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Tuning Reaction Kinetics of Fluorinated Molecules to Construct
Robust Solid Electrolyte Interphases on SiO, Anode
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Jianjun Fang, Yuxiang Huang, Zu-Wei Yin, Feng Pan, and Luyi Yang*

Abstract: Introducing fluorinated electrolyte additives to
construct LiF-rich solid-electrolyte interphase (SEI) on
Si-based anodes is proven an effective strategy for
coping with its massive volume changes during cycling.
However, most current research on fluorine-containing
additives focuses on their thermodynamics of decom-
position, lacking studies on the correlation between the
molecular structure of additives and their decomposition
kinetics. Herein, two fluorinated ester additives, diethyl
fluoromalonate (FIDEM) and diethyl 2,2-difluoromalo-
nate (F2DEM) were designed and synthesized. Through
combining a wealth of characterizations and simulations,
it is revealed that despite the similar reduction thermo-
dynamics, the favorable reduction kinetics of single-
fluorinated F1IDEM facilitate a LiF-rich layer during the
early stage of SEI formation, contributing to the
formation of a more robust SEI on SiO, anode
compared to the difluorinated F2DEM. Consequently,
the proposed additive achieves excellent cycling stability
(84 % capacity retention after 1000 cycles) for 5 Ah
21700 cylindrical batteries under practical testing con-
ditions. By unveiling the role of reaction kinetics, a long-
overlooked aspect for the study of electrolyte additives,
this work sheds light on how to construct a stable SEI

on Si-based anodes.
J

1. Introduction

To solve the continuous increasing energy demand and
environmental concerns looming ahead, developing re-
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chargeable lithium-ion batteries (LIBs) with high-energy-
density and low cost has been desperately required, stim-
ulating the development of high specific capacity anode
materials."”! Representatively, SiO, (0<x <2) material has
been deemed as a promising alternative to replace commer-
cially used graphite anode, with the advantages of high
theoretical capacity (~1500 mAhg™'), low operation voltage
(0.4 V versus Li/Li*), environmental friendliness, and abun-
dant resources.! However, it suffers from the vast volume
swing (~118 %) during lithiation/delithiation process, result-
ing in particles pulverization, electrode disintegration and
continuous growth of solid electrolyte interphase (SEI) and
thereby the fast capacity degradation in traditional commer-
cial electrolytes.”! In recent years, a number of strategies
have been made to optimize SiO, anode, mainly including
structural coating, binder synthesis and electrolyte
design.[*)

Electrolyte engineering plays a crucial role in tuning the
performance of SiO, anodes. By adjusting the ratio or
formulation of lithium salts, solvents, or additives, the
cycling performance of the anode under various testing
conditions (e.g. elevated temperatures) can be significantly
enhanced.!'"" In particular, using molecular-tailored addi-
tives is considered as an economical and efficient approach
for improving the electrochemical performance of SiO,
anode. For instance, fluoroethylene carbonate (FEC), a
well-established additive for Si-based anodes, was shown to
be defluorinated at about 1.0 V (vs. Li/Li*) on the surface of
Si-based anode, generating lithium fluoride (LiF) and
—CHF-OCO,— type compounds which provides improved
mechanical stability interphase and limits the emergence of
cracks."' Moreover, lithium salt additives such as lithium
fluorophosphate (LiPO,F,, LiDFP) could reduce the decom-
position of electrolyte and improve initial coulombic
efficiency of Si-based anode.'? The family of fluorine-
containing electrolyte additives has been extensively studied
which have relatively lower lowest unoccupied molecular
orbital (LUMO) energy levels generally and contribute to
the formation of a stable LiF-rich SEI.

The formation process of the SEI involves the reduction
reactions of various electrolyte components (i.e., solvent,
lithium salt, and additives). Essentially, the types and
amounts of SEI components are determined by the competi-
tion between reactions with different reduction thermody-
namics and kinetics on the anode surface. In our previous
work, we discovered that the stability of the SEI is largely
dictated by its early formation process, where additives
stabilize the SEI structure by forming a dense and coherent
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SEI layer that covers the outermost surface of the anode at
higher potentials."®! Therefore, within this relatively short
timeframe, the reaction kinetics have a particularly signifi-
cant impact on the SEI. However, in previous studies, the
decomposition kinetics of additives have not received as
much attention as their decomposition thermodynamics.
Therefore, it is crucial to regulate both the decomposition
thermodynamics and kinetics of additives to preferentially
form more favorable products during the SEI formation
process.

In this work, we design and synthesize diethyl fluoromal-
onate (FIDEM) and diethyl 2,2-difluoromalonate (F2DEM)
as two fluorinated electrolyte additives to explore the
relationship between the decomposition kinetics of additives
and the SEI formation process (Figure 1a). Compared with
the symmetric —CF,— group, the locally polar —-CHF— group
not only enables favored Li* desolvation and more salt
anions in solvation configuration, but also shows higher
affinity towards the SiO, surface compared with F2DEM.
Additionally, the bond energy of C—F bond in —-CHF- group
is relatively lower than that in —CF,— group. Exhibiting the
superior reduction kinetics to generate LiF over F2DEM,
F1DEM enables much faster surface passivation at the early
stage of SEI formation. The resultant SEI offers desirable
chemo-mechanical properties to accommodate plastic defor-
mation of SiO, and stabilize the structures of the electrode
(Figure 1b). The findings in this study reveal the crucial role
of the decomposition kinetics of electrolyte additives in the
stability of the SEI.
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2. Results and Discussion

Herein, we introduced partially fluorinated —CHF— group
and fully fluorinated —CF,— group to diethyl malonate
(DEM), respectively (more details in Support information).
The corresponding nuclear magnetic resonance (NMR)
spectra (Figure S1) confirmed the successful synthesis of
FIDEM and F2DEM.!"2 Density functional theory (DFT)
calculation was used to determine the molecular orbital
energy levels of ethylene carbonate (EC), ethyl methyl
carbonate (EMC), FEC, FIDEM and F2DEM. As shown in
Figure 2a, it is clear that the LUMO energies of FIDEM
and F2DEM are lower than that of solvents and FEC (as a
benchmark), implying the stronger reduction tendency and
SEI forming ability of FIDEM and F2DEM on SiO, anode
surface. This could be further confirmed by linear sweep
voltammetry (LSV) curves of cells using the baseline
electrolyte (1 M LiPF; in EC/EMC=3/7 vol %, denoted as
BE), 1vol% F1DEM-containing electrolyte (denoted as
BE-FIDEM) and 1vol% F2DEM-containing electrolyte
(denoted as BE-F2DEM) from Figure S2. Interestingly,
despite showing a higher LUMO energy, the onset reduction
potential of FIDEM (~2.50 V vs Li/Li") is higher than that
of F2DEM (~2.22V vs Li/Li"), demonstrating its preferen-
tial decomposition at the anode. To investigate the origin
this discrepancy, LSV tests with stepped scanning rates were
employed to study the reaction kinetics of additives (Fig-
ure 2b and Figure $3).”>*"! The shift in peak potential (AE,)
of F2DEM with increasing scan rate is larger compared to
F1IDEM, indicating that its electrochemical reduction is
more charge-transfer controlled, which reflects inferior
reaction kinetics.
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Figure 1. (a) Molecular structures of designed electrolyte additives; (b) Schematic illustration for the FIDEM and F2DEM effect on the formation of

the interphase layer on SiO, anode surface.
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Figure 2. (a) Diagram of calculated HOMO/LUMO energies (eV) of solvents and additives; (b) Relationship between additive decomposition
potential and scanning rate; (c) Decomposition path of FIDEM and F2DEM additives (the number in Figure is the length of chemical bond); (d)

ESP distribution of FIDEM and F2DEM,; Radial distribution functions (RDF) and corresponding 1coordination numbers (N(r)) of BE (e),

BE—F1DEM electrolyte (f) and BE-F2DEM electrolyte (g).

In order to elucidate the phenomenon, the Laplacian
bond order (LBO) is calculated (Figure S4). It is clear that
the bond energy of C—F bond in —CHF- group is relatively
lower than that in —CF,— group, which is attributed to the
presence of local polarization that reduces the bond energy
of C—F bond.”! Combing with above LSV curves, the
subsequent reduction peak of FIDEM at (~2.20 V vs Li/Li")
could attribute to the further decomposition of C—O bonds
(Figure S5). Compared with the difluorinated F2DEM, the
monofluorinated FIDEM has enol isomers because the
C-H bonds are not completely replaced by C—F bonds
(Figure S6). Calculations reveal that the C—F bond energy in
these isomers is still lower than that in F2DEM, further
indicating that the fluorine atoms in FIDEM are more likely
to be released. Subsequently, the reduction pathways of
additives on the anode side were further investigated by
DFT calculation (Figure 2c). After gaining an electron, the
C—F bond of FIDEM is dramatically deformed (>1.5A)
and defluorination reaction occurs, while the C—F bond of
F2DEM remains stable, suggesting that FIDEM preferen-
tially undergoes decomposition into SEL! Figure 2d shows
the electrostatic potential (ESP) distribution of fluorinated-
DEM molecules. For FIDEM, the negative charges were
mainly concentrated on C=0 group and C—F group, and the
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F atom in FIDEM was more negative than that in F2DEM,
suggesting stronger Li* coordination ability of FIDEM.
These results are consistent with the calculated binding
energy of Li*-fluorinated DEM molecules (Figure S7 and
Figure S8). The Li* showed stronger interaction (that is,
shorter Li—F distance) with FIDEM molecule (2.06 A) than
F2DEM molecule (2.18 A). Besides, in heterogeneous
reactions, the affinity between the reactants and the
substrate also significantly affects the reaction kinetics. Due
to the presence of —CH— chemical bonds, FIDEM exhibits a
stronger absorption interaction with SiO, surface (Fig-
ure S9), which further accelerates its reduction on the
anode.

Molecular dynamics (MD) simulations were conducted
to investigate the additive influence on Li* solvation sheath
and determine the distribution of Li* solvates (Figure 2e-g
and Figure S10). It is clear that the introduction of FIDEM
or F2DEM molecule weakens the interaction between Li*
and solvents. The coordination numbers of the first solvation
sheath in BE electrolyte with Li* are calculated to be 2.36
(EC), 1.99 (EMC) and 0.81 (PFy"), respectively. After the
addition of FIDEM (or F2DEM), the coordination number
of EC reduces to 2.11 (or 2.15) but the value of PF4~
increases to 1.12 (or 1.06), indicating enhanced Li*-PF4~
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interaction in the electrolyte. Particularly, the Li—O radial
distribution functions (RDF) of Li*-fluorinated DEM
molecules demonstrated more FIDEM participating in Li*
solvation than F2DEM by being located in the more inner
solvation sheath of Li* with stronger ion-ion interaction,
substantiating the aforementioned DFT results. The above
findings are cross-validated by 'Li NMR nuclear magnetic
resonance (NMR) and Raman spectroscopy (Figure S11 and
Figure S$12). The upfield shifts in "Li NMR*") as well as the
intensified solvated PF;~ Raman peak indicate that more
contact ion pairs (CIPs) are formed in the presence of
additives. The ionic conductivities of various electrolytes
were measured, following the trend of BE-FIDEM >
BE-F2DEM > BE (Figure S13), which is fully consistent
with our expectations.!

Cyclic voltammograms (CV) of SiO,| |Li half cells (Fig-
ure S14) further demonstrates that FIDEM decomposes
preferentially (~2.0 V vs Li/Li*) over F2DEM (~1.7 V vs Li/
Li*) on the SiO, anode, which agree with the results
obtained in Cu| |Li cells. The galvanostatic cycling tests of
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SiO, anodes were determined in SiO,||Li half-cells. The
first-cycle voltage profiles of SiO, anodes were compared to
check the effects of additives on electrochemical behaviors
based on real cycling. The same conclusion could be
obtained that FIDEM additive is reduced at about 2.0 V
earlier than F2DEM at about 1.6 V (Figure S15). As shown
in Figure 3a, the BE-FIDEM system exhibits the highest
initial Coulombic efficiency (ICE), indicating that the para-
sitic reactions on the surface of SiO, anodes have been
mitigated during the first lithiation. The capacity of SiO,
anode with BE electrolyte has experienced a dramatic
decline, corresponding to a capacity retention of 52.4 % after
100 cycles (Figure 3b). By contrast, both BE-FIDEM and
BE-F2DEM electrolytes deliver improved specific capaci-
ties of 1338 mAhg' and 1062 mAhg™' after 100 cycles,
corresponding to the higher capacity retention of 92.8 % and
74.1 % respectively. Especially, BE-FIDEM exhibits the
highest cycling stability (~80 % capacity retention after 200
cycles) during the long-term test. For the cell using BE, the
increasing overpotentials (Figure S16) and electrochemical

L —BE o s
~ 2.8 — BE-FIDEM -:):0 2000 e\c:
= ——BE-F2DEM| £ =
> 21t S 2
- . ~ )
2 2 S
S 4t ® @
& 6419 0% § E
E 7.8% o E
chd = 52 % 2
> S 400l © BE-FIDEM b 120 3
@ o
a 9 BE-F2DEM g
(Y S e —— . 04ne J ©
0 500 1000 1500 2000 0 50 100 150 200
C Specific capacity (mAh g™) Cycle number
N —— BE-FIDEM ——BE-F2DEM
~ 6f ~ 6r . 6f
£ 5 5
a 4r @ 4r a 4r
Q Q Q
£ £ i
£ 2l £ oL £ 2l
N =
£ £ =
Irreversible volume swing
0 0 Reversible volume swing 0 Reversible volume swing
0 20 40 60 0 20 40 60 0 20 40 60
d Time (h) e Time (h) Time (h)
~ A ~
202000y | 5 f ; L Ag 100 &
2 o b >
E1600F o9 0 i 38838 o 5
s 33058880003%00000  Tevos| I {80 2
g 1200 P 8599,0,0000000 z &
g T 8 60 2
Seol.e i 1|8 2
E= o BEFIDEM | 1 ! o bEm NCMfiGr-sio, 3 s
® 400} o BE:F2DEM : o000 3 2.5V-4.3V (0.5 C) 40 3
L d | : : \ BE-F2DEM % o
) 005 ! 02 ! 04 ! 08 ! 16 ! 005 0 . . )
0 5 10 15 20 25 30 0 200 400 600 800 1000

Cycle number

Cycle number

Figure 3. (a) Voltage profiles of SiO, anodes with various electrolytes for the 1st cycle; (b) Galvanostatic cycling performance and Coulombic
efficiency of SiO, | | Li cells with various electrolytes at a current density of 0.05 Ag™ for the first 5 cycles and 0.4 Ag™' for the subsequent cycles; (c)
in situ expansion ratio measurements of NCM | | SiO, cells with various electrolytes at a current density of 0.1 C for the first 5 cycles and 0.2 C for
the subsequent cycles; (d) Rate performance of SiO, | | Li cells with various electrolytes; (e) Galvanostatic cycling performance and Coulombic
efficiency of 21700 cylindrical cells at a rate of 0.5 C using various electrolytes.
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impedances of SEI (Rgg;, Figure S17) during the cycling can
be attributed to the unrestricted growth of SEIs and the
thickening of electrodes.” To verify this speculation, volume
change of SiO, electrodes was in situ measured by a
Swagelok-type cell connected to a thickness detecting instru-
ment (Figure 3¢ and Figure S18). The swelling ratio curves
indicate that the cell with BE exhibited a consistent trend of
increasing irreversible volume changes, which arises from
the uneven growth of SEI. In contrast, SiO, electrodes
cycled in BE-FIDEM and BE-F2DEM demonstrated
better reversibility in expansion and contraction, indicating
that the fluorine-containing additives help to form more
resilient SEIs. In particular, a lower volume variation ratio
was achieved in BE-F1IDEM compared with that measured
in BE-F2DEM, suggesting the SEI initially constructed in
BE-FIDEM was more compact, reducing the overall
expansion rate of the electrode. Similar results can be
observed from the cross-sectional SEM images after 20
cycles (Figure S19), where the electrode cycled in
BE-FIDEM exhibits the lowest thickness variation. It
should be noted that, even under a high specific current of
0.8 Ag™', BE-FIDEM still facilitates good cycle stability
with 88.8 % capacity retention (Figure S20) after 100 cycles,
suggesting that the decomposition of FIDEM contributes to
the construction of a robust SEI to tolerate fast SiO,
expansion and contraction.

Apart from cycle stability, the SiO, anode with
BE-F1DEM electrolyte also presents the best rate perform-
ance with a specific capacity of 1265 mAhg™! even at a large
current of 1.6 Ag™' (Figure 3d and Figure S21, which is
significantly higher than that of BE-F2DEM (1025 mAhg ™)
and BE (459 mAhg'). After increasing the current to
32 Ag", the SiO, anode with BE-FIDEM delivers a
specific capacity of 641 mAhg™' (Figure S22). The energy
barrier of Li* penetrating through SEI (E,) were calculated
by the Arrhenius equation based on the electrochemical
impedance spectroscopy (EIS) at different temperatures
(Figure S23). The value of E, for BE, BE-FIDEM, and
BE-F2DEM electrolyte is 62.07, 41.39, and 52.83 kJmol !,
respectively, suggesting that an SEI more conducive to Li*
is formed in BE-FIDEM electrolyte. The galvanostatic
intermittent titration technique (GITT) measurement is
used to evaluate the Li* diffusion coefficients (Dy;,), which
reflects the diffusion rate of Li* at the interphase (Fig-
ure S24). The higher Dy;, obtained in the BE-FIDEM
system indicates the accelerated interphasial migration of
Li*. Therefore, it can be concluded that FIDEM enables an
SEI with faster Li* conducting channels, leading to the
enhanced rate performance. For comparison, 1 vol % com-
mercially used fluoroethylene carbonate (FEC) additive-
containing electrolyte (denoted as BE-FEC) was also tested
(Figure S25). In terms of ICE, rate capability and cycle life,
BE-FEC exhibits inferior performance compared with both
BE-F1DEM and BE-F2DEM.

To wvalidate the application potential of proposed
additives in full cells, we assembled and tested
LiNi; 4;C0,1,Mn; 50, (NCM)| |SiO, full cells. It is found
that the addition of FIDEM significantly enhanced the
cycling performance of the full cells, with a capacity
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retention rate of 90.8% after 100 cycles (Figure S26).
Besides, the full cell with BE-F1IDEM delivers the best rate
performance with a specific capacity of ~90 mAhg™ at 4 C
(Figure S27). To further demonstrate the advantage of
partially fluorinated additive, proof-of-concept NCM| |
graphite (Gr)-SiO, cylindrical cells (~5 Ah) were assembled
and tested under practical conditions (Figure 3e and Fig-
ure S28). The capacity ratio of anode to cathode is 1.08 and
the cylindrical cells were tested under lean electrolytes (1.3
g Ah™"). From the dQ/dV curves of cells (Figure S29), the
intensity of Peak 1 and Peak 2 is reduced in BE and
BE-F2DEM electrolytes, indicating the loss of active
materials.”** In comparison, BE-FIDEM electrolyte deliv-
ered high capacity retention of 84.2% and average CE of
99.97 % after 1000 cycles with no obvious loss of negative
active materials and Li. Despite showing good capacity
retention initially, the capacity of the cell with BE-F2DEM
showed serious deterioration during subsequent cycling
(~600 cycles), indicating the F2DEM-derived SEI is less
stable compared with the FIDEM-derived one.

In situ FTIR was performed to reveal the interfacial
evolution of various electrolytes during SEI formation
(Figure 4a—c and Figure S30). Upon discharging SiO, anode
from OCV to 0.01V, significant changes were observed in
the BE electrolyte, indicating of the excessive decomposi-
tion of electrolyte solvents. The peak intensity of EC
(~1800 cm™), Li*-EC (~1770 cm™"), EMC (~1750 cm™') and
Li"™-EMC (~1715 cm™") exhibit obvious attenuation, and the
increased peak intensity of dehydrogenated EC (de-H EC,
one hydrogen removed, ~1827 cm™), dehydrogenated EMC
(de-H EMC, one hydrogen removed, ~1761cm™,
~1754cm™ and ~1738 cm™) is found.”" By contrast, the
corresponding peaks of above-mentioned solvent decompo-
sition and side reaction product are dramatically inhibited at
the presence of FIDEM and F2DEM additives. It is worth
noting that the stronger inhibiting effect is exhibited by
F1IDEM than F2DEM, which could be attributed to the
prior decomposition of FIDEM forms a robust passivation
interphase, suppressing unlimited decompositions of electro-
lyte.

Next, in situ EIS of SiO, anodes at the first cycle was
carried out to reveal the forming process of SEI in various
electrolytes (Figure 4d—f). The resistance of SEI (Rgg) and
Li* charge transfer (R.) rapidly stabilized and remained
stable during cycling in BE-FIDEM electrolyte, suggesting
FIDEM induced an SEI layer with lower interfacial
resistance and excellent stability which effectively prevents
the interfacial side reactions. In comparison, the impedance
measured in BE and BE-F2DEM gradually increased,
indicating the formation of unstable interphases which are
vulnerable to volume swing and electrolyte.®” In addition,
the composition evolution of SEI during its formation
process in various electrolytes was recorded by X-ray
photoelectron spectroscopy (XPS) under different potentials
(Figure 4g-i). Due to the absence of fluorinated additives,
negligible LiF generation in BE between 2.2 and 1.6 V. In
contrast, in the presence of FIDEM, the LiF signal was
detectable as early as 2.2 V and increased rapidly, confirm-
ing the generation of a LiF-rich layer in the initial stages of
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X-ray photoelectron spectroscopy (XPS) spectra of SiO, anodes with BE (g), BE-F1DEM (h) and BE-F2DEM (i) at Tst discharge under different

potentials.

SEI formation. For the BE-F2DEM system, the emergence
of the LiF signal occurred later and its growth was slower
compared to the BE-F1IDEM system. Both EIS and XPS
results confirmed that the faster decomposition of FIDEM
facilitates preferential formation of LiF at relatively high
potentials (>1.6 V vs Li/Li*), which could better passivate
the SiO, anode surface for subsequent reactions.

The chemical compositions of SEI layers were inves-
tigated by XPS to reveal the underlying reason for improved
stability and reduced impedance of the SEI formed in
BE-F1DEM (Figure 5a, Figure 5b, Figure S30-S35). Con-
sidering the similar structure of FIDEM and F2DEM, the
SEIs formed in both electrolytes show very similar composi-
tions after 5 cycles, with abundant inorganic species,
especially LiF (mainly originated from the decomposition of
additives). It is worth noting that the SiO, anode exhibits
strong —OCO,Li signals cycled in BE, which derives from

Angew. Chem. Int. Ed. 2025, 64, €202413927 (6 of 10)

reduction decomposition of carbonate solvents. A small
portion of the LiF component detached from the SEI during
cycling due to significant volume swings and was replaced by
other species. Combining C1s (Figure 5a and Figure S33),
F1s (Figure 5b and Figure S34) and Li 1s (Figure S35)
spectra after 100 cycles, both BE-F1IDEM and BE-F2DEM
samples show high intensity of LiF in the SEI layer, with
Li;PO, and Li,CO;, Li,PF, observed respectively. To corrob-
orate, soft X-ray absorption spectroscopy (sXAS) data of
SiO, anodes with total electron yield TEY mode (<5 nm)
are collected to resolve the SEI components. As shown in
Figure 5c, there are more Li,CO; (~534¢eV) and lithium
carboxylate (~544 eV) species generated on the SiO, surface
in BE and BE-F2DEM electrolytes.” The F K-edge spectra
(Figure 5d) showed four clearly distinguishable peaks cen-
tered at ~691.6 eV (P—F), ~692.7 eV (LiF), 696.6 eV (P-F)
and ~702 eV (LiF).F**! After 100 cycles, the clear peak of

© 2024 Wiley-VCH GmbH
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saturation representing the higher content).

LiF could be seen in BE-FIDEM system, while more P—F
signals were observed for BE-F2DEM, further corroborat-
ing the XPS results. As previously mentioned, the introduc-
tion of FIDEM contributes to the formation of more CIPs,
thus, a SEI dominated by anion-derived decomposition
products (LiF and Li;PO,) is formed, which favors the Li*
transfer through the SELP** In addition, its favored
decomposition kinetics result in a robust SEI with a dense
Li-rich inner layer at relatively high potentials. With a better
passivating interphase, excess carbonate decomposition can
be effectively suppressed.

Angew. Chem. Int. Ed. 2025, 64, €202413927 (7 of 10)

To explore the spatial distribution of different chemical
components within SEI, time of flight secondary-ion mass
spectroscopy (TOF-SIMS) measurements were carried out
(Figure 5e, Figure 5f and Figure S36). The intense LiF,” and
PO;™ signals uniformly detected on the SiO, surface verifies
that the FIDEM-induced SEI is mainly composed of
inorganic constituents generated from the decomposition of
additives and lithium salts, well agreeing with the XPS
results. The species of LiO,” and LiCO;" correspond to the
reduction products of EC and EMC solvents, such as lithium
alkyl esters and Li,CO5.*) Compared with FIDEM, an SEI
with larger amount of solvent-derived components was

© 2024 Wiley-VCH GmbH
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formed in BE-F2DEM electrolyte, indicating the insuffi-
ciency of inorganic passivating species (i.e. LiF) generated
during the early stages of SEI formation prevent it from
effectively passivating the SiO, surface. Moreover, as a SEI
component with high lithium-ion conductivity, the content
of Li;PO, in the FIDEM-derived SEI, especially on the
outermost surface, is much higher than that derived from
F2DEM. This difference suggests that the former could
better tolerate the repeated volume swings, hence mechan-
ically fragile components like lithium phosphate can be
better retained in the SEI. Exhibiting a LiF-rich inner layer
and a Li;PO,-rich outer layer, the hierarchically structured
SEI formed in BE-FIDEM not only promotes the inter-
phasial stability for long-term cycling, but also facilitate fast
interphasial Li* conduction for high-rate operation.

The microstructure of SEI formed in different electro-
lytes was further examined by cryo-transmission electron
microscopy (cryo-TEM). A fractured and uneven SEI layer
is evident on the SiO, anode cycled in BE electrolyte after
100 cycles (Figure 6a). In comparison, the SEI formed in
BE-FIDEM electrolyte remain intact, protected by a uni-

d

SiO,-100th cycle

Broken and thick SEI
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SiO,-100th cycle FIDEM

Uniform and thin SEI

Angewandte
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form and thin SEI, confirming the suppressed electrolyte
decomposition and the intact structure of SiO, anode after
multiple cycles at the present of FIDEM (Figure 6b), a
relatively thicker SEI was generated in BE-F2DEM,
suggesting the existence of excess electrolyte decomposition
(Figure 6¢).

To evaluate the mechanical properties of SEI formed on
SiO, surface in BE, BE-FIDEM and BE-F2DEM electro-
lytes, atomic force microscopy (AFM) measurements were
performed. The SiO, particle cycled in BE-F1IDEM exhibits
a more uniform and smoother surface morphology com-
pared to that cycled in BE and BE-F2DEM electrolytes
(Figure S37), which well agrees with the cryo-TEM results.
More importantly, the corresponding Derjaguin-Miiller-
Toporov (DMT) modulus of BE-FIDEM electrolyte de-
rived SEI exhibits a high average value of 3.83 GPa, much
higher than that of BE (0.96 GPa) and BE-F2DEM
(2.73 GPa), which could be due to the higher content of
inorganic species (Figure 6d-f). Generally, an SEI with high
Young’s modulus could better restrict the volume expansion
and maintain the integrity of SiO, electrodes. For a more
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Figure 6. Cryo-TEM images of SiO, anodes with BE (a), BE-F1IDEM (b) and BE-F2DEM (c) electrolytes at delithiated state after 100 cycles; DMT
modulus distribution of SEI on the SiO, anodes after 100 cycles with BE (d), BE-F1IDEM (e) and BE-F2DEM (f) electrolytes; (g) Cross-sectional
view of the stress distribution for pristine SiO, particle and SiO, particle coating with LiF.
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vivid demonstration, simulation based on finite element
method (FEM) was applied to describe the stress mitigation
effect of stable SEI layer. As displayed in Figure 6g, the
bare SiO, particle undergoes sharp stress accumulation from
the outer surface to the inner bulk. Conversely, the stress
evolution of the SiO, particle exhibits a gradual trend when
subject to the interfacial coating of a LiF layer, with the
primary stress concentrated within the LiF layer. The
different stress distribution behaviors of both particles are
attributed to the LiF interface with high Young’s modulus
and low adhesion.®* The above findings further demon-
strate that the incorporation of FIDEM additive helps to
form a mechanically durable SEI film, which effectively
mitigates the volume change and minimizes stress concen-
tration during repeated cycling.

3. Conclusions

In summary, we prepared two additives with different
fluorine content (FIDEM and F2DEM) to improve the
interphase stability of silicon-based anodes. A series of
characterizations revealed that, despite having a lower
fluorine content, FIDEM with partially fluorinated -CHF—
groups exhibits better decomposition kinetics compared to
F2DEM. Consequently, FIDEM can quickly form a LiF-rich
passivation layer on the anode surface during the initial
stages of SEI formation (Scheme 1). This layer effectively

Early stage of SEI formation

PN S VPN

F

BE-FIDEM

Compact passiviation layer
Organics

LiPO, ‘s o =
SiO, Anode

o o BE-F2DEM
0?5 o™
FF
Loose inorganic layer Organics

a®®ca’a &
SiO, Anode
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suppresses side reactions and better accommodates volume
changes, thus stabilizing the interfacial structure and
composition. In contrast, while F2DEM can also form a
significant amount of LiF, its poorer decomposition kinetics
prevent it from quickly passivating the anode surface during
the initial SEI formation stages. This results in a thicker and
mechanically weaker SEI. By revealing the impact of
fluorinated additive decomposition kinetics on SEI forma-
tion and the electrochemical performance of silicon-based
anodes, this work provides new insights for constructing
stable interfaces in high-energy-density batteries.
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