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The deployment of lithium-ion batteries, essential for military and space exploration applications, faces
restrictions due to safety issues and performance degradation stemming from the uncontrollable side
reactions between electrolytes and electrodes, particularly at high temperatures. Current research
focuses on interfacial modification and non-flammable electrolyte development, which fails to
simultaneously improve both safety and cyclic performance. This work introduces a synergistic approach
by incorporating weakly polar methyl 2,2-difluoro-2-(fluorosulfonyl)acetate (MDFSA) and non-flammable
2-(2,2,2-trifluoroethoxy)-1,3,2-dioxaphospholane 2-oxide (TFP) to achieve a localized high-concentration
electrolyte (LHCE) that can stabilize both anode and cathode interfaces and thus improve the cycling life and
safety of batteries, particularly at evaluated temperatures. As a result, the NCM811|Gr pouch cell with MDFSA-
containing LHCE exhibits a high capacity retention rate of 79.6% at 60 °C after 1200 cycles due to the
formation of thermally and structurally stable interfaces on the electrodes, outperforming pouch cells utilizing
commercial carbonate-based (capacity retention: 23.7% after 125 cycles). Additionally, pouch cells in the
charging state also exhibit commendable safety performance, indicating potential for practical applications.

Achieving net-zero emissions by 2050 requires rapid advancement in renewable energy and efficient energy storage technologies. Lithium-ion batteries (LIBs)
show great promise for grid-scale energy storage, especially with emerging battery chemistries based on layered transition metal oxides, which offer potential

for higher energy and power densities. However, thermal issues are challenging the durability of LIBs, as demonstrated by frequent reports of battery failures
and fire incidents. This highlights the need for breakthrough materials solutions to address these thermal issues effectively. This work introduces a synergistic
approach by incorporating weakly polar methyl 2,2-difluoro-2-(fluorosulfonyl)acetate (MDFSA) and non-flammable 2-(2,2,2-trifluoroethoxy)-1,3,2-
dioxaphospholane 2-oxide (TFP) to achieve a localized high-concentration electrolyte (LHCE) that can stabilize both anode and cathode interfaces and thus
improve the cycling life and safety of batteries, particularly at evaluated temperatures. As a result, the NCM811|Gr pouch cell with MDFSA-containing LHCE
exhibits a high capacity retention rate of 79.6% at 60 °C after 1200 cycles due to the formation of thermally and structurally stable interfaces on the electrodes,
outperforming pouch cells utilizing commercial carbonate-based electrolytes (capacity retention: 23.7% after 125 cycles). Additionally, pouch cells in the
charging state also exhibit commendable safety performance, indicating potential for practical applications.
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Introduction

Currently, there is substantial demand for lithium-ion batteries
(LIBs) with high safety and exceptional performance at high
temperatures, particularly for military and space exploration
applications.”” However, LIBs with commercial electrolytes
often face poor adaptability, limited thermal stability and
insufficient safety due to uncontrollable side reactions between
the electrolyte and electrodes at elevated temperatures.” Com-
mercial electrolytes tend to form organic-rich and thermally
unstable interfacial films on both cathode and anode electro-
des, compromising interface stability and exacerbating side
reactions at elevated temperatures.”® Specifically, when the
temperature exceeds 60 °C, the decomposition of organic
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components in the solid electrolyte interphase (SEI) film on the
graphite anode triggers uncontrollable side reactions between
the electrolyte and the electrode, which deplete active materials
and rapidly degrade electrochemical performance. On the
cathode side, high temperatures increase the activity of the
cathode, while the primarily organic cathode electrolyte inter-
phase (CEI) film is insufficient to prevent side reactions
between the electrode and electrolyte, leading to the dissolu-
tion of transition metals and the structural collapse of the
cathode, resulting in a decline in electrochemical perfor-
mance.® Consequently, constructing stable and thermally resis-
tant interfacial films is crucial for enhancing the electrochemical
performance at high temperatures.’

Several strategies have been employed to enhance the stability
of the cathode and anode electrode interfaces at high tempera-
tures, such as introducing functional additives,® solvent optimiza-
tion, and solvation structure design.” Using high-concentration/
localized high-concentration electrolytes'®'" based on solvation
structure design to form inorganic-rich and thermally resistant
interface films on the cathode and anode electrodes has proven to
be an effective approach.'” Though effective, this approach strug-
gles to simultaneously achieve the optimal construction of both
anode and cathode interfaces, leading to suboptimal cycling life.
Currently, thermally stable localized high-concentration electro-
lytes (LHCEs), typically formulated with diluents with strongly
positive electrostatic potential (e.g., TTE), often contribute to
the formation of rough and non-uniform interface films, which
subsequently trigger side reactions.

Addressing these challenges requires selecting solvents from
the molecular structure level and tuning the solvation structure to
enhance electrode interface stability at high temperatures—an
approach that is both important and highly demanding. A syner-
gistic approach is proposed in this work, i.e., incorporating methyl
2,2-difluoro-2-(fluorosulfonyl)acetate (MDFSA) and non-flammable
2-(2,2,2-trifluoroethoxy)-1,3,2-dioxaphospholane 2-oxide (TFP) to
modulate the localized high-concentration electrolyte solvation
structure that favors the formation of thermally and structurally
stable interfaces on electrodes. The active diluent MDFSA, upon
decomposition at the anode, effectively increases the thermally
stable inorganic components within the SEI film, since its decom-
position temperature (> 700 °C) is significantly higher than that of
organic compounds (60 °C), thereby promoting the overall thermal
stability of anodes. Meanwhile, the strongly positively charged TFP
interacts with FSI" to form a stable CEI film on the cathode. This
simultaneous modification thus effectively prevents electrode/elec-
trolyte side reactions at evaluated temperatures. Therefore, the
optimized electrolyte system forms a thin and uniform interfacial
film predominantly composed of inorganic materials on the
electrode surface. Furthermore, the decomposition temperature
of the SEI film has increased from 60 °C to 250 °C, and the phase
transition temperature of the cathode material has increased
from 150 °C to 170 °C, indicating a significant improvement in
the overall thermal stability of the battery. The NCM811|Gr pouch
cell with MDFSA-based electrolyte exhibits a capacity retention of
79.6% at 60 °C after 1200 cycles, demonstrating superior perfor-
mance compared to pouch cells using carbonate-based electrolytes
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(capacity retention: 23.7% after 125 cycles). This approach intro-
duces a novel design strategy for developing high-temperature and
non-flammable electrolytes for NCM811|Gr batteries.

Results and discussion
Thermally stable electrolyte preparation

In contrast to the commercial electrolyte, the localized high-
concentration electrolyte, based on non-flammable cyclic phos-
phate ester (TFP) and inert diluent 1,1,2,2-tetrafluoroethyl
2,2,3,3-tetrafluoropropyl ether (TTE), can largely enhance safety.
However, the inertness and strongly positive electrostatic
potential of TTE prevent the electrolyte from forming a stable
interface film on the electrode surface (Fig. 1a). This is attributed
to the strongly positive electrostatic potential of TTE, which
allows it to combine with anions and enter the Helmholtz layer
on the cathode side; however, its high oxidation potential
prevents it from participating in the formation of the CEI film,
resulting in uneven deposition at the cathode interface. Given
this, selecting the redox-active and weakly positive charge
(i.e., weak polarity) solvent chemistries holds the premise for
producing stable interfacial layers on both electrodes (Fig. 1a):
(a) on the one hand, compared with inert solvent species, redox-
active solvents prefer to undergo reduction on the surface of
anodes and produce an inorganic-rich interface film with FSI™
ions; (b) on the other hand, a strategic combination of solvents
with varying polarities can increase the likelihood that strongly
polar solvents, in conjunction with FSI", will cooperatively
form a stable CEI film on the cathode.”® To validate our
strategy, we selected the redox-active and weakly positive elec-
trostatic potential solvent MDFSA to replace the inert and
strongly positive electrostatic potential TTE, a common solvent
used in most non-flammable electrolytes.

Ignition and high-temperature storage tests were conducted
to assess the safety and thermal stability of the electrolytes
(TFM: MDFSA-involved bifunctional electrolyte; TFT: TTE
involved non-flammable control; and STD: commercial control)
at high temperatures. As illustrated in Fig. 1b, the electrolytes
remained unchanged in color after a 15-day treatment at room
temperature. However, when treated at 60 °C for the same
period, the STD electrolyte turns noticeably yellow, indicating
decomposition at high temperatures. In contrast, TFT and TFM
electrolytes show no significant color change under entire room
and high temperature conditions. Further analysis with nuclear
magnetic resonance (NMR) confirms the composition of TFT
and TFM electrolytes compared to the STD variant, highlighting
their superior thermal stability. As shown in Fig. 1c, STD
exhibits significant changes in its components at 60 °C com-
pared to 25 °C. Specifically, two doublets at —77.5 to —78.6 ppm
and —83.7 to —85.7 ppm, and one singlet at —190.1 ppm were
observed. These peaks are possibly attributed to the generation
of PO,F,, PO,F,, and HF, respectively, at 60 °C,'* suggesting
the decomposition of LiPFs. In contrast, NMR spectra of
the TFT and TFM electrolytes showed no changes, indicating
their excellent stability at high temperatures. This stability
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Fig. 1 Design strategy and functional electrolyte tailoring. (a) Schematic diagram illustrating the influence of various electrolytes on the interface.
(b) Photos of different electrolyte solutions after undergoing thermal treatment at 25 and 60 °C for 15 days. (c) °F NMR spectroscopy of different
electrolyte solutions at 25 and 60 °C. The insets are the enlarged curves at chemical shifts in the ranges of —86-83 ppm and —78-75 ppm.
(d) Combustion tests of different electrolytes. STD: 1 M LiPFg in EC (ethylene carbonate)/DMC (dimethyl carbonate)/EMC (ethyl methyl carbonate) = 1/1/1
(v/v/v); TFT: 1 M LFSI in TFP (2-(2,22-trifluoroethoxy)-1,3,2-dioxaphospholane 2-oxide)/FEMC (methyl 2,2,2-trifluoroethyl carbonate)/TTE (1,1,2,2-
tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether) = 2/6/2 (v/v/v); TFM: 1 M LiFSI TFP/FEMC/MDFSA (methyl 2,2-difluoro-2-(fluorosulfonyl)acetate) = 2/6/2 (v/v/v).

highlights their potential suitability for high-temperature appli-
cations. Furthermore, both TFT and TFM electrolytes remained
non-flammable after multiple ignition attempts, indicating a
significant enhancement in safety compared to the STD elec-
trolyte (Fig. 1d). Due to the high concentration of lithium salts
and the strong polarity of the solvent, the viscosities of the
TFT and TFM electrolytes increase to 99.8 and 89.1 mPa s,
respectively, while their conductivities decrease to 1.3 and
1.9 mS ecm™'. Given the Li-ion transference number of the
TFM electrolyte measured as 0.55, the Li ion conductivity is
calculated to be 1.05 mS ecm™'.*"*® Moreover, the oxidation
potential of the TFT and TFM electrolytes (5.2 V) shows
a significant improvement compared to the STD electrolyte
(4.5 V; Fig. S1, ESI¥).

Rationales of selecting solvent chemistries

The properties of the interfacial layers formed on electrodes
are determined by the interactions between solvent molecules
and salt ions, as well as the inherent solvation structures. To
investigate these solvent-ion interactions, density functional
theory (DFT) and molecular dynamics (MD) simulations were
employed to derive the HOMO and LUMO energy levels of each

3250 | Energy Environ. Sci., 2025, 18, 3248-3258

pair. As shown in Fig. 2a, the Li'-FSI™ interaction (—2.85 €V) is
significantly stronger than Li'-TFP (—2.41 eV) and Li'-FEMC
(—1.64 €V), indicating that Li" preferentially binds with FSI~ to
form a solvation structure involving anions (referring to the
Debye-Hiickel theory'®). In contrast, the interactions between
Li" and TTE (—0.73 eV) or MDFSA (—1.28 eV) are considerably
weaker, likely due to the molecular surface charge distribution
(Fig. S2, ESIf). The solvation structures of TFT and TFM
electrolytes were further characterized using Raman spectro-
scopy. As shown in Fig. S3 (ESI}), the peak at 730 cm ™'
is attributed to contact ion pairs (CIPs), while the peaks at
744 cm™ ' and 756 cm ' correspond to ion-pair aggregates
(AGG-I) and more coordinated ion-pair aggregates (AGG-II),
respectively.'” This indicates a pronounced solvent structure
involving anion participation in both TFT and TFM electrolytes.
Moreover, their solvation structures are nearly identical, sug-
gesting that MDFSA has minimal impact on the solvation
structure.

As shown in Fig. 2b, the LUMO level of LiFSI (—1.69 eV) is
lower than that of TFP (—0.82 eV) and FEMC (—0.41 eV),
indicating that LiFSI prefers to undergo reduction at the anode.
In the presence of MDFSA with a much lower LUMO level

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Validation of the selection of solvent molecules. (a) Interaction between FSI~, Li* and different solvents. (b) Calculated HOMO and LUMO energy
(eV) level diagrams of different solvents and corresponding salts. (c)—(h) Density of states (DOS) and corresponding snapshots obtained in quantum
mechanical DFT-AIMD simulations of (c) and (f) STD, (d) and (g) TFT, and (e) and (h) TFM electrolytes.

(—2.29 eV), the reduction of electrolyte and the formation of the
SEI may involve two species, LiFSI and MDFSA. Importantly,
MDFSA rich in fluorine atoms can potentially enhance the
formation of inorganic species LiF within the SEI. Regarding
the films formed on cathodes, solvents with a strongly positive
electrostatic potential preferentially associate with anions,
accumulate on the cathode surface due to electric field forces,
and subsequently decompose to form the CEI film."”® In TFT
electrolytes, the excessively strongly positive electrostatic poten-
tial of TTE leads to preferential binding with FSI". However, the
low HOMO level of TTE hinders its decomposition on the cathode
and formation of a CEI film, leading to uneven deposition.” In
contrast, the interaction between MDFSA and FSI™ is significantly
weaker than that of the TFP. This indicates that FSI" will prefer-
entially bind with TFP, and the higher HOMO level of TFP will
undergo ring-opening polymerization on the cathode surface,
forming a stable CEI film in conjunction with FSI™."?

To further evaluate the impact of different electrolyte sys-
tems on the interface film, DOS calculations were performed
for these systems. In Fig. 2c, the LUMO of the STD electrolyte
aligns with EC indicating that the SEI film is primarily
composed of organic compounds from EC decomposition.
The LUMO of the TFT electrolyte is aligned with FSI", indicating
a predominance of inorganic substances (e.g., LiF) generated from
FSI” decomposition (Fig. 2d). However, excessive usage of lithium

This journal is © The Royal Society of Chemistry 2025

salts may lead to rapid performance degradation. In the TFM
electrolyte (Fig. 2e), MDFSA decomposes before FSI™, which might
increase the inorganic content in the SEI film enhancing cycle
stability.>® Furthermore, CV testing of Gr|Li batteries reveals that
the reduction sequence of electrolyte components aligns with the
theoretical calculations (Fig. S4, ESIT). Additionally, the HOMO of
the STD electrolyte is aligned with the EMC which dominates the
formation of the CEI film. The HOMO of the TFT electrolyte aligns
with FSI™, and the stable film-forming component TFP does not
contribute to the CEI film formation (Fig. 2d). This occurs because
the strongly positively charged TTE preferentially binds with TFP
and deposits on the cathode, while the low HOMO value of TTE
prevents its involvement in the formation of the CEI film, leading
to uneven deposition on the cathode, aligning with previous
findings." In the TFM electrolyte, the HOMO is positioned at
both TFP and FSI', indicating cooperative formation of the CEI
film (Fig. 2e). This is facilitated by the weakly positive charge from
MDFSA, allowing FSI" to preferentially bind with TFP and deposit
on the cathode. Theoretical calculations show that the introduc-
tion of MDFSA can enhance the formation of a stable interface
film on the electrode surface.

Electrochemical performance validation

To validate the electrochemical performance, NCM811|Gr pouch
cells with different electrolytes were tested at 60 °C (Fig. 3).

Energy Environ. Sci., 2025, 18, 3248-3258 | 3251
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As illustrated in Fig. 3a, the pouch cell with the STD electrolyte
retains 23.7% of its initial capacity after 125 cycles. This
degradation may be attributed to the decomposition of the
interface film, and subsequent uncontrollable electrode/elec-
trolyte side reactions. The pouch cell with the TFT electrolyte
exhibits significant capacity degradation in the initial cycles
with a capacity retention of 8.2% after 280 cycles, likely due to
the uneven deposition of the CEI film and excessive usage of
lithium salts. In contrast, the pouch cell with the TFM electro-
lyte demonstrates excellent electrochemical performance with a
capacity of 132.1 mA h g~' and a capacity retention rate of
79.6% over 1200 cycles at 60 °C, suggesting performance
stabilization effects from MDEFSA. This stable cycling perfor-
mance outperforms that reported in previous literature 4!~
(Fig. 3f).

From the 50" cycle, it is clear that the capacity of cells using
STD and TFT electrolytes primarily relies on constant current
charging (Fig. 3b and c), indicating a significant increase in
internal impedance and consequent electrochemical perfor-
mance deterioration. On the other hand, the cycling profiles
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of cells with TFM electrolyte show no notable changes. Impe-
dance tests on pouch cells after varying cycles reveal that after
100 cycles, the impedance of cells with STD and TFT electro-
Iytes increases significantly, a result of continuous solvent
decomposition at the electrode surface which thickens the
interface film and raises battery impedance (Fig. 3g and
Fig. S5, ESIt). In contrast, cells with the TFM electrolyte exhibit
stable impedance, suggesting a stable interface film at high
temperatures. Additionally, impedance tests on pouch cells
after various cycles reveal that the impedance of cells with
STD and TFT electrolytes progressively increases with cycling,
indicating ongoing side reactions at the battery interface under
high-temperature conditions. In contrast, cells with TFM elec-
trolyte exhibit minimal changes in impedance, highlight TFM’s
effectiveness in suppressing interfacial side reactions at high
temperatures and improve the battery cycling stability (Fig. S6,
ESIt). Moreover, when the cut-off voltage is raised to 4.6 V, the
TFM-based pouch cells exhibit a capacity of 135.2 mA h g™'
after 300 cycles, with a capacity retention rate of 80% at room
temperature, whereas the pouch cells with STD electrolyte

a b
@ ®)
o S
= : t_ STD
TE,SOO 3 sTD 1 80 8 5'40 TFT
> TFT e Tl
'gzoo 3 TFM 5 ; 35
8 1402 g
£100 5 £30r
8 43veoec | 3 > 50t
»n 0 1 1 1 1 1 1 1 1 1 0 25 I 1
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 0 50 100 150 200
Cycle number Specific capacity (mAh g™')
(c) (d)_00 (@)
o 190 Constant current ) X 45
é Constant voltage é = +j { STD
£ 120} g300F st 180 2 Syt IHA
2 9ol 2 TFT ] g
S $200 TFM % >35
o 2
g 6or g 1408 g
) s
:1?-‘, 30l %100r s §3.0_
e 3 46V 25°C 3 100t
(&) oL— | (%) 0 1 1 0 25 1 1
STD TFT TFM 0 100 200 300 0 50 100 150 200
Cycle number Specific capacity (mAh g™)
(f) 100 - (g)e00
= STD
< 90 - 29 500
= 36y ° L2 This work iy
<= 80 H10] {g?} 31] [34] ©[28] « [27 100¢ €400 L
£ [26] ~ ©[14] 70:C 5300
= [24] 23 35 60°C =
%" [32] .[22] [£9:5391 55°C N 200+
& 60 50°C
= 100
S 50l [30] 45°C
1 1 1 1 1 1 1 1 0 1 1 1 1
0 150 300 450 600 750 900 1050 1200 0

Cycle number

100 200_ 300 400 500 600
Z'(Ohm)

Fig. 3 Electrochemical performance of NCM811|Gr pouch cells at 0.5C with different electrolytes at varied temperatures. (a) Performance of
NCMB811|Gr pouch cells at 0.5C with different electrolytes at 60 °C. (b) 50" charging—discharging curves. (c) Capacity of constant current charging
and constant voltage charging. (d) Performance of NCM811|Gr pouch cells at 0.5C with different electrolytes at 25 °C at a 4.6 V charging cut-off voltage.
(e) 100th charging—discharging curves. (f) Comparison of capacity retention with previous reports. (g) Impedance of pouch cells with different

electrolytes after 100 cycles.
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maintain a capacity retention rate of 67% after 100 cycles
(Fig. 3d). The charge-discharge curves show that the polariza-
tion of cells with the TFM electrolyte is significantly lower,
compared to those with the STD and TFT electrolytes (Fig. 3e).
Furthermore, the TFM electrolyte demonstrates excellent elec-
trochemical performance at room temperature, with the cells
exhibiting a capacity of 105.8 mA h g~ ' after 1200 cycles.
In comparison, cells with the STD electrolyte show a capacity
of 100.1 mA h g after 800 cycles, while cells with TFT elec-
trolyte experience rapid decay due to unstable interface film
formation (Fig. S7, ESIf). As shown in Fig. S8 (ESIf), TFM
electrolyte exhibits excellent compatibility with the lithium metal
anode. Improving the rate performance of pouch cells using TFM
electrolyte will be the focus in the next phase of work.

Characterization of anode interfacial layers

Further physio-chemical characterization of the cycled anode
was performed. As shown in Fig. S9a-c (ESIT), noticeable coat-
ings appear on the graphite anode surfaces with STD and TFT
electrolytes, indicating intense electrolyte decomposition.
In contrast, the graphite anode with the TFM electrolyte dis-
plays distinctive particles on its surface without any coverage
from side-product coatings, suggesting that the TFM electrolyte
can maintain stability on the anode surface, effectively prevent-
ing the formation of disruptive side products (Fig. S9c, ESIT).
Furthermore, the thickness of the SEI film on the graphite
anode with STD and TFT electrolytes is 7-8 nm (Fig. 4a and b),
while the SEI film thickness with the TFM electrolyte is ~4 nm
(Fig. 4c), suggesting that STD and TFT electrolytes undergo
continuous and intense decomposition to produce a thicker
SEL Additionally, the graphite structure after cycling shows no
significant changes, suggesting that the co-intercalation of
phosphoric ester molecules does not cause cracking of the
graphite structure (Fig. S9d-f, ESIT).

X-ray photoelectron spectroscopy (XPS) was employed to
further analyze the composition of the SEI film (Fig. S10, ESIT).
The main components on the surface of the anode with STD
and TFT electrolytes include C-O (533.5 eV), C=0 (532 eV), and
ROCO,Li (54.5 €V),*® confirming that under high-temperature
conditions, the electrolyte forms an organic-based SEI film
(Fig. S10a, b, d and e, ESIt). The content of inorganic sub-
stances in the SEI film with the TFT electrolyte is significantly
higher than that with STD electrolyte, attributed to the FSI™
decomposition. In contrast, the SEI film formed using TFM elec-
trolyte primarily consists of Li,COj; (55.5 eV) and LiF (56.5 eV),
proving an inorganic-rich SEI that favors the thermal stability
(Fig. S10c and f, ESIT). Moreover, elemental distribution reveals
higher carbon content in SEI films formed with the STD electro-
lyte (Fig. S11, ESIt), indicating a greater organic content
compared to those formed with TFT and TFM electrolytes.
Additionally, the oxygen content proportion in the SEI film
formed with the TFT electrolyte is significantly higher than that
with the TFM electrolyte, indicating more extensive electrolyte
decomposition at the anode. Furthermore, the SEI film formed
with TFM electrolyte contains significantly higher levels of S, N,
and F elements compared to that in the TFT electrolyte. This is

This journal is © The Royal Society of Chemistry 2025
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attributed to the synergistic contribution of FSI™ and MDFSA in
forming the SEI film, which increases its inorganic content and
enhances its stability at high temperatures (Fig. S12, ESIt).

The roughness and thickness of the SEI have also been
studied using electrochemical atomic force microscopy (AFM).
As depicted in Fig. S13 (ESIt), the roughness of the graphite
anode surface with TFM electrolyte is ~ 53 nm, indicating that
the decomposition reaction of the TFM electrolyte on the anode
side is negligible and barely affects the structural characteris-
tics of the graphite (Fig. S13d, ESI). In contrast, the graphite
surfaces in cells using STD and TFT electrolytes were more
nonuniform, indicative of their roughness, about 113 and
130 nm, respectively (Fig. S13b and c, ESIt).

To investigate the distribution of different components, the
cycled anode was analyzed using TOF-SIMS (Fig. 4d-i). The
analysis included sputtering depth profiles (Fig. 4d-f) and 3D
rendering images (Fig. 4g-i), focusing on fragments such as
C,H3;0™ (indicative of organic products), SF~ (indicative of
FSI7), and CS™ (indicative of MDFSA), facilitating the elucida-
tion of the SEI formation process.* The content of C,H;0 ™ in
the SEI film is significantly higher with STD and TFT electrolytes
compared to the TFM electrolyte, and is distributed throughout
the entire SEI film. This suggests that solvent decomposition
occurs early in the cycling process, leading to SEI film decom-
position and continued side reactions between the solvent and
the anode at high temperatures. In contrast, C,H;O™ in the SEI
film with the TFM electrolyte is primarily concentrated in the
outer layer, indicating the formation of an inorganically domi-
nated SEI film in the initial cycles, which maintains stability
at high temperatures. The decomposition product SF~ derived
from FSI" in TFT and TFM electrolytes is uniformly distributed
across the SEI film, indicating that in localized high-concentra-
tion electrolyte systems, anions undergo reduction at the anode
to predominantly form an SEI film composed of inorganic
components.>® The concentration of SF~ in the SEI film resulting
from TFT decomposition exceeds that in TFM electrolyte. This is
because the instability of the SEI film formed by TFT results in
ongoing decomposition of FSI” at the anode. Moreover, the
decomposition product CS™ originating from MDFSA is evenly
distributed within the SEI film, suggesting that MDFSA undergoes
decomposition and contributes to the SEI film formation during
the initial cycling stages to ensure the stability of the SEI film and
prevents the subsequent decomposition of solvents.

Furthermore, TG-FTIR-MS was employed to further confirm
the thermal stability of the SEI film through analysis of
the anode after cycling. As shown in Fig. 4j, the graphite anode
with the STD electrolyte decomposes at 60 °C, with the main
decomposition products being C,H, (1264 cm ™" and 3011 cm™*)*°
and esters (1742 cm™").*" This indicates that SEI films primarily
composed of organic materials undergo significant decomposi-
tion at high temperatures (Fig. 4m). In contrast, the graphite
anode with the TFT electrolyte decomposes only at temperatures
approaching 200 °C, with the main decomposition product being
2,2,2-trifluoroethanol (1337 cm™") (Fig. 4k).** This indicates that
the fluorinated solvent gradually decomposes at the anode during
cycling (Fig. 4n). In contrast, the decomposition temperature of
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(e) TFT and (f) TFM electrolytes. (g)—(i) 3D visualization of selected various secondary-ion fragments on the graphite anodes when being cycled with the
(g) STD, (h) TFT and (i) TFM electrolytes given by the TOF-SIMS characterization. (j)—(l) Analysis of decomposition products at the anode after cycles
with the (j) STD, (k) TFT and () TFM electrolytes by thermogravimetry-Fourier transform infrared reflection-Mass spectrometry (TG-FTIR-MS).
(m)—(o) Schematic diagram of SEI films with (m) STD, (n) TFT and (o) TFM electrolytes.

the graphite anode with the TFM electrolyte is further elevated to
250 °C, with the main decomposition product SO, (1300 cm™")
(Fig. 41).** This proves that the SEI film formed with the TFM
electrolyte maintains stability at high temperatures. These find-
ings suggest that the SEI film, predominantly inorganic and
formed through the synergistic interaction of FSI™ and MDFSA,
enhances the battery’s electrochemical performance at high tem-
peratures (Fig. 40).

Characterization of cathode interfacial layers

Further physio-chemical characterization of the cycled cathode
was also performed to investigate the impact of different

3254 | Energy Environ. Sci., 2025, 18, 3248-3258

electrolytes. According to Fig. 5a, ¢, e and Fig. S14 (ESIY), the
cathode surfaces demonstrate thicker CEI films when utilizing
STD and TFT electrolytes and the structural changes after
cycling, transitioning from a layered structure to a spinel phase.
Conversely, the CEI film with TFM electrolyte appears thinner
and more uniform and the structure maintains a layered
configuration. This aligns with the observation on the anode
side and indicates the extensive side reactions when using STD
and TFT electrolytes. The surfaces of the cathodes with STD
and TFT electrolytes are more nonuniform with a rough-
ness of 298 nm and 353 nm, respectively, while the surface
of the cathode with TFM electrolyte is noticeably smoother

This journal is © The Royal Society of Chemistry 2025
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(Ra = 237 nm), as shown in Fig. S15 (ESI{). These findings
suggest that the utilization of STD and TFT electrolytes leads
to a more intensive buildup of surface by-products resulting
from side reactions at the cathode. Of great note, NCM811
cycled with the TFM electrolyte exhibits no mechanical frac-
turing (Fig. 5f) and effectively limits the dissolution of transi-
tion metals from the cathode (Fig. S16, ESIt), in agreement
with the stable and consistently low resistance in the cycling.
In comparison, STD and TFT electrolytes show significantly
more and larger voids within NCMS811 particles due to

This journal is © The Royal Society of Chemistry 2025

ongoing side effects like transition-metal dissolution
(Fig. 5b and d). XRD analysis of the cathode before and after
cycling further reveals minimal structural changes when using
the TFM electrolyte. This further confirms that the CEI film
formed with the TFM electrolyte effectively stabilizes the
cathode structure (Fig. S17, ESIt).

The composition of the CEI film was investigated by XPS.
Analysis of the O 1s spectra (Fig. 5g-i) reveals that the M-O
peak at 529.5 eV corresponds to transition metals within the
cathode material. The predominance of M-O peaks with the
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STD electrolyte suggests that its CEI film is uneven, resulting in
a cracked cathode. Additionally, due to the more preferential
oxidation tendency of the EMC on the cathode side, the
intensity of C=0 at 532.5 eV and C-O at 533.5 eV increases
gradually with cycling. This results in the formation of an
organic-dominated and uneven CEI film (Fig. 5m). With the
TFT electrolyte, the uneven deposition of the CEI film induced
by TTE leads to continuous solvent decomposition reactions,
resulting in a significant increase in the content of C-O on the
cathode surface with cycling (Fig. 5i). In contrast, on the
cathode surface with the TFM electrolyte, the CEI film syner-
gistically generated by FSI" and TFP effectively enhances the
stability of the interface, resulting in the content of C-O and
C=0 showing no significant increase with cycling. Addition-
ally, the Li 1s spectrum reveals that the CEI film formed with
the STD electrolyte is primarily composed of organic ROCO,Li,
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with a low content of LiF. This suggests that the CEI film is
mainly derived from solvent decomposition at the cathode
(Fig. 5j). As cycling progresses, the CEI film with the TFT
electrolyte shows that ROCO,Li is the main component, attrib-
uted to the FEMC decomposition (Fig. 5k). In contrast, the
composition of the CEI film with the TFM electrolyte remains
stable throughout the cycling process without significant
changes. The content of ROCO,Li generated from solvent
decomposition is low, while inorganic Li,CO; and LiF are the
primary components. The F 1s spectrum reveals that LiF is the
dominant component in the CEI film formed with TFM elec-
trolyte, effectively enhancing the interface’s stability at high-
temperatures (Fig. S18, ESIt). Elemental distribution analysis
(Fig. S19, ESIf) also shows that the CEI film formed with
the STD electrolyte has a higher oxygen content, indicating
a greater proportion of organic materials. Furthermore, the
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Fig. 6 Stability characterization of CEl films at high temperature. (a) and (b) In situ HT-XRD patterns for the charged NCM811 cathode with different
electrolytes at different temperatures. (c) Schematic diagram of the stability of the cathode at high temperature.
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fluorine content in the CEI film formed with the TFM electro-
lyte is significantly higher than that in the TFT electrolyte,
indicating a notable increase in inorganic materials.***> This
also indicates that the CEI film is predominantly inorganic and
exhibits excellent potential for high-temperature applications
(Fig. 50).

To further investigate the stability of the CEI film, in situ
high-temperature XRD (HT-XRD) tests were conducted on the
activated electrode in the charging state after three cycles, with
the presence of the electrolyte. At 150 °C, the shift of the (003);,
peak indicated that the layered structure (R3m) of the NCM811
material using STD and TFT electrolytes transformed into a
disordered spinel phase (Fd3m) (Fig. 6a). In contrast, structural
changes in the NCM811 material using the TFM electrolyte
occurred only at 170 °C. As the temperature continued to rise to
230 °C, NCMS811 materials using STD and TFT electrolytes
further transformed into a rock salt phase (Fm3m)*>*” (Fig. 6b).
In contrast, materials using the TFM electrolyte only exhibited
changes at 270 °C indicating a significant improvement in the
thermal stability of the cathode based on TFM electrolyte, ensur-
ing the stability of the electrode structure over extended cycles at
high temperatures (Fig. 6¢).

The nail penetration test was conducted using 600 mA h
Gr|NCMS811 pouch cells with STD and TFM electrolytes to
further assess the safety performance. In the initial stage,
batteries with the STD electrolyte exhibit noticeable volume
expansion, possibly due to the generation of a large amount of
gas. Subsequently, the battery ruptures, releasing a significant
amount of smoke and ejecting flames. As the combustion
progresses, the battery gradually turns into charcoal as shown
in Fig. S20a (ESIt). In stark contrast, batteries with TFM
electrolyte show no structural changes throughout the puncture
process and no combustion phenomenon, indicating superior
safety performance of this electrolyte (Fig. S20b, ESIT).

Conclusions

This study stabilizes the electrode interface by electrolyte
tailoring and interfacial engineering, enhancing both the safety
and the electrochemical performance at high temperatures.
By replacing the inert and strongly positive electrostatic
potential of TTE with the active and weakly positive electro-
static potential of MDFSA, the inorganic content in the SEI
films was increased, which also avoids the uneven deposition
caused by TTE in the CEI films. Additionally, the feasibility of
this approach was verified through theoretical calculations.
On the anode side, the lower LUMO values of MDFSA and FSI™
facilitate preferential reduction, leading to a notable increase in
the inorganic content, thus ensuring the structural stability of
the SEI film at high temperatures. On the cathode side, DOS
analysis and experimental results reveal that TFP and FSI™ can
synergistically decompose to form a CEI film, fully leveraging
the effect of TFP’s ring-opening polymerization on enhancing
the structural stability of the cathode, while preventing the
uneven deposition caused by the low HOMO level of TTE.

This journal is © The Royal Society of Chemistry 2025
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Therefore, based on this rational design, both electrode inter-
faces are stabilized, resulting in construction of batteries
with long cycling life and high safety at high temperatures.
Additionally, further optimization of the electrolyte compo-
nents to enhance the battery’s rate performance, along with
refining other battery components to ensure inherent safety, is
anticipated to expand the application scenarios of lithium-ion
batteries.
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