analysis of the pristine
NMC811 cathode material (Fig. S7t) qualitatively reveals the
presence of Li,CO; on the particle surfaces. The cells
underwent four formation cycles from 3.0 V to 4.3 V at a C/10
rate, followed by further cycling under one of five protocols.
Testing was performed at 30 °C under a 1C constant current

View Article Online
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discharge and 1C constant current constant voltage (CCCV)
charge protocol until an upper voltage limit of 4.3 V was
reached with a voltage hold until the current dropped below
a C/10 rate (termed 1C/1C CCCV). The same protocol was
used at temperatures of 40 °C and —20 °C. Cycling was also
conducted where the upper voltage limit was 4.5 V (4.5 V
charge). Finally, a constant current CCCV protocol with a 4C
charge rate and upper voltage limit of 4.3 V was used, with
the voltage held at 4.3 V until the total charge time reached
fifteen minutes (15 min charge).
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(b), =20 °C (c), high voltage at 30 °C (d), and fast charge at 30 °C (e). (f) EIS spectra post 200 cycles under the condition shown in (a). (g and h)
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condition.

The cycling results are presented in Fig. 4 and 5, and S8.f
Cycling at C/10 at 30 °C from 3.0 V to 4.3 V was performed after
every 100 cycles with corresponding capacity retention values in
Table S2.f Under 1C/1C CCCV cycling (Fig. 4a) cells with the
LHCEs exhibited significantly improved capacity retention over
200 cycles compared to the EC:DMC electrolytes (78% LiPF4 EC:
DMC, 48% LiFSI EC:DMC, 87% MOF, and 93% MTF) with MTF
exhibiting slightly less fade compared with MOF. Coulombic
efficiencies were >99.6% for all electrolytes except for the LiFSI
EC:DMC electrolyte which experienced a slow decline in
efficiency which will be discussed below (Fig. S8f). Notably,
addition of FEC to the EC:DMC electrolytes did not result in

1084 | RSC Appl. Interfaces, 2024, 1,1077-1092

comparable capacity retention to the LHCEs, indicating that the
presence of FEC additive alone does not induce the improved
electrochemical ~ behavior (Fig. S9f). Similarly, high
concentration EC:DMC and conventional concentration MTF
electrolytes do not yield results comparable to the LHCEs
presented here (Fig. S2t). Although capacities were initially
somewhat lower for the LHCEs at a higher areal capacity
loading of 3.0 mA h em™ (Fig. $107) likely due to the moderate
conductivities and higher viscosities compared to the EC:DMC
electrolytes, after 300 cycles the LHCE containing cells delivered
higher capacities (127 mA h g”* LiPFs EC:DMC, 1 mA h g™ LiFSI
EC:DMC, 130 mA h g”* MOF, and 148 mA h g™ for MTF).
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Fig. 6 EIS spectra post 200 cycles under 40 °C cycling (a), —20 °C cycling (b), 4.5 V charge cycling (c) and 15 min charge cycling (d). Inset c: zoom

out EIS spectra of 4.5 V charge cycling.

Electrochemical impedance spectroscopy (EIS) spectra
were collected on the cells after formation and cycling
(Fig. 4f-h and 6) and fit using an equivalent circuit model
(Fig. 4g) provided in Fig. S11.7 After cycling under the 1C/1C
CCCV condition, the charge transfer resistance (R.) of the
cells with LHCEs increased only slightly (1.6x for MOF and
3x for MTF) while the LiPFs and LiFSI EC:DMC containing
cells increased by 6x and 30x, respectively, Fig. 4g. These
findings indicate more resistive interfaces formed by the EC:
DMC electrolytes compared to the LHCEs, likely both at the
cathode and the anode. There was some variation in OCV of
the cells when EIS was collected (between 3.9-4.3 V for cells
cycled under all conditions); this is due to the variation in
state of charge as even though all cells were charged to 4.3 V
prior to EIS collection. EIS was collected on a cell after
formation at 3.9-4.3 V (Fig. S127), there is a slight increase in
impedance response as SOC increases but it is orders of
magnitude less than the changes observed after cycling. This
suggests that changes in state of charge cannot explain the
considerable changes in impedance observed after cycling.

Under testing at elevated temperature (40 °C, Fig. 4b),
capacity retentions were 82%, 40%, 85%, and 80% for cells
utilizing LiPFg EC:DMC, LiFSI EC:DMC, MOF, and MTF,
respectively. Cells utilizing the LHCEs and LiPFs EC:DMC
electrolytes exhibited higher charge transfer impedances as
compared to both after formation cycling and after cycling
under the 1C/1C CCCV condition. The increase in charge

© 2024 The Author(s). Published by the Royal Society of Chemistry

transfer impedance for the LHCESs, not observed after cycling
under baseline conditions, is likely a factor in the increased
capacity fade observed at high temperature. At an even higher
temperature (60 °C), the LiPFs EC:DMC and MTF electrolytes
exhibit 89% and 72% retention over only 50 cycles,
respectively, (Fig. S137); while the MOF is more stable (95%
retention over 50 cycles). The improved retention of the MOF
electrolyte may be related to the lower vapor pressure of the
diluent OFPTFE (boiling point, b.p. = 133 °C) compared to
TFETFE (b.p. = 57 °C) or DMC (b.p. = 90 °C). The boiling
point of the MTFP solvent used in both MOF and MTF is 96
°C. However, it is noted that the number of free MTFP
molecules is minimized in the MTFP-based LHCE structure,’>
and the coordinated MTFP molecules will have a lower vapor
pressure.”

Cycling at low temperature (-20 °C, Fig. 4c) led to striking
differences in electrochemical behavior. Cells utilizing MTF
electrolyte had much higher initial capacities compared to
the other electrolytes (39 mAh g™, 42mAh g™, 26 mAh g™,
and 107 mA h g™ for LiPF, EC:DMC, LiFSI EC:DMC, MOF,
and MTF, respectively), and faded less (88% capacity
retention after 100 cycles for MTF, compared with <45%
retention for LiPFs and LiFSI EC:DMC electrolytes). For all
the electrolytes tested, C/10 cycling at 30 °C post low
temperature cycling resulted in recovery of delivered capacity,
suggesting that the low capacities observed were due to
kinetic limitations at low temperature. Optical images of the
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electrolytes after storage at —20 °C (Fig. S14t) reveal that the
EC:DMC electrolytes freeze while the LHCEs remain liquid.
Low temperature differential scanning calorimetry (DSC)
measurements of the electrolytes (Fig. S15T) confirm these
observations where the LHCEs show no thermal transitions
through -90 °C. Furthermore, of the two LHCE formulations,
MTF has >2x higher conductivity at —20 °C compared to
MOF (Table S37), explaining its superior low temperature
electrochemical functionality. The differences in cycling
behavior at low and high temperature in the LHCEs highlight
the importance of tailoring the diluent for the specific
operating condition where low temperature, lower viscosity/
higher conductivity is important to alleviate mass transport
limitations.”®

When cycling under high voltage charge (3.0 V to 4.5 V)
(Fig. 4d), capacity fade was observed over 200 cycles for all
four electrolytes but was mitigated in the LHCEs. After 200
cycles, capacity retention values were 57%, 0.2%, 66%, and
66% for LiPFs EC:DMC, LiFSI EC:DMC, MOF and MTF
electrolytes, respectively. The capacity loss observed for the
LiFSI EC:DMC is likely due to LiFSI corrosion of Al current
collector at high voltage,”®”” observed by SEM images and
EDS maps of the recovered Al current collectors (Fig. S167).
This Al corrosion would lead to side reactions during charge
that would reduce coulombic efficiency as observed (Fig.
S8t). Notably, MD simulations of the MTF electrolyte show
that the LHCE reduces uncoordinated solvent molecules® in
the electrolyte preventing their oxidation.”®”® Post cycling EIS
results (Fig. 4h) indicate that cells utilizing the LiPFs EC:
DMC had a >60x higher charge transfer resistance compared
to after formation, versus a <3x increase for the MOF or MTF
based cells. Notably, ethylene carbonate has been reported to
decompose at high voltage on nickel-rich surfaces resulting
in resistive interfaces.*

Fast charge (CCCV, 4C CC, 15 minute total charge time)
cycling results are presented in Fig. 4e. After 200 cycles, cells
utilizing the EC:DMC electrolytes faded significantly (capacity
retention of 72% and 54% for LiPF, EC:DMC and LiFSI EC:
DMC, respectively), while the cell utilizing the MOF electrolyte
exhibited 89% capacity retention and the MTF-based cell
showed 95% capacity retention. Post fast charge cycling, there
was a minimal increase in charge transfer impedance for cells
utilizing the LHCE formulations but a significant increase for
the cells utilizing the EC:DMC electrolytes. Lithium plating on
the graphite anode is a primary cause of capacity fade under
fast charging conditions as the anode is polarized below the
thermodynamic potential for Li plating.®" Optical images of the
anodes after fast charge cycling are shown in Fig. S17.f Anode
polarization is influenced by three processes (i) migration of
solvated Li" in the bulk electrolyte through the pores of the
electrode, (ii) desolvation at the interface, and, (iii) conductivity
of Li" ions across the solid electrolyte interface (SEI).*
Interestingly, the ionic conductivity of the bulk electrolyte may
not always be the limiting factor,* as electrolytes with lower
bulk conductivity have demonstrated improved function at low
temperatures and fast rates,®® suggesting that the de-
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solvation kinetics and SEI transport of Li" are more critical. The
results here support this premise, where the MTF cycled cells
with lower charge transfer impedance exhibit reduced Li plating
compared to the EC:DMC cells, despite having lower bulk
conductivity and higher viscosity. It is also noted that the cell
utilizing the MOF formulation, with the highest amount of Li
plating, was significantly more polarized compared to MTF at
the fast rate (Fig. S187).

The cathodes were collected in the discharged state after fast
charge cycling and were analyzed using soft X-ray absorption
spectroscopy (sXAS) to assess changes in the surface oxidation
state of NMC811. The measurements were made using both
partial electron yield (PEY) and fluorescence yield (FY) detectors
with depth sensitivities of ca. (1 to 2) nm and (50 to 100) nm,
respectively.®”*® Measurements of the Ni L,,;-edges were carried
out corresponding to 2p-3d excitations and are sensitive to the
occupancy of these orbitals®® shown in Fig. 7a and b.f The Ni
Ls-edge is a doublet and the intensity ratio of the Ni L3 pjgn to
Lz Low peaks, denoted as y, is an indicator for the Ni oxidation
state, where y decreases as Ni is reduced.?”* The y values for
the samples, a pristine NMC811 electrode, and a Ni** standard
are presented in Fig. 7c. All cycled samples had higher y values
and thus increased oxidation state in the discharged state
compared to the pristine NMC811 electrode. The increased
oxidation state may be related to degradation of the NMC811
with compromised ability to cycle effectively. However,
contributing factors may also include loss of active lithium due
to electrolyte degradation as well as irreversible Li plating at the
negative electrode under the fast-charging condition. PEY vy
values were 20 to 30% higher than FY y values, indicating
greater Li loss at the particle surface, in agreement with
reported scanning tunneling electron microscope (STEM)
measurements of cycled NMC811 cathodes.”® The relative order
of gamma values was LiFSI control > MOF > LiPF4 control >
MTF, signifying that the MTF cycled electrode had the least
quantity of active lithium loss, consistent with the high capacity
retention of MTF cycled cells.

X-ray photoelectron spectroscopy (XPS) was used to
characterize the composition of the cathode electrolyte
interphase (CEI) formed on the NMC811 cathodes and the
solid electrolyte interphase (SEI) formed on the graphite
anodes after 200 cycles under the baseline cycling condition.
Comparison of the C 1s, F 1s and Li 1s regions for the cells
with LiPFs EC:DMC and MTF electrolytes are shown in
Fig. 8a-c and e-g, along with elemental compositions for all
electrolytes (Fig. 8d and h). Full fitting results for all cells
and spectral regions are presented in the ESI{ (Fig. S19-525
and Tables S4 and S5).

Notable differences in the CEI (Fig. 8a-d) were observed
after cycling in the LiPFs EC:DMC vs. MTF electrolytes with
the EC:DMC electrolyte exhibiting almost double the carbon
content (73 atomic (at) % for the LiPFs EC:DMC vs. 33 at%
for MTF), the carbon component assignments were based on
a previous report,”> with the MTF electrolyte in particular
showing a substantial reduction in carbonate type species at
~291 eV.>*% Comparison of the F1s spectra indicate ~5x

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 XPS (aande) C 1s (b and f) F 1s and (c and g) Li 1s spectra of recovered (a—c) NMC811 cathodes and (e-g) graphite anodes after 200x cycles
under 1C/1C CCCV cycling condition with either LiPFg EC:DMC or MTF electrolytes. (d and h) Elemental composition of (d) cathodes and (h)
anodes cycled with LiPFg EC:DMC, LiFSI EC:DMC, MTF or MOF electrolytes.

higher levels of LiF (=685 eV) species for the MTF electrolyte
(3 at% for LiPFs EC:DMC vs. 13 at% for MTF). Meanwhile,
the Li 1s spectra indicate a higher Li content for the MTF
derived CEI (7 at% for LiPFs, EC:DMC vs. 26 at% for MTF).
The increased LiF in the MTF derived CEI likely comes from
a combination of decomposition of the FEC, FSI', and
fluorinated ester and ether.®**”°*” Analysis of the S2p, N1s
regions (Fig. S23 and S24t) reveal that the MTF CEI also

© 2024 The Author(s). Published by the Royal Society of Chemistry

contains contributions from FSI" anions as well as FSI
decomposition species (SO, and S,*7)**?%7% while the LiPF
EC:DMC contains fluorophosphate (Li,POyF, and Li.PF))
species (Fig. $251).'°* % Investigation of the CEIs formed
with MOF and LiFSI EC:DMC electrolytes reveal that they
have similar Li, F and C contents as the LiPFy EC:DMC
(Fig. 8d), while also incorporating of S and N species
associated with the FSI" anion. Overall, the analysis reveals
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that the LHCE derived CEI is rich in inorganic species
including LiF and FSI” anion derived species, which have been
shown to be associated with improved capacity retention for
metal oxide cathodes.®”'**'% This LiF and FSI~ derived CEI
can improve capacity retention by producing a more compact
and fully passivating CEI layer compared to a more organic-
rich CEI as found for the LiPFs EC:DMC electrolyte that may
be less dense and provide incomplete coverage of the cathode
surface.”>?%°71% The MTF electrolyte likely contributes to the
LiF-rich CEI as DFT calculations suggest that when fluorinated
esters decompose they do so through C-F bond breakage
yielding ¥~ and F-rich fragments that can incorporate as LiF
in the CEL'"” Further, DFT suggests that the Li"FSI-solvent
aggregates found in an LiFSI containing LHCE can
preferentially oxidize at the cathode surface compared to free
solvent molecules leading to a CEI that is rich in LiF and FSI
derived species rather than organic species.’®

Analysis of the SEI chemistry (Fig. 8e-h) reveals differences
in the Li and F 1s spectra among the samples. The LiPF¢ EC:
DMC derived SEI has somewhat higher LiF and Li,CO; content
than the LHCE and LiFSI EC:DMC, where LiF formation can
occur by direct anion reduction and by electrocatalytic
transformation of HF,> with both mechanisms being
significant.’®®'% In contrast, the LiFSI salt used in the LHCE
electrolyte has superior stability against hydrolysis,"'° thus the
LiF on the anode is attributed to reductive decomposition of the
FEC additive'"" and the FSI” anion.''* An additional M-F peak
was observed at (=686.3 eV) for the LiFSI EC:DMC anode, which
could be assigned to AlF; (~686.3 eV)'*'"° or MnF, (~686.1
eV)," 14117118 this observation is consistent with the corrosion of
the Al current collector which was observed for the cycled
cathode (Fig. S16t). Al and Mn were also observed as present
for the cycled anode in the EDS spectrum (Fig. S267) for the
LiFSI EC:DMC cell.

Morphology of the electrode surfaces was characterized
using scanning electron microscopy (SEM) of electrodes
recovered after cycling 200x under the baseline condition.
SEM images of the cathodes cycled in the LiPFs EC:DMC and
MTF electrolytes, Fig. 9, reveal CEI formation for both
electrolytes. For cathode cycled in LiPFs EC:DMC electrolyte,
a dark, amorphous film can be seen on top of the particles
(Fig. 9a-c). An energy-r filter was used which allows for
acquisition of both backscattered and secondary electrons;
the dark color suggests that the film is composed of lower z
atoms (ie. organic matter). The large quantity of dark,
amorphous film could be some organic species from the SEI.
On the other hand, the cathode particles cycled in MTF have
no significant dark areas but are covered in particles
(Fig. 9d-f) that are significantly smaller than the NMC811
primary crystallites, 210 + 50 nm vs. 520 + 80 nm, these may
be carbon black. SEM-energy dispersive X-ray spectroscopy
(EDS) was used to determine the relative atomic percentages
of species formed on the two cathodes (Fig. S277). The LiPFg
EC:DMC sample showed significantly more C and O while
the MTF electrolyte showed higher fluorine content. The SEM
and EDS mapping indicates the CEI film on the LiPFs EC:
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Fig. 9 SEM images of NMC811 cathodes cycled 200 times under the
1C/1C CCCV condition. A LiPFg EC:DMC cathode at (a) 1000x, (b)
2000x, and (c) 5000x magnification. An MTF cathode at (d) 1000x, (e)
2000x, and (f) 5000x magnification.

DMC cathode is an organic rich film while the CEI on the
MTF cathode is fluoride rich consistent with the XPS
findings.

SEM images of the recovered anodes are presented in Fig.
S$28.F Similar morphology was observed for both the anodes
cycled in the LiPFs EC:DMC and the MTF electrolytes, with 9
+ 3 pum plate-like graphite particles surrounded by ~100-200
nm spherical carbon black particles. EDS measurements of
the anode (Fig. S2971) revealed similar surface composition,
with the major difference being the detection of S and N
species associated with the LIiFSI anion and anion
decomposition products on the anode cycled in MTF
electrolyte. Overall, the XPS and SEM analysis indicate that
differences in composition and morphology of the CEI are
much greater than that of the SEI when comparing the
control and LHCE cycled electrodes.

Conclusion

In summary, fluorinated ester solvents, ester and ether
diluents, and film forming additives were investigated to
develop LHCEs capable of operation under broad operating
cycling conditions. The formulations are non-flammable and
can demonstrate improved capacity retention compared to
carbonate-based control electrolytes in a pouch cell form
factor under a broad array of operating conditions including:
cycling to high voltage (4.5 V), under fast charge (15 minute),
and at low temperature (=20 °C), without sacrificing capacity
retention at elevated temperature (40 °C). While the negative

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrode (anode) interfaces and corresponding SEIs formed
in the electrolyte systems studied are more similar, the
composition of the CEI at the positive electrode (cathode)
interface varies more significantly. The fluorinated
electrolyte/electrode CEI formed by the LHCE systems with
demonstrated reduced charge transfer impedance facilitate
improved interfacial Li" transport kinetics. The
electrochemical behavior of the new electrolytes suggests it
may be possible for an electrolyte system to meet the needs
of next-generation Li-ion batteries requiring operation under
a diverse set of operating conditions. These results represent
an important advance as LHCE systems may operate well in
one or two extreme conditions, but compromise others noted
in a compilation of prior literature (Table S6+).
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