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1. Introduction

The widespread adoption of lithium-
ion battery (LIB) powered electric vehi-
cles (EVs) is a vital step in the transition 
to a future based on sustainable energy 
sources.[1] Though substantial progress 
has been made in extending the driving 
range of EVs due to advancements in LIB 
energy density, battery charging times lag 
far behind standard refueling periods for 
gas-powered automobiles. To address this, 
the US Department of Energy has set an 
ambitious extreme fast-charge (XFC) goal 
to achieve charging times of 15 min or less 
without a significant reduction in energy 
density or cycle life of the cell.[2] To achieve 
and exceed this benchmark, various lim-
iting kinetic processes within high-energy 
LIBs must be optimized and understood. 
In principle, the kinetic limitations of LIB 
operation are considered to be diffusion 

of Li+ within the bulk of the electrode materials, migration of 
Li+ through the solid-electrolyte-interphase (SEI), diffusion of 
Li+ through the electrolyte bulk, and charge-transfer at the elec-
trode interphase.[3,4]

Though there is a deep history in the literature on improving 
the performance retention of battery electrode materials at a 
high rate of 4 C or above, achieving adequate energy density 
and cycle stability in concert with the aforementioned charging 
times remains an immense challenge. Though alternative elec-
trode materials designed for high-rate cycling exist, none have 
projected energy densities comparable to graphite anodes and 
transition-metal oxide cathodes.[5,6] However, maintaining the 
electrode materials and loadings required for EV – level energy 
density results in extreme cyclability and safety tradeoffs for 
high-rate cycling. Cathode materials have been shown to face 
reduced capacity retention at high rates due to insufficient 
kinetics associated with micron-scale particles, placing undue 
strain on the electrode composite.[2] In this regard, previous 
works have found that elevated charging rates increase cathode 
particle strain, exacerbate surface reorganization, and leads 
to the formation of more resistive interphases, all of which 
impact long-term fast-charge cyclability.[7,8] However, evidence 
also exists that a significant portion of these losses in the NMC 

Despite significant progress in energy retention, lithium-ion batteries (LIBs) 
face untenable reductions in cycle life under extreme fast-charging (XFC) 
conditions, which primarily originate from a variety of kinetic limitations 
between the graphite anode and the electrolyte. Through quantitative Li+ loss 
accounting and comprehensive materials analyses, it is directly observed that 
the operation of LIB pouch cells at 4 C||C/3 (charging||discharging) results in 
Li plating, disadvantageous solid-electrolyte-interphase formation, and solvent 
co-intercalation leading to interstitial decomposition within graphite layers. It 
is found that these failure modes originate from the insufficient properties of 
conventional electrolytes, where employing a designed ester-based electrolyte 
improved the capacity retention of these cells from 55.9% to 88.2% after 500 
cycles when operated at the aforementioned conditions. These metrics are 
the result of effective mitigation of the aforementioned failure modes due to 
superior Li+ transport and desolvation characteristics demonstrated through 
both experimental and computational characterization. This work reveals the 
vital nature of electrolyte design to XFC performance.
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cathodes are can be recovered in the presence of renewed Li+ 
inventory.[9] Additionally, a number of acute limitations for the 
retention of energy and cycle-are associated with the graphite 
anode.[10–12] Specifically, the proximity of the LiC6 redox poten-
tial to Li/Li+ has been shown to lead to Li metal plating, which 
leads to rapid cell failure, and causes immense safety concerns 
due to internal shorting from dendritic growth.[8,11,12] To miti-
gate these issues, researchers have demonstrated a variety of 
electrode design methods, including patterning of graphite 
anode architectures[13–15] and increasing the active surface area 
either by modification of the graphite itself or the inclusion of 
high-area carbons within the composite.[16,17] Though they may 
be a promising route forward in some form, these strategies 
generally result in greater void space within the electrodes, 
increasing the minimum allowable electrolyte loading, giving 
rise to the reduced total energy density at scale.[18,19] Though 
the rational design of the charging protocol is also a vital direc-
tion, rapid storage kinetics is still necessary.[20] In this regard, a 
number of strategies exist for electrode optimization, but many 
phenomena at the electrode/electrolyte interphase remains to 
be fully discovered and addressed.

Design of the battery electrolyte has been demonstrated to 
have a transformational effect on the performance retention of 
LIBs under XFC conditions. Generally, improving the bulk ionic 
conductivity and transference number has been considered as 
a crucial strategy, where Colclasure et  al. has demonstrated a 
correlation between Li+ depletion at the interphase to the induc-
tion of Li plating.[21,22] These effects are therefore exacerbated 
in practical cells with increased electrode loadings and non-
negligible effects from alignment and porosity.[22,23] Addition-
ally, the inclusion of additives known to form low-impedance 
SEI components have been a focus of development.[24–26] In this 
regard, electrolyte composed of low-viscosity solvents which 
offer rapid Li+ diffusion, e.g. methyl acetate (MA) have shown 
great promise for energy density retention at high rates.[26–31] 
Moreover, work from Du et al. has demonstrated that variations 
in salt chemistry may also produce such improvements.[29] 
However, the electrochemical stability of these unorthodox sol-
vents tends to yield reduced cycle life compared to conventional 

carbonate systems, and raise concerns associated with gas gen-
eration during cycling.[27] In addition to the SEI and bulk trans-
port, recent evidence suggests that the solvation structure of Li+ 
within the electrolyte dictates the desolvation-related charge-
transfer impedance at the interphase.[32–36] In this regard, elec-
trolytes which improve performance at reduced temperatures, 
where Li+ desolvation dictates overall kinetics, may prove to be a 
valuable design metric. Hence, discovery of a battery electrolyte 
with rapid Li+ transport, facile charge transfer, low-impedance 
interphases, and exceptional electrochemical stability is vital to 
enable 4 C or above charging and understanding the processes 
of interest at the electrolyte/electrode interphase under kinetic 
strain.

Herein, we present an analysis of the rate-induced anode 
failure of LiNi0.6Mn0.2Co0.2 (NMC 622) || graphite full pouch 
cells employing conventional carbonate electrolytes when run 
under XFC conditions. We demonstrate clear evidence that the 
graphite anode in cells employing conventional electrolytes 
undergoes severe capacity decay due to loss of Li through Li 
plating, dislocation of isolated graphite, and exfoliation-driven 
interstitial SEI formation due to insufficient charge-transfer 
kinetics. Further, we comprehensively address each of these 
failures with proper selection, design, and application of a 
carboxylate ester-based electrolyte. This optimized electrolyte, 
1  M lithium hexafluorophosphate (LiPF6) methyl propionate 
(MP) + 10% fluoroethylene carbonate (FEC) (M9F1) enabled 
the retention of 82.5% cell energy density when charged at  
4 C (15  min) compared to only 73.4% for cells employing the 
conventional 1.2  M LiPF6 in 3:7 ethylene carbonate (EC)/
ethyl methyl carbonate (EMC) (Gen 2) blend. Moreover, cells 
employing M9F1 were found to demonstrate 88.2% and 77.9% 
capacity retention after 500 and 1000 cycles, respectively, com-
pared to only 54.1% and 12.4% in Gen 2. The ability of M9F1 
to circumvent the aforementioned failure conditions was found 
to be a result of improved ionic conductivity, high transference 
number, a favorable solvation structure allowing facile charge 
transfer, and the formation of a thin SEI of favorable composi-
tion (Scheme 1). This work unambiguously presents the com-
pounding failure modes of LIBs under XFC protocols while 

Scheme 1.  Impact of electrolyte chemistry on the typical failure modes of XFC lithium-ion batteries.
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demonstrating the transformational effect of electrolyte compo-
sition on such processes and the resulting performance.

2. Experimental Section

2.1. Materials and Experimental Methods

2.1.1. Materials

LP40 (1.0  M LiPF6 in EC/DMC = 50/50 (v/v)), methyl propi-
onate (MP, 99%), methyl acetate (MA, anhydrous 99.5%) and 
methyl butyrate (MB, 99%) were purchased from Sigma. Gen 
2 (1.2  M LiPF6  in EC/EMC 3:7 w/w) and lithium hexafluo-
rophosphate (LiPF6) were purchased from Gotion and used as 
received. The Fluoroethylene carbonate (FEC, 98.0+%) was pur-
chased from TCI America. MP, MA MB, and FEC were soaked 
in molecular sieve (10 Angstrom, Sigma) overnight before use.

2.1.2. Coin Cell Preparation

The cathode composition is LiNi0.6Co0.2Mn0.2O2 (Canrd Ltd.)/
PVDF (Kynar HSV 1800)/carbon black (Super-P) at 90:5:5 wt.% 
ratio. The areal capacity is 2.7 mAh cm−2. The anode compo-
sition is graphite (Carnad Ltd.)/ (Kynar HSV 1800)/carbon 
black (Super-P) at 90:5:5 wt.% ratio. The anode areal capacity 
is 3 mAh cm−2. The slurries of cathode and anode materials 
was casted on aluminum and copper foils, respectively. Both 
cathode and anode electrodes were transferred into vacuum 
oven for drying overnight at 120 °C and 80 °C, respectively. 
CR-2032 type coin cells were assembled with prepared 
cathodes and anodes (N/P ratio = 1.1) with a trilayer mem-
brane (Celgard 2325) as the separator soaked with 80  µL of 
electrolyte.

2.1.3. Electrochemical Testing

All electrochemical data provided in this work were pro-
duced by CR2032 coin cells and heat-sealed multilayer pouch 
cells assembled in an Ar-filled glovebox kept at <0.5 ppm 
O2  and <0.1 ppm H2O. The NCM622||graphite dry pouch cells 
(Figure S21, Supporting Information) were made by Carnad 
Ltd. The dry pouch cells (Carnad Ltd) were filled with 1 mL of 
electrolyte (4.7  g Ah−1) and sealed by vacuum sealer machine 
(MTI Corp.). The low-temperature data points were obtained 
from these cells inside a SolidCold C4-76A chamber for −40 °C 
testing. All potentiostatic tests were carried out on a Biologic 
VSP-300 potentiostat.

The NC622||graphite cells (CR-2032 type) were utilized for 
investigating the optimized MP/FEC ratio for fast charging pur-
poses. The coin cells were galvanostatically activated from 2.8 V 
to 4.3 V at 0.1C (1C = 180 mAh g−1) for 5 cycles before testing. 
The coulombic efficiency and specific capacity were analyzed at 
the first cycles of 4C/0.1C mode. Battery cyclers (Neware BTS-
4000) were used for electrochemical cycling.

Pouch cells were galvanostatically activated from 2.8  V to 
4.3 V at 23 mA (0.1C) for 5 cycles before testing. Both constant 

current (CC) with a charging voltage cutoff of 4.3  V and 
constant current- constant voltage (CC-CV) charging protocol 
with a charging time cutoff (15 min for 4C and 10 min for 6C) 
were operated for testing the capacity retention in designed 
electrolytes. For 15  min/10  min fast charging, the activated 
pouch cells were charged at a CC mode until reaching an upper 
voltage cutoff 4.3 V and then held the potential until the total 
time (CC+CV) reached 15  min/10  min. The discharging rate 
was set at C/3 with a voltage cutoff of 2.7 V. The galvanostatic 
testing was done on an Arbin LBT-10V5A system.

For the low-temperature rate-capability test, the pouch 
cells were galvanostatically charged to 4.3  V under room tem-
perature and then discharged to 2.8  V at different rates after 
switching the temperature to −40 °C. Cells are soaking for at 
least 2 h to reach the target temperature. The galvanostatic 
testing of pouch cells was done on an Arbin LBT-10V5A system.
EIS tests of NC622||graphite pouch cells were performed on a 
Biologic VSP-300 potentiostat with a 10 mV perturbation in the 
frequency range of 1 MHz to 100 mHz.

The transference numbers of all the electrolytes were meas-
ured by a potentiostatic polarization technique on a Biologic 
VSP-300 potentiostat. A Li||Li CR2032 coin cell with five Cel-
gard 2325 separators filled by a designed electrolyte was 
applied 5 mV for 2 h to obtain the initial current I0. When the 
cation concentration is uniform and the current corresponds 
to both the cations and anions, the steady state current Iss, is 
only attributed to the cations. The cell impedance before and 
after the polarization was obtained EIS spectra. Thus, the 
transference number was then calculated using the following 
equation:

SS 0 0

0 SS ss

t
I V I R

I V I R

( )
( )= ∆ −
∆ −+ 	 (1)

2.1.4. Electrolyte Thermal Stability Measurements

The thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) curve of electrolytes were tested in 
sealed aluminum pans by a SDT 650 simultaneous DSC/TGA 
in UC San Diego Materials Research Science and Engineering 
Center (UCSD MRSEC).

2.1.5. Electrolytic Conductivity Measurements

The ionic conductivity of the electrolytes was measured by cus-
tomized stainless-steel two-electrode cells. Two polished stain-
less-steel (SS 316L) were spaced symmetrically as electrodes. 
The cell constant was calibrated from 0.447 to 80 mS cm−1 by 
using OAKTON standard conductivity solution. The data for 
ionic conductivities were measured by LabView Software. An 
ESPEC BTX-475 temperature chamber was utilized for testing 
data points at a temperature from 60 to −60 °C. To maintain 
the cell at a set temperature, a 45 min interval was applied 
during measurement. The ionic conductivities were calculated 
using the following equation: σi = L/(A × R), where L and A are 
the length and area of internal space between the electrodes, 
respectively, and R is the solution resistance.

Adv. Energy Mater. 2022, 2202906
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L

A R
σ =

× 	 (2)

2.1.6. Cell Gassing Test

Cell gassing tests were performed with NCM622||Gr pouch 
cells (cell capacity ≈250 mAh). The evolution of gas volume 
during XFC cycling was measured via the Arrhenius method 
according to Dahn et al.[37] As shown in Figure S21, Supporting 
Information, cells were weighed while submerged in deion-
ized water (18 MΩ cm) before and after the experiment. The 
volume of generated gas is directly proportional to the differ-
ence in weight of the pouch cell while submerged in water. The 
volume of the gas generated after cycling was calculated by the 
following equation:

=



−



Volume of gas generation

Weight of the cell in water

before cycling

Weight of the cell in water

after cycling
/ Density of water

	

(3)

2.1.7. Materials Characterization

The electrode cross-section experiments were performed using 
a FEI Scios DualBeam FIB/SEM. Cryo stage was used to pre-
vent ion beam damage on the Li metal on the graphite elec-
trodes. During ion beam milling, the cryo-stage temperature 
was maintained at ≈−180 °C. Cryo-TEM study was conducted 
using a JEOL 2800 TEM at 200 kV.

AC-STEM and EDX experiment was conducted using a JEOL 
JEM-ARM 300F at 300  kV. To prevent electron beam damage 
on the SEI, Gatan 626 cooling holder was used to maintain the 
sample temperature at ≈−170 °C during the TEM session. To 
fabricate the lamella samples, a dual-beam focused ion beam 
FIB/SEM FEI Scios was used to lift out the lamella from the 
cycled electrodes. Sample transfer in/out of the FIB/SEM was 
performed using an air-free quick-loader (FEI) under a vacuum. 
The sample transfer in/out of the TEM was performed using 
an Ar-purged glove bag. The sample preparation and transfer 
were performed with minimum contact with ambient air. The 
detailed procedure was illustrated in Figure S19, Supporting 
Information.

XPS was performed using an AXIS Supra XPS from 
Kratos Analytical using a monochromatized Al Ka radiation 
under 10−9  Torr chamber pressure. The sample transfer was 
performed using the nitrogen-filled glovebox directly attached 
to the XPS. For the depth profile experiment, a 5 keV Ar1000+ 
ion cluster was used to etch the electrode for 30 s. All spectra 
were analyzed using CasaXPS software.

Raman (Renishaw inVia/Bruker Innova) was performed with 
532  nm illumination, provided by a Modu-Laser 50  mW Ar+ 
ion laser. The samples were prepared by placing the electrode 
onto a coverslip and sealed with Kapton tape in glovebox.

All X-ray diffraction (XRD) samples were prepared by placing 
the electrode onto a coverslip and sealed with Kapton tape in 
the glovebox. Their crystal structures were examined by X-ray 

powder diffraction (XRD) employing a Rigaku Miniflex (Cu Kα 
radiation, λ = 1.5406 Å) from a scanning rate of 2 deg min−1.

2.1.8. Neutron Diffraction mapping

The time-of-flight (TOF) powder neutron diffraction data were 
collected on VULCAN beamline at the Spallation Neutron 
Sources (SNS) of Oak Ridge National Lab (ORNL). The pouch 
cell was exposed to the neutron beam. An incident beam (5 × 
5  mm) of 0.7 to 3.5 Å bandwidth, allowing 0.5–2.5 Å d-space 
in the diffracted pattern of the ±90° 2q detector banks, was 
selected using the double-disk choppers at 30 Hz speed. High-
intensity mode was employed with Δd/d  ∼0.4%. Powder neu-
tron diffraction data were collected in a high-intensity mode for 
a duration of 0.5 h and processed using VDRIVE software. Full 
pattern Rietveld refinement was performed using GSAS soft-
ware, with EXPGUI interface.

2.1.9. Titration-gas Chromatography Analysis

The TGC experiments are performed using a Shimadzu 
GC-2010 Plus Tracera equipped with a barrier ionization dis-
charge (BID) detector. The Split temperature was kept at 200 °C 
with a split ratio of 2.5 (split vent flow: 20.58 ml min−1, column 
gas flow: 8.22 ml  min−1, purge flow: 0.5 ml  min−1). Column 
temperature (RT-Msieve 5A, 0.53 mm) was kept at 40 °C, and 
the BID detector was held at 235°C. Helium (99.9999%) was 
used as the carrier gas, and the BID detector gas flow rate 
was 50 ml  min−1. The electrode sample was put in a septum-
sealed glass vial, and after injecting the 0.5  mL H2SO4 solu-
tion, the sample gases were injected into the machine via a 
50  µL Gastight Hamilton syringe. The detailed quantifica-
tion of lithium loss is described in Figure S22, Supporting 
Information.

2.2. Computational Methods

2.2.1. Standard MD Simulations

Classical, fixed-charge Molecular Dynamics (MD) simulations 
were performed in LAMMPS using the General Amber force-
field for solvents and Li+ with the anion described with OPLS-
AA potentials and charges of Kumar et al.[38] Liquid simulation 
boxes were constructed from random distributions of the mole-
cules, with 38 LiPF6, 171 EC, and 257 EMC molecules for Gen 
2 and 40 LiPF6, 55 FEC, and 374 MP molecules for M9F1. In 
all cases the charges of the Li+ and PF6

− molecules were scaled 
to the high-frequency dielectric properties of the solvents pre-
sent in the system according to the method employed by Park 
et  al.[39] which is 0.73 for M9F1 and 0.72 for Gen 2. Periodic 
boundary conditions were applied in all directions.

For each system, an initial energy minimization at 0 K 
(energy and force tolerances of 10–4) was performed to obtain 
the ground-state structure. After this, the system was slowly 
heated from 0 K to room temperature at constant volume 
over 0.01  ns using a Langevin thermostat, with a damping 
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parameter of 100 ps. The system was then subjected to 5 cycles 
of quench-annealing dynamics in order to eliminate the per-
sistence of any meta-stable states, where the temperature was 
slowly cycled between 298 K and 894 K with a ramp period 
0.025  ns followed by 0.1  ns of dynamics at either tempera-
ture extreme. All 5 anneal cycles thus take 1.25 ns total. After 
annealing, the system was equilibrated in the constant tem-
perature (Table S1, Supporting Information), constant pressure 
(1  bar) (NpT ensemble) for 1.5  ns. In the system isotropically 
using the Andersen barostat (pressure relaxation constant of 
1 ps) stressed was resolved. Finally, 10 ns of constant volume, 
and constant temperature (NVT) production dynamics was per-
formed. Visualized simulation boxes were generated in VMD.

2.2.2. MD Metadynamics Simulations

MD simulation boxes after equilibration (Standard MD section) 
were used as initial configuration for the free energy sampling 
with the metadynamics protocol. This protocol was applied 
in a 2D fashion with respect to Li+/EMC or Li+/MP distance 
(defined by center-of-mass) and coordination number based on 
the following definition of CN:

1

11

0

0

r

r

r

r
i

N
i

p

i
q∑

− 





− 





=

	 (4)

where p = 6 and q = 12. ri is the distance between Li+ and the 
i-th coordinating atom. In this case, only the solvent carbonyl 
oxygen was considered as a coordinating species, consistent 
with observations from the RDF analysis. r0 is the cut-off radius 
that defines atoms as inside or outside of the first solvation 
sphere, where i runs over the range that includes all possible 
coordinating atoms. The applied cut-off radius was 3.25 Ang-
stroms The simulations were carried out using the Colvars 
module in LAMMPS. In Table S1, Supporting Information, 
the parameters of the metadynamics free energy sampling for 
various simulations: height of the Gaussian hills (kcal/mol), 
frequency of hill creation (steps), the width of hills in Å for elec-
trode distance or unitless for CN, and simulation time in ns 
was summarised. The free energy profiles shown in this work 
were averaged over the last 100 ns using Python and set to the 
same maximum free energy value for comparison. 2D profiles 
were generated in gnuplot.

2.2.3. Quantum Chemistry Calculations

Quantum chemistry simulations were performed using the 
Q-Chem 5.1 quantum chemistry package. Ionization poten-
tial and electron affinity simulations (Figure S2, Supporting 
Information) involved a geometry optimization step at the 
M06-HF//6-31+G(d,p) level of theory followed by single point 
energy measurement in neutral, oxidized, and reduced states 
at the M06-HF//6-311++G** level of theory. Solvent removal 
simulations (Figure S8, Supporting Information) involved a 

geometry optimization step at the B3LYP//6-31+G(d,p) level of 
theory where binding energy was calculated as follows:

or
Li MP MP Li MP

Li EMC EC EMC Li EMC EC

3 4

2 3

E E E E

E E E E

( )

( )

∆ = + −

∆ = + −

( ) ( )

( ) ( ) ( ) ( )

+ +

+ +

	 (5)

3. Result and Discussion

3.1. Electrolyte Impact in Extreme Fast Charging LIBs

Carboxylate ester systems have been shown to improve the 
energy retention of cells at reduced temperature due to their 
beneficial physicochemical properties.[27,28,36,40] We have applied 
similar MP/FEC electrolytes for improving low-temperature 
performance retention, establishing a clear correlation between 
systems designed for low-temperature and those designed 
for high-rate is a useful endeavor.[41,42] Additionally, the well-
understood, inherently kinetic temperature scaling relation-
ships of this system makes it an ideal platform to investigate 
improvement strategies for the failure modes associated with 
long-term XFC cycling. However, the long-term cycling per-
formance of cells utilizing such solvents requires considera-
tion of their electrochemical stability and kinetic benefits. To 
evaluate the impact of ester selection, the long-term stability of  
250 mAh NMC 622 || graphite pouches (Figure 1a) was assessed 
by comparing methyl acetate (MA), MP, and methyl butyrate 
(MB) with a 10% FEC additive. This FEC additive has been 
previously demonstrated as the minimum amount required 
for stable graphite cycling.[27,41] As shown in Figure S1, Sup-
porting Information, MA/FEC and MB/FEC were found to be 
less desirable for XFC applications, resulting in capacity reten-
tions of 55.3% and 80.3% after 500 cycles. Instead, we find that 
the M9F1 system exhibited optimal characteristics, retaining 
88.2% capacity under the same conditions. We hypothesize 
that this optimum is a product of a balance between electro-
chemical stability and viscosity, where MP shows an improved 
reductivity compared to MA (Figure S2, Supporting Informa-
tion), at a reduced molecular size relative to MB. The MP/FEC 
ratio of 9:1 was also found to be optimal in terms of discharge 
capacity retention during a 4 C charge (Figure S3, Supporting 
Information).

To understand the performance advantages of M9F1 over a 
state-of-the-art carbonate system (Gen 2), pouch cells employing 
each electrolyte were constructed and subjected to a 4 C con-
stant charging protocol and a C/3 discharge. Under such con-
ditions, the cell employing Gen 2 exhibited 73.4% of its C/10 
capacity in addition to a substantial and progressive increase 
in voltage polarization and a rapid decline in capacity to 54.1% 
after 500 cycles (Figure  1b, c). In contrast, the M9F1 cell was 
found to retain 82.5% of C/10 energy and retains 88.2% and 
77.9% of this capacity after 500 and 1000 cycles with minimal 
loss in output voltage over the cycling duration (Figure 1b, d). 
To ensure that M9F1 is also compatible with typical constant 
current-constant voltage (CC-CV) charging procedures, this 
protocol was also applied with a total charging time cutoff of 
15 (4 C), 10 (6 C), and 6 (10 C) min. Under such conditions, 
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M9F1 cells achieved 86.95%, 85.53%, and 84.43% discharge 
capacity of its C/10 capacity for only 15 min, 10 min, and 6 min 
charging, respectively (Figure S4, Supporting Information). In 
addition, those M9F1 cells obtained capacity retention of 85.9% 
and 71.8% after 500 cycles of 4C and 6C fast charging, respec-
tively (Figure S5, Supporting Information).[2] To our knowledge, 
such cycling stabilities under 6C fast-charging conditions have 
only been produced by a specialized carbonate-phosphate-
nitrile blend on the order of 50 repeated cycles.[31] Additionally, 
the improved XFC performance of M9F1 does not come at the 
expense of stability at typical rates, exhibiting stable long-term 
cycling at C/3 (Figure S6, Supporting Information). Though 
such an improvement in XFC performance as a result of elec-
trolyte design is valuable, understanding the physiochemical 
properties required for said improvement is vital for future 
progress.

To provide a basis for the improvement in XFC performance 
and the following characterization of failure mode mitigation, 
we apply a series of experimental and computational charac-
terization techniques to the electrolytes of interest. As shown 
in Figure 2a, the M9F1 system demonstrates an improved ionic 

conductivity of 12.1 mS cm−1 at room temperature compared 
to 8.25 mS cm−1 and 6.95 mS cm−1 for Gen2 and 1  M LiPF6 
in EC/diethyl carbonate (DEC) (1:1), (commonly referred to as 
LP40), respectively. Moreover, we find that M9F1 also exhibits 
enhanced retention of this conductivity at reduced tempera-
tures, retaining 7.66 and 2.48 at −20 and −60  °C, respectively. 
The improved ionic conductivity of M9F1 does not come at the 
expense of Li+  transport selectivity, where the tLi

+ of M9F1 was 
determined to be 0.46, compared to 0.35 and 0.34 in Gen 2 and 
LP40, respectively (Figure 2b). A similar simultaneous increase 
in ionic conductivity and tLi

+ was observed via the implementa-
tion of LiFSI, and is a rare but sought after electrolyte character-
istic.[29] To further investigate the wide operating temperature 
window of MP/FEC electrolyte system, thermogravimetric anal-
ysis (TGA) and differential scanning calorimetry (DSC) are con-
ducted among Gen 2, M9F1, and M7F3 (Figure S7, Supporting 
Information). Even though the M9F1 behaves an obvious vola-
tile property compared with Gen 2 due to its ester-based sol-
vent, the thermal stability has been significantly improved by 
blending with high-proportioned carbonate (FEC). Even under 
45  °C cycling, M9F1 still shows a good capacity retention of 

Figure 1.  Dependence of XFC performance on electrolyte in pouch cells. a) Photograph of 250 mAh NMC 622||graphite pouch cells applied in this 
work. b) Cycling performance of pouch cells in electrolytes of interest. Voltage profiles over 4 C constant current cycling duration in c) Gen 2, and  
d) M9F1 electrolytes.
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90.7% after 100 cycles, which is comparable to Gen 2 electrolyte 
(Figure S8, Supporting Information) and with other ester sys-
tems.[30] Though such rapid, selective Li+ transport in the bulk 
electrolyte is known to be crucial for improved high-rate perfor-
mance, factors impacting charge transfer at the interphase are 
also crucial to consider.

There is growing consensus that the Li+ desolvation portion 
of the charge-transfer process at the electrode is highly influ-
ential in electrochemical kinetics, and is fundamentally defined 
by the solvation structure of Li+ in the electrolyte.[11,33,36] To 
gain a more precise understanding of the underlying structure 
and behavior of these electrolytes at an atomic level, molecular 
dynamics (MD) simulations of the systems of interest were 
carried out in the manner outlined in materials and methods 
(Figure  2c, d). After equilibration, the radial distribution func-
tions (RDFs) with respect to Li+  in M9F1 and Gen 2 were  

computed and shown in Figure  2e,f. In terms of probability, 
it was found that EC and EMC were relatively comparable 
(Figure  2e), resulting in an average solvation structure of 
[Li(EMC)3.1(EC)1.0]+ (not equimolar due to overall molecular 
prevalence in the 7:3 mixture). On the other hand, we find 
that the most probable coordinating species in M9F1 is MP, 
resulting in an average structure of [Li(MP)3.8(FEC)0.3]+. For both 
systems, it was found that there was negligible pairing between 
Li+ and PF6

−, indicating that the improved transference number 
of M9F1 is not a result of ion-pairing. Rather, we hypothesize 
that the improved ionic conductivity and transference number 
in M9F1 is a direct result of the advantageous transport of MP 
itself, as shown by its improved diffusivity relative to EMC 
(Figure S9, Supporting Information). Though the movement of 
MP appears to be facile relative to EMC, whether or not such 
behavior results in facile desolvation is still relatively uncertain.

Figure 2.  Experimental and simulated electrolyte properties. Measured a) ionic conductivity, and b) Li+ transference numbers of carbonate and car-
boxylate ester electrolyte of interest. Snapshots of MD simulations involving c) Gen 2, and d) M9F1 electrolytes. Calculated rdf and coordination 
numbers with respect to Li+ extracted from MD of e) Gen 2, and f) M9F1. 2-D free energy profiles with respect to Li+/solvent coordination number and 
g) Li+/EMC distance in Gen 2, h) Li+/MP distance in M9F1.
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To answer this fundamental question, we apply a MD 
metadynamics free energy sampling technique which has 
been previously applied to understand the dynamic ion solva-
tion behavior of Mg2+ and Li+ systems.[43–46] In doing so, we 
are able to explore multiple aspects of the electrolyte phase 
space, including states beyond what is thermally accessible 
through standard MD simulations. Though density functional 
theory (DFT) binding energy calculations are typically applied 
to understand this process, the above approach accounts for 
thermal motion and many body effects present in the elec-
trolyte that would otherwise be ignored.[47–49] Specifically, we 
examine 2-dimensional free energy surfaces with respect to 
the coordination number of one Li+ and the distance between 
said Li+ and a coordinating solvent molecule (Table S1, Sup-
porting Information). We only consider the removal of one 
coordinating solvent, which is generally considered to be the 
necessary step to induce electronic coupling between elec-
trode and charge carrier, as the removal of all coordinating 
species typically produces activation barriers far too large to 
represent experimental measurements.[11,50] It is important 
to note that this analysis is carried out in the bulk electrolyte 
without the inclusion of an explicit electrode to obtain an indi-
cation of desolvation energetics, where the removal of one 
coordinating solvent molecule would otherwise be replaced 
by the electrode. While ideal, the inclusion of such an elec-
trode would necessitate a 3-D free energy analysis, which is 
currently unfeasible.

When examining the 2D free energy profiles shown in 
Figures  2g,h, we consider a solvent removal pathway to be a 
reduction of coordination number (CN, x-axis) from the global 
minima of 4 to 3 with a simultaneous increase in the given 
EMC or MP distance. Note that this CN definition is strictly 
defined by cutoff distance (see Methods), in which the car-
bonyl oxygen of any solvent present in the system may con-
tribute (MP, FEC, EMC, and EC). We take EMC/MP removal 
as the most probable removed species due to the increased 
dielectric of cyclic carbonates as well as the higher average CN 
of these species shown in the RDF analysis (Figure  2e,f ). As 
shown in Figure S10, Supporting Information, this removal 
can proceed via 2 pathways, either by direct removal of the sol-
vent (point A to C in Figure S10, Supporting Information), or 
by the detachment of the carbonyl oxygen via solvent rotation 
followed by removal (point A to B to C in Figure S10, Sup-
porting Information). When examining the profiles for Gen 
2 (Figure  2g) and M9F1 (Figure  2h) from this perspective, it 
is clear that the M9F1 system displays a well-defined pathway 
(point A to C) for direct removal within the energy range of  
≈5 kCal mol−1, whereas the Gen 2 system exceeds 7 kCal mol−1. 
It is noteworthy that the removal of one such species is fol-
lowed by the replacement of the coordination site by either 
a single-bonded oxygen or a PF6

− (neither contributes to the 
defined CN), however, the initial removal contributes largely 
to the energy penalty. While the energetics of this replacement  
may diverge slightly in the investigated systems, we find that 
the formation of the lower CN = 3 state in quantum chem-
istry simulations is significantly more facile in M9F1, which 
further indicates that MP removal from Li+ in M9F1 faces a 
significantly lower barrier than EMC removal from Li+ in Gen 
2 (Figure S11, Supporting Information). The facile desolvation 

behavior of M9F1 is also supported by the significant reduc-
tion of charge transfer impedance shown in Figure S12, Sup-
porting Information, and its substantially improved perfor-
mance at −40  °C over Gen 2, where desolvation is known to 
define performance (Figure S13, Supporting Information).[51,52] 
Despite the clear physiochemical advantages of M9F1, the 
effect of these properties on the LIB failure modes introduced 
by XFC conditions is necessary to fully understand the influ-
ence of electrolyte design on performance.

3.2. Identification and Mitigation of Active Li+ Loss

To understand the origin of capacity loss in each cell, we 
conduct titration gas chromatography (TGC) analysis of 
graphite anodes in the discharged state after 1000 cycles in 
each electrolyte of interest. This technique allows for the dif-
ferentiation between the capacity lost to metallic Li and Li+ 
in the SEI through quantification of H2 produced after the 
reaction of the ostensibly delithiated anode with a protic sol-
vent (Figure 3a).[53,54] While TGC has been previously applied 
to quantify the amount of “dead” Li formed during Li metal 
cycling in various electrolytes, similar chromatography has 
been recently applied to graphite anodes cycled under fast-
charge protocols, were reacted and unreacted in the SEI and 
the electrode, respectively can be differentiated.[55,56] We apply 
TGC here to differentiate between Li lost to SEI formation, and 
remaining reactive Li, which may exist as dead Li0, or LiCx in 
each electrolyte of interest. It is crucial to note that the latter 
may be active or inactive, where active Li+ would be trapped 
within the anode as a result of cathode degradation or increased 
anode polarization. When applied to the discharged graphite 
anodes harvested after 1000 XFC cycles in Gen 2 and M9F1, we 
find that 23% of capacity loss after 1000 cycles in Gen 2 can be 
attributed to SEI growth, compared to only 3% in M9F1. This 
20% difference between cells implies that SEI growth during 
cycling is continuous, and is likely a result of the growth of 
Li metal and/or the exfoliation of said graphite during XFC 
charge.[2,9] This excessive capacity loss in Gen 2 clearly implies 
the formation of excessive reactive sites for decomposition 
during cycling, where the cell employing M9F1 produced only 
0.17  mL of gas after 100 cycles compared to 0.66  mL in Gen 
2 (Figure S14, Supporting Information). Moreover, 63% of the 
capacity loss after 1000 cycles in Gen 2 can be attributed to irre-
versible LiCx or Li0, compared to only 19% in M9F1. The mor-
phology evolution of cathodes reveals no significant changes 
after 1000 cycles of fast cycling even at such a high amount of Li 
loss from NCM particles (Figure S15, Supporting Information). 
Through monitoring the lattice parameters evolution from the 
cathode side via neutron diffraction mapping, we also find that 
this Li+  loss is relatively uniform throughout the pouch cell 
(Figure S16, Supporting Information). Such degradation is in 
agreement with the work from Liu et al., and is likely a result 
of loss in Li+ inventory due to the aforementioned effects.[9] 
However, the origin of this excessive SEI growth and irrevers-
ible Li requires further characterization.

To probe the existence of Li metal during XFC charge in Gen 
2, we first compare the differential capacity/voltage (dQ/dV) 
profiles of cells employing the electrolytes of interest during 
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their first cycle. As shown in Figure 3c, the 4 C charging profile 
of Gen 2 exhibits substantially increased polarization compared 
with M9F1, with a third peak present at high voltage, implying 

the formation of another phase during charge. As this peak is 
clearly not visible in either the M9F1 XFC profile, or in either 
electrolyte at 0.1 C (Figure S17, Supporting Information), it is 

Figure 3.  Quantification of capacity loss under XFC conditions and direct evidence of Li plating. a) Titration gas chromatography, and b) Quantifica-
tion of Li loss in cells after 1000 XFC cycles. c) dQ/dV profile of 1st cycle of XFC cells in Gen 2 and M9F1 consisting of a 4 C charge and C/3 discharge. 
d) Optical photograph of separators and anodes harvested from pouch cells after 1000 cycles in Gen 2 and M9F1. SEM images of graphite anodes after 
cycling in Gen 2 and M9F1; e) top-view, and f) cross-section SEM image after FIB milling.
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highly probable that this peak represents Li plating as a result 
of excessive polarization.[2,10,11] When disassembled, metallic 
Li was also observed on both the anode surface and the sepa-
rator of cells employing Gen 2, further confirming this con-
clusion (Figure  3d). In comparison, there was no visible Li° 
found on either the separator or anode of the cell employing 
M9F1, even when fully un-wound (Figure S18, Supporting 
Information). When examined under SEM, plated Li0 was also 
clearly observed on the surface of the graphite anode cycled in 
Gen 2, which was also found to be covered in a considerable 
SEI layer, given the poor conductivity of the material during 
imaging (Figure  3e,f). As a comparison, no metallic Li was 
observed on top or between the particles of the M9F1-cycled 
anode, which exhibited a morphology comparable to the pris-
tine electrode (Figure  3e,f, Figure S19, Supporting Informa-
tion). It is also noteworthy that no plated Li was observed in the 
other carboxylate ester electrolytes of interest, whereas the LP40 
system displayed Li growth far beyond that of Gen 2. Though 
the improved transport and charge-transfer behavior of the 
M9F1 system are likely highly influential in the mitigation of 
Li plating during XFC cycling, further characterization of the 
formed SEI is also necessary to determine compositional or 
thickness variance that may contribute to the disparate kinetics.

3.3. Rate-Driven SEI Growth, Cointercalation and Interstitial 
Decomposition

To determine any variations in SEI composition between cells 
employing Gen 2 and M9F1, we first examine its thickness via 
cryogenic transmission electron microscopy (cryo-TEM). This 
analysis revealed that the interphase formed after 1000 cycles 
in Gen 2 was ≈20–30 nm thick, compared to M9F1, which was 
≈10–15  nm (Figure  4a,b). Further, X-ray photoelectron spec-
troscopy (XPS) measurements also reveal significant composi-
tional differences between the two systems. The compositional  
analysis of surface spectra from Figures S20 and S21, Sup-
porting Information, are shown in

Figure 4c-e. We find that in addition to the thickness differ-
ences, the SEI formed in M9F1 demonstrated a substantially 
larger LiF/LixPFy ratio, indicative of more effective passivation 
and aligned with Cryo-TEM results. Further, a substantially 
lower ratio of ROCO2Li/Li2CO3 species are found in M9F1, 
which are generally believed to be suboptimal for Li+ migra-
tion through the SEI.[5,56] Generally, we also find that the SEI 
formed in M9F1 contains more fluorine, and maintains a more 
homogenous composition than that formed in Gen 2 and LP 40 
(Figure S22, Supporting Information). However, we do notice a 

Figure 4.  SEI characterization of anodes cycled in electrolytes of interest. Cryo-TEM images of the graphite surface after 1000 cycles in a) Gen 2, and 
b) M9F1. XPS compositional analysis from c) C 1s, d) F 1s, and e) O1s spectra of anodes cycled in electrolytes of interest.
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significant discrepancy in the XPS data, where LiCx is observed 
in the Gen 2 surface spectra, which would not be expected given 
the larger thickness of its SEI relative to M9F1, and should in 
principle exceed the XPS sampling depth of ≈10 nm. A closer 
examination of this finding reveals another source of capacity 
loss for the Gen 2 system which further highlights the impor-
tance of rapid charge transfer for XFC applications.

Throughout the history of LIB development, the mitiga-
tion of Li+/solvent co-intercalation between graphene sheets 
has been a critical step toward the stabilization of long-term 

anode cycling.[57,58] While the well-known transition from pro-
pylene carbonate (PC) to EC has effectively solved this issue 
under standard operating conditions due to the formation of 
a solvent-shedding SEI, the fact remains that the activation 
energy for Li+/solvent cointercalation has been measured to be 
roughly half that of intercalation including de-solvation.[59] For 
this reason, it has been proposed that high kinetic stress such 
as XFC charging may result in the co-intercalation of Li+/sol-
vent complexes, which would then further exfoliate the graphite 
layers, leading to poor cycling stability.[2,10,11] As the activation 

Figure 5.  Evidence of exfoliation and interstitial SEI formation in graphite cycled under XFC conditions. Cryo-TEM images of graphite after 1000 XFC 
cycles in Gen 2. a) Cryo-TEM image of exfoliated graphite with interstitial SEI formation between graphene sheets. b,c) Cryo-STEM images of the cycled 
graphite FIB lamella with fluorine EDS inset. d) XPS C1s spectra of graphite cycled in Gen 2 at various stages of etching. Cryo-TEM images of graphite 
after 1000 XFC cycles in M9F1. e) Cryo-TEM image of graphite without the presence of exfoliation. f,g) Cryo-STEM images of the cycled graphite FIB 
lamella. h) XPS C1s spectra of graphite cycled in M9F1 at various stages of etching.
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energy of desolvation relative to co-intercalation at the inter-
phase directly governs this phenomenon, we conclude that 
the improved de-solvation mechanics of M9F1 gave rise to an 
intrinsic advantage in this regard.

By conducting cryo-TEM investigations of the graphite anode 
cycled in Gen 2, multiple incidents of such exfoliation events 
were observed (Figure 5a). Further, it is clear that the co-inter-
calation of such complexes resulted in substantial SEI growth 
between graphene sheet, effectively increasing the active area 
for electrolyte decomposition to a degree that we believe to be 
significant in the aforementioned SEI loss discrepancy. To fur-
ther study the SEI penetration into the bulk of the graphite 
particles, focused ion beam (FIB) lamella of the cycled graphite 
powders was prepared and studied using cryogenic aberration-
corrected electron microscope (Cryo-AC-STEM). After cycling in 
Gen 2, the graphite showed nanometer-thick cracks penetrating 
into the bulk particles (Figure 5b). Energy-dispersive X-ray spec-
troscopy (EDS) mapping of the same region showed enrichment 
of O, F, and P signals within the crack, which further show-
cased the co-intercalation of the solvent and anions followed by 
interstitial decomposition between the graphene layers (Figure 
S23, Supporting Information). Through further zooming in 
at the origin of the crack in Figure  5e, the bright field (BF) 
image also reveals that there is a significant d-spacing differ-
ence between graphite on the right side (≈0.341 nm) and the left 
side (≈0.335 nm), which implies that graphite within exfoliated 
regions may struggle to be fully delithiated. Evidence of such 
exfoliation was also observed in both Raman spectroscopy and 
X-ray diffraction of the cycled anodes, which reveals a substan-
tially higher D/G ratio and d-spacing for the anode cycled in 
Gen 2 (Figure S24, Supporting Information). We propose that 
the exfoliation of such lithiated graphite domains leads to the 
observation of LiCx in the XPS spectra of the Gen 2 system at 
significantly more shallow sampling depths (Figure 5d,e).

In comparison, no signs of significant graphite exfoliation or 
interstitial SEI growth was observed in the graphite cycled in 
M9F1, which demonstrated a uniform SEI consistent with the 
previously presented images (Figure  5f and  4b). Furthermore, 
FIB lamella of the cycled graphite in M9F1 indicated no signs 
of cracking or cointercalation inside the bulk of the particles, 
as shown in the cross-section low-magnification high-angle 
annular dark field (HAADF) image in Figure 5g. We also find 
that the d-spacing of graphite layers within the bulk are sub-
stantially more homogenous than that of Gen 2, which were 
observed to be between 0.337 and 0.335 nm (Figure 5h). Addi-
tionally, XPS spectroscopy at various etching depths reveals an 
intuitive trend, where the outer SEI regions do not show detect-
able LiCx species, the signal for which slowly increases as the 
bulk of the particle is reached during etching (Figure  5i). In 
addition to the mitigation of Li plating and increased cell polari-
zation during cycling, the optimized physiochemical properties 
of M9F1 effectively resolve rate-induced co-intercalation, exfo-
liation, and interstitial SEI formation.

4. Conclusion

In this work, we make significant progress towards achieving 
commercially viable LIBs charged at 15 min or less through the 

comprehensive design of the battery electrolyte. Specifically, 
employing M9F1, a carboxylate-ester-based system results in a 
substantial improvement in XFC performance, retaining 82.5% of 
C/10 energy when charged at 4 C compared to only 73.4% in iden-
tical cells employing Gen 2. Crucially, cells employing M9F1 also 
demonstrated 88.2% capacity retention after 500 cycles, compared 
to only 54.1% in Gen 2. We find that this rapid capacity loss in 
Gen 2 is a result of a combination of Li plating, poor SEI charac-
teristics, the cointercalation of Li+ /solvent complexes, and exces-
sive gassing, resulting in graphite exfoliation and interstitial SEI 
formation. On the other hand, the rapid, selective Li+ transport, 
and facile Li+ desolvation provided by the M9F1 system was found 
to successfully mitigate all of the aforementioned failure modes, 
and is responsible for the state-of-the-art performance. This work 
highlights the various electrolyte characteristics responsible for 
improved fast-charging performance while demonstrating the 
origin of benchmark-exceeding electrochemical behavior.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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