#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Electrolyte design weakens lithium-ion solvation

{") Check for updates‘
for a fast-charging and long-cycling Si anodef

Cite this: Chem. Sci., 2025, 16, 2609

@ All publication charges for thisarticle  Min Li, @ 2° Shuai Li,® Dong Yan,? Yuhao Ma,? Xiaobin Niu®? and Liping Wang @ *?

have been paid for by the Royal Society
of Chemistry Silicon (Si) is considered a promising anode material for next-generation lithium-ion batteries due to its high
theoretical specific capacity and earth-abundancy. However, challenges such as significant volume
expansion, unstable solid electrolyte interphase (SEI) formation in incompatible electrolytes, and slow
lithium-ion transport lead to its poor cycling and rate performance. In this work, it is demonstrated that
superior cyclability and rate capability of Si anodes can be achieved using ethyl fluoroacetate (EFA) and
fluoroethylene carbonate (FEC) solvents with low binding energy with Li* but with sufficiently high
relative dielectric constants. By weakening the interaction between Li* and the solvent, the energy
barrier for the Li* desolvation process is lowered, while ensuring the conductivity and diffusion of Li*. As
a result, the silicon—carbon anode with the optimized electrolyte exhibits excellent cycling and rate
performance, and can work reversibly with a high capacity of 1709.1 mAh g~! that proceeds for over 250
cycles and retains 85.2% of its capacity at 0.2C. Furthermore, the Si/C||LiFePO,4 (LFP) full cell shows an
extended service life of more than 500 cycles. This work offers valuable insights into the design of
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1 Introduction

With the development of electric vehicles and large-scale energy
storage systems, existing commercial lithium-ion batteries (LIBs)
are increasingly unable to meet the market's demand. For this
reason, researchers have explored various novel material systems
to increase the energy density of batteries, such as alloy-based
anodes,”* Li metal anodes,>* sulfide-based cathodes,”” and
Li-rich manganese-based cathodes.*® Among these, silicon (Si) is
regarded as one of the best alternatives to the commercial
graphite anode due to its outstanding advantage of high
theoretical capacity (4200 mAh g~ ') and appropriate operating
voltage (~0.4 V, vs. Li/Li*)."® However, the volume expansion of the
silicon is up to 300% upon lithiation, and the repeated insertion
and extraction of Li" induce mechanical stress and deformation
on the surface, leading to the pulverization of particles."* The
volume deformation disrupts electrical contact between adjacent
silicon particles or between the particles and the current collector,
with active materials potentially detaching entirely from the
collector.'*> Additionally, the solid electrolyte interphase (SEI) on
the silicon surface repeatedly ruptures and regenerates as a result
of the volumetric deformation of silicon, consuming substantial
amounts of electrolyte and active lithium."* Over time, the
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increasing thickness of the SEI further degrades the Coulombic
efficiency and ionic conductivity of LIBs."*

The electrolyte is a crucial component in Si-based LIBs, with
its formulations essential for enhancing battery kinetics. It not
only determines the mobility and desolvation of ions but also
serves as the precursor for the SEL' Li" migration within
a battery involves four primary steps: the migration of solvated
Li" in the native electrolyte, the desolvation process of solvated
Li", the migration of Li" across the SEI, and the diffusion of Li"
in the electrode materials.’® The rate of these steps can be
affected by various factors, such as the thickness and porosity of
the electrode, the particle size of active materials, and the
operating temperature."”” Among these processes, the des-
olvation process of Li' is considered the primary energy-
consuming and rate-limiting step, particularly in fast-charging
and low-temperature applications.”® In conventional electro-
Iytes, the highly solvated ethylene carbonate (EC) molecules are
firmly bound to Li" with high viscosity and a large molecular
structure, hindering the detachment of Li" from its solvated
sheath at the anode interface of the battery, resulting in a highly
polarized interface which leads to a decrease in battery capacity
or the formation of lithium dendrites.” Additionally, the
conventional EC-based electrolyte is prone to continuous reac-
tion and decomposition on the surface of silicon anodes, and
repeated cracking/crushing occurs at the interface, resulting in
electrolyte drying and sudden capacity degradation.*® There-
fore, the Si anode is subjected to excessive SEI growth, further
increasing the barrier to transport Li' at the electrode/
electrolyte interface.”
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Various electrolyte engineering designs have been applied to
silicon anodes to solve the problem of slow ionic transport and
excessive SEI growth. Cao et al. proposed a weakly solvated fully
fluorinated  electrolyte configured with fluoroethylene
carbonate (FEC)/bis(2,2,2-trifluoromethyl) carbonate (BTFC)/
ethyl trifluoroacetate (ETFA), enabling Si-based batteries to
operate at a wide range of temperatures.” Fan's group clarified
that the reduction stability of solvents is stronger with the lower
electrophilicity (EPT) and coordination ability (CDA), reducing
solvent decomposition for the formation of a homogeneous SEI
for Li or Si anodes.” Zhao et al. reported an electrolyte based on
the weak solvent cyclic tetrahydrofuran, shown to form LiF-rich
interphases, achieving a long cycle life of Si anodes.** Further-
more, recent studies have revealed that weakly solvating elec-
trolytes offer additional advantages, including suppressing
lithium polysulfide reactivity in high-energy-density Li-S
batteries and promoting the dominance of contact ion pairs and
aggregates at low salt concentrations for uniform lithium
deposition.”>®* Notably, weakly solvating electrolytes have been
shown to derive inorganic-rich SEI compositions suitable for
silicon-based anodes to accommodate their volume changes
while maintaining interfacial stability.***' Advancing from
these previous studies, our work proposes an appropriate and
simple criterion for selecting solvents for weakly solvating
electrolytes.

Here, we report an electrolyte consisting of 1.5 M lithium
bis(fluorosulfonyl)imide (LiFSI) and 0.1 M lithium difluoro(ox-
alato)borate (LiDFOB) salt in a solvent mixture of ethyl
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fluoroacetate (EFA) and FEC (8:2 by volume) (denoted as EFA/
FEC-based). This formulation exhibits weakened Li‘-solvent
interaction and high lithium salt solubility, which are designed
to reduce solvating ability, accelerate ionic transport, and
provide F sources for forming the SEI. The weak affinity towards
Li" promotes desolvation kinetics, and the unique anion-rich
solvated structure induces earlier reduction of FSI" to form an
inorganic-rich SEI with a low resistance. As a result, the silicon—-
carbon (Si/C) anode is stabilized for more than 250 cycles at
0.2C in this electrolyte and retains 93.7% of its capacity after
200 cycles at 0.5C. In addition, the capacity retention of the Si/
C||LFP full cell is 70.5% after 500 cycles at 0.5C. Both half and
full cells exhibit dramatically improved rate performance.

2 Results and discussion
2.1 Design principle

The desolvation process of Li' in the electrolyte, as a pivotal
factor affecting the charge transfer kinetics, determines the
subsequent SEI formation and Li'-electron binding kinetics, so
reducing the desolvation energy (E,) is the focus of our elec-
trolyte design (Fig. 1a).**** The desolvation energy is closely
related to the solvation structure of the electrolyte. Theoreti-
cally, the formation of a weak solvation structure between Li"
and solvent molecules is conducive to the desolvation process of
Li".#*%3%5 Qur strategy focuses on reducing the interaction
strength between Li" and the solvent to significantly reduce the
energy barrier for the desolvation process of the solvated Li",
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Fig. 1 Design principle of the electrolyte. (a) Schematic illustration of energetic coordinates for “Li* desolvation” at the silicon/electrolyte
interface. (b) Diagram of binding energy and dielectric constant for solvents.*”*° (c) Arrhenius curves and the corresponding activation energies
(E,) of the different electrolytes. EFA/FEC-based: 1.5 M LiFSI and 0.1 M LiDFOB in EFA/FEC (8 : 2, by volume). EA/FEC-based: 1.5 M LiFSI and 0.1 M
LIDFOB in EA/FEC (8: 2, by volume). EC-based: 1 M LiPFg in EC/DMC (1: 1, by volume) with 10 wt% FEC.
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which can be evaluated from the binding energy of Li*-solvent.
Simultaneously, high lithium salt solubility is required to
ensure high ionic conductivity and rapid ionic transport of the
electrolyte, so the solvent should have a high dielectric constant
(¢). However, while a high dielectric constant promotes ionic
dissociation, it also implies a strong affinity between solvent
molecules and Li*, which inhibits the desolvation process at the
electrode surface and results in a low Li* transference number.>

We compare the magnitude of the dielectric constants and
their binding energy to Li* of various common solvents in
Fig. 1b. Linear carbonates are potentially attractive solvents due
to their low cost, low viscosity, and low melting point. However,
their dielectric constants typically range from 2 to 4, indicating
a relatively weak ability to dissociate lithium salts. The linear
carboxylic esters, such as ethyl acetate (EA), benefit from the low
viscosities and freezing points and are often used as co-solvents
to enhance the performance of LIBs at low-temperature and
high rates.*® The strong affinity (—2.1 eV) between the ester
carbonyl group (C=0) and Li" slows down the desolvation
process at the electrode/electrolyte interface.”**” Fluorination
serves as an efficient approach to modulate the binding energy
of solvents with Li', reducing the binding energy of EFA to
—1.8 eV. The strong electron-withdrawing effect of the F atom
significantly diminishes EFA's solvating ability and weakens the
interactions between Li* and EFA.*?° The presence of an
equilibrium region (yellow area in the lower right corner)
includes solvents with low binding energy values and moderate
dielectric constants, leading to moderate lithium salt dissocia-
tion while effectively reducing the affinity of Li" for the solvents
without obstructing ionic transport.

EFA and FEC are selected as solvents for the electrolyte
design based on the following considerations: (1) with
adequately high dielectric constant, EFA has a favorable ability
to Li" dissociation while its low binding energy weakens the Li'-
solvent coordination and promotes the Li" desolvation. (2) A
small amount of FEC allows precise coordination with Li" to
achieve a certain FEC solvation number.* In addition, FEC
combines an appropriate binding energy and a dielectric
constant value. As a co-solvent, it has a high ionic conductivity,
good SEI formation ability, and high oxidation resistance.** (3)
The coordination of Li*-FSI” can be strengthened, and the
reduction of FSI™ occurs earlier to form an inorganic-rich SEIL
The introduction of F enhances the ability to form an effective
SEI on the silicon anode. The F-containing species, both organic
and inorganic, are effective in the passivation of the silicon
anode surface and mitigation of further electrolyte decompo-
sition.*> Numerous studies have shown that the LiF-rich SEI can
inhibit sequential side reactions and mitigate the pulverization
of active particles."** With this in mind, we used EFA and FEC
for electrolyte design and determined the optimal ratio of EFA
and FEC as 8:2 (Fig. S1at). LIDFOB, used as a salt additive to
improve cycling stability (Fig. S1b¥), preferentially participates
in the SEI formation during charge and discharge,** effectively
suppressing the side reaction between the electrolyte and active
materials while promoting uniform deposition of lithium
metal.®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To evaluate the activation energy of Li* desolvation of elec-
trolyte, the silicon electrodes were removed from two Li/Si cells
after three activation cycles at 0.05C using the corresponding
electrolytes, and then fabricated into symmetric cells for the
electrochemical impedance spectra (EIS) test from 283.15 to
323.15 K. As shown in Fig. 1c and S2-5S4,7 due to the substantial
binding energy of Li'-EC, the E, value of the EC-based electro-
lyte reaches 51.5 k] mol . Changing the electrolyte to EA/FEC-
based, the E, value is diminished to 29.1 k] mol~". As expected,
the substitution of EFA solvent reduces the E, to 20.8 k] mol™*,
attributed to the lower binding energy of the Li'-EFA reducing
the Li*-solvent interaction in the solvation shell, which speeds
up the desolvation process.

The conductivity of the electrolytes compared in Fig. S5t
shows that the EFA/FEC-based electrolyte is endowed with
a high conductivity at room temperature (10.55 mS cm™ '), the
same level as the EC-based electrolyte (11.32 mS cm ™). What
really matters for the performance of batteries is the Li"
migration, and the high conductivity does not directly equate to
high efficiency of Li" migration. Li/Li symmetric batteries were
polarized at a constant potential of 10 mV, and the values of Li"
transference numbers (#;-) of EC-based, EA/FEC-based, and
EFA/FEC-based electrolytes are 0.15, 0.55, and 0.67, respectively
(Fig. 2a and Table S11). A low Li* transference number will form
concentrated differential polarization during the cycling
process of the battery, especially at high rates. According to the
results, the diffusion of Li* in the electrolyte is accelerated due
to the low viscosity of small EA molecules. When replacing EA
with EFA, the ¢+ was substantially increased, attributed to the
low viscosity EFA inherited from EA and the reduced shielding
effect on Li" due to the reduction of solvent molecules.*

2.2 Solvation structures of electrolytes

The solvation structures of the electrolytes described above were
further studied using Fourier transform infrared (FT-IR) spec-
troscopy. Fig. 2b presents the FT-IR spectra of the carboxylic
ester carbonyl group (C=0) in pure EA, pure EFA, LiFSI-EA, and
LiFSI-EFA. The peak near 1736 cm ™' is related to the free EA
molecules, whereas the peak at about 1704 cm ™' is associated
with the coordination of Li'~EA in LiFSI-EA. Likewise, the pure
EFA solvent exhibits the characteristic stretching vibration of
C=0, with an additional peak at approximately 1770 cm,
possibly resulting from Fermi resonance, and the peak at
1763 cm ™' is attributed to the free EFA.?** Fluorination induces
a shift of the C=0 stretching vibration to a higher wavenumber,
and new peaks appearing at lower wavenumbers correspond to
Li" coordinated solvents (Fig. S6T). The much weaker peak of
Li"™-EFA coordination at 1716 cm ™ * compared to Li*~EA coor-
dination indicates that the Li‘-solvent interaction is signifi-
cantly reduced. Fig. 2c and d show the Raman spectra of EA,
EFA, FEC, and electrolytes. The FSI™ anion of the EFA/FEC-
based electrolyte has the strongest interaction with Li*, as evi-
denced by the S-N-§ stretching vibration of FSI™ at 733.7 ecm ™,
which has the smallest redshift relative to that in the LiFSI salt
(774 em™').¥ Raman spectra fitting results reveal that free
anions (SSIP, uncoordinated to Li'), contact-ion-pairs (CIP, one

Chem. Sci, 2025, 16, 2609-2618 | 2611
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Fig. 2 Solvation structure of electrolytes. (a) /-t curves of the cells with different electrolytes. (b) FT-IR spectra of C=0 in EA, EFA, LiFSI-EA
(1.5 M LiFSI in EA), and LiFSI-EFA (1.5 M LiFSI in EFA). (c) Raman spectra of the FEC, EA, EFA, and electrolytes. (d) Fitting results of the Raman
spectra of the EA/FEC-based and EFA/FEC-based electrolytes in the range from 660 to 800 cm~t. MD snapshots of (e) EA/FEC-based and (g)
EFA/FEC-based electrolytes. The radial distribution function and coordination number of (f) EA/FEC-based and (h) EFA/FEC-based electrolytes.
The oxygen atoms in EA, EFA, FEC, FSI™ and DFOB™ are denoted as O—-EA, O-EFA, O-FEC, O-FSI™ and O-DFOB™, respectively. And the
corresponding illustrations are the typical solvation structures of electrolytes in the primary Li* solvation shell, in which the atoms are repre-
sented by balls of different colors (H: white, Li: purple, B: pink, C: grey, N: blue, O: red, F: light blue, S: yellow).

FSI™ anion coordinating to one Li*), and aggregates (AGG, one
FSI™ anion coordinating to more than two Li') of the solvated
structure in the EFA/FEC-based electrolyte accounted for 6.31%,
63.24%, and 30.45%, respectively. The number of coordinated
FSI" is increased compared to that of the EA/FEC-based elec-
trolyte, and the corresponding peaks of the free solvent mole-
cules are significantly weakened, indicating that more solvent
molecules are involved in the Li" solvation shell.

Molecular dynamics (MD) simulations further confirmed the
spectral analysis results. The simulated results are shown in
Fig. 2e-h and S7.1 For the EA/FEC-based electrolyte, the average
coordination number of EA is 3.017, whereas that of FSI™ is only
1.780, indicating that the EA solvent is dominant in the solva-
tion shell. As the illustration in Fig. 2f shows, the representative
solvation structure in the EA/FEC-based electrolyte is one FSI™
and three EA coordinating with Li". The high binding energy of
Li'-EA significantly increases the barrier for Li" desolvation.
The g(r) value of the Li-Ogg;- pair increases obviously, and the
Li-Ogra peak significantly decreases, suggesting that the FSI™
participates more extensively in the primary Li* solvation shell,
which is the result of the reduced ionic-dipole interactions of

2612 | Chem. Sci,, 2025, 16, 2609-2618

Li'-EFA.?® The illustration in Fig. 2h shows that the represen-
tative solvation structure in the EFA/FEC-based electrolyte is two
FSI” and two EFA coordinating with Li’. Accordingly, the
coordination number of the EFA decreases to 2.183, and that of
FSI" increases to 1.921 in the EFA/FEC-based electrolyte, indi-
cating that the coordination interaction of Li'-FSI™ is
enhanced. According to the results of calculations, the anionic
content within the solvation structure of Li" in the EFA/FEC-
based electrolyte increased from 24.1% to 31.3% compared to
that of the EA/FEC-based electrolyte (Fig. S7t). The high level of
anions in the solvated structure facilitates the formation of CIP
and AGG, which is conducive to constructing a stable and
robust interphase.*®*

2.3 Electrochemical performance of Si/C anodes

The charge/discharge profiles of Si/C anodes are compared in
Fig. 3a—c, using Li/Si cells at a rate of 0.2C (1C = 1800 mA g~ ).
In contrast to the other two, lower polarization is observed in
the EFA/FEC-based electrolyte. The initial discharge capacities
with the EC-based, EA/FEC-based, and EFA/FEC-based electro-
lytes are 1903.3, 2038.4, and 2085.3 mAh g ', respectively,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Electrochemical performance of Li/Si cells with the three electrolytes. Corresponding charge/discharge voltage profiles of Li/Si cells using
(a) EFA/FEC-based, (b) EA/FEC-based, and (c) EC-based electrolytes. (d) Cycling performance at 0.2C after two activation cycles at 0.05C. (e)
Charge/discharge curves at different rates using the EFA/FEC-based electrolyte. (f) Rate performance using the three electrolytes. (g) Cycling

performance at 1C after three activation cycles at 0.1C.

corresponding to the initial Coulombic efficiency (ICE) of
87.1%, 85.5%, and 86.3%, respectively (Fig. S8f). The
morphology and composition of the Si/C materials are revealed
in Fig. S9-S11.f To investigate the delithiation/lithiation
behavior of Si/C anodes, cyclic voltammetry (CV) was carried
out. As shown in Fig. S12,1 the reduction peak observed below
0.05 V signifies the initial lithiation process of the active crys-
talline Si to form Li,Si, which splits into two peaks at 0.47 and
0.02 V in subsequent cycles, indicating amorphization of the Si/
C anode. Meanwhile, the oxidation peaks of silicon corre-
sponding to dealloying were assigned at 0.35 and 0.50 V during
the positive scan.'®*>** With cycling at 0.2C to over 100 cycles,
the difference in capacity between the batteries using different
electrolytes begins to show up clearly. Specifically, only a low
discharge capacity of 223.3 mAh g~ in the Li/Si cells using the
EC-based electrolyte was retained after 120 cycles. Sharp
capacity decay exhibits a typical result when using conventional
EC-based carbonate electrolytes, as the organic SEIs derived
from carbonates fail to efficiently suppress volume changes.*
The Si/C anodes in the EA/FEC-based electrolyte exhibit
improved cycling performance (Fig. 3d) but still suffer from
a continuous capacity drop. After 150 cycles, the discharge
capacity decreased to 941.1 mAh g™, with a remaining capacity
of only 56.6%. Further replacing the EA in the EA/FEC-based
electrolyte with EFA solvent resulted in improved cycling
stability, achieving a discharge capacity of 1572.4 mAh g " and
a capacity retention of 92.0% after 150 cycles. Half cells in EFA/

© 2025 The Author(s). Published by the Royal Society of Chemistry

FEC-based electrolyte run steadily for more than 260 cycles and
retain 84.9% of the initial capacity (1709.1 mAh g~ " at 0.2C).

The rate performance of the Si/C anodes was assessed
between 0.05C and 5C. As indicated in Fig. 3e and f, Si/C anodes
using the EC-based electrolyte deliver almost no capacity at
a discharge rate of 5C. It can be observed that the cell based on
the EA/FEC-based electrolyte provides significantly higher
discharge capacities of 952.1 and 550.0 mAh g~" at 2C and 5C,
respectively. As expected, the Si/C anodes using the EFA/FEC-
based electrolyte display an excellent rate capability compared
with others, further increasing discharge capacities to 1284.7
and 900.0 mA h g ' at 2C and 5C, respectively. Meanwhile, the
EFA/FEC-based cells can obtain a high reversible capacity of
1311.2 mAh g after 200 cycles of stable cycling at 0.5C
(Fig. S13t), demonstrating a high retention rate of 93.7%. By
comparison, the control with the EC-based electrolyte shows
a rapid capacity decay, and EA/FEC-based cells deliver
1139.3 mA h g~ ' with only 81.6% of their capacity retained after
200 cycles at 0.5C. Furthermore, at a higher rate of 1C (Fig. 3g),
the cell with the EFA/FEC-based electrolyte exhibits a high
specific capacity of 1433.6 mAh g ' at the 4th cycle, with
a capacity retention of 81.15% after 300 cycles. The cycling
performance of the cells using the EFA/FEC-based electrolyte is
compared with other published studies in Table S2,f demon-
strating its superiority and high compatibility with silicon
anodes.

Chem. Sci., 2025, 16, 2609-2618 | 2613
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2.4 Interfacial properties of the cycled electrodes

The data from EIS may partially reveal the reason for the
difference in cycling stability and rate capability using the three
electrolytes. As shown in Fig. 4a and S14a,7 EC-based cells
exhibit a maximum charge transfer impedance (R,) of 121.3 Q,
while the cells with the EFA/FEC-based electrolyte show the
smallest impedance of 30.08 Q before cycling. After the first
cycle, the R, of all three electrolytes tends to decrease since the
expansion and contraction of silicon leads to a much more
complete contact between the electrode and the electrolyte.**
However, the R of the cells with the EC-based electrolyte shows
an increasing trend after 50 cycles, indicating deteriorated
lithiation/delithiation kinetics on the electrodes, which is
caused by the continuously increasing thickness of the SEI
during cycling. This can still be confirmed from the values of
Ry after 50 cycles in Fig. S14b,T and the SEI developed in the
EFA/FEC-based electrolyte presents the minimal impedance of
2.16 Q, suggesting that the less resistive SEIs are susceptible to
Li" migration. In summary, the Li" migration energy barrier in
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the EFA/FEC-based electrolyte is relatively low, and the Li"
desolvation energy is decreased, which leads to the acceleration
of Li" desolvation kinetics. Furthermore, the SEI film in the
EFA/FEC-based electrolyte has a higher ionic conductivity,
which speeds up the migration of Li* through the SEL.*

The impedance of Li* across the SEI is strongly correlated
with the thickness and chemical compositions of the inter-
phase, as revealed by transmission electron microscopy (TEM)
and X-ray photoelectron spectroscopy (XPS) characterization
studies. TEM images of silicon electrodes after 50 cycles in
different electrolytes are shown in Fig. 4b. After cycling in the
EC-based electrolyte, a rather thick and inhomogeneous SEI of
about 50 nm was obtained due to the continuous accumulation
of by-products. When using the EFA/FEC-based electrolyte, the
SEI shows a thickness of 14-18 nm, which was relatively thinner
than that obtained using the other two electrolytes. The thin SEI
facilitates the diffusion of Li" and shortens the path for Li"
transport,* contributing to enhanced rate performance of the
Si/C anode in the EFA/FEC-based electrolyte. The disparity in
thickness in these three electrolytes is intimately related to the
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Interfacial characterization of the cycled Si/C anodes. (a) EIS of Li/Si cells in corresponding electrolytes and their fitting results at different

periods; the points represent the raw data, and the lines represent the fitting data. (b) TEM images of the Si/C anodes after 100 cycles. (c) The XPS
spectra of F 1s of Si/C anodes after 100 cycles. (d) Optical images of the cross-section of the Si/C anodes after 50 cycles.
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chemical constitution of the formed SEI. To explore the reasons
behind the superior electrochemical performance of the Si/C
anode in the EFA/FEC-based electrolyte, the formation of the
SEI after 100 cycles was investigated by the XPS technique.
Notably, the addition of FEC significantly promoted LiF
formation in the EC-based phase. For EA/FEC-based and EFA/
FEC-based electrolytes, the F 1s spectra (Fig. 4c) show inorganic
species containing S-F, C-F, and Li-F bonds.*®**> However, the
higher-strength LiF signal and the lattice fringes of LiF (111) can
be observed from the interphase layer established with the EFA/
FEC-based electrolyte in Fig. 4b and c. The in situ growth of the
LiF-rich SEI layer is conducive to high Li" conductivity, typically
attributed to its large bandgap, high shear modulus, and elec-
tronic insulation properties.”*** The gradual increase in C-F
and S-F content in the EFA/FEC-based electrolyte resulting from
the decomposition of FSI"™ can be detected, well demonstrating
the weak affinity of Li'-solvent and the involvement of more
anions in the solvation structure.

The C 1s and O 1s spectra exhibit major peaks attributed to
CO;>", C-0, and C=0 substances (Fig. S15a and bt).** In
contrast, these typical signals associated with organic
substances are significantly weaker when using the EFA/FEC-
based electrolyte. The inorganic crystalline LiF-dominated SEI
possesses higher interfacial energy and weaker bonding to the
Li-Si alloy, ensuring its integrity during large volume changes of
the internal Li,Si.*»** The organic-rich SEI formed in the EC-
based electrolyte has lower interfacial energy and stronger
bonding to the alloy phase, which will rupture during volume
deformation of the alloy phase, leading to an electrolyte pene-
tration and a rapid capacity degradation.”>** The higher content
of sulfur components (S-F, -SO,F, Fig. 4c and S15cf) on the
surface is due to the decomposition of the FSI" anion, which
results in the participation of more anions in the solvated
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sheath layer.*®*>* The electrolyte promotes the formation of the
SEI with inorganic-rich components on the Si/C anode, which
features a low electronic conductivity as well as the ability to
conduct Li' rapidly. The inorganic-rich SEI exhibits low thick-
ness, leading to minimal resistance, which facilitates rapid Li"
migration across the interfacial phase. The easy Li* desolvation
process and the subsequent rapid ionic motion through the SEI
can effectively explain the superior performance of Si/C anodes
in the EFA/FEC-based electrolyte.

Optical microscopy was employed to observe the efficacy of
the SEI in different electrolytes to withstand the volume
changes of the cycled electrodes. The enhanced stability of the
inorganic LiF-rich SEI in comparison to the organic SEI is
further evidenced by the suppressed growth of the thickness of
the electrode after 50 cycles in electrolytes. As shown in Fig. 4d
and S16,T the electrode thickness is 27.33 pm before cycling and
29.36 pm after 50 cycles in the EFA/FEC-based electrolyte, with
an expansion rate of 7.2%, which shows the smallest increase in
thickness compared to 35.1% in EC-based electrolyte and 25.5%
in EA/FEC-based electrolyte. The extremely low increase in the
thickness of the electrodes in the EFA/FEC-based electrolyte is
much lower than that reported in other studies.>*® It proves the
superior mechanical properties of the generated inorganic LiF-
rich SEI film and emphasizes the essential role of the EFA/FEC-
based electrolyte in mitigating the inherent volume change
challenges in silicon-based anodes, thereby contributing to
improved electrochemical performance.

2.5 Electrochemical performance of Si/C||LFP full cells

The full cell consists of a Si/C anode paired with a commercial
LFP cathode, and the Si/C anode was pre-lithiated with an N/P
ratio of 1.12 before cycling. Combined with the exploration of
the solvation structures and the interphases, it can be inferred

b
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that the rapid migration of Li" in the electrolyte, the fast des-
olvation process, and the low resistance of SEI can be effectively
achieved by rationally adjusting the solvent molecules to ensure
the easy movement of Li" at the interface, as illustrated in
Fig. 5a. The full cells with the EFA/FEC-based electrolyte exhibit
stable cycling, and the cycling performance of the Si/C||LFP full
cells is shown in Fig. 5b. As expected, the EC-based electrolyte
does not support reversible cycling of the cells, with the capacity
fading rapidly and only 26.8% capacity retention after 200
cycles. Due to the dramatic volume changes and the unstable
SEI, a severe SEI build-up and a degradation of the electrode
structure occur in the EC-based electrolyte. In contrast, by
employing the EFA/FEC-based electrolyte, the capacity retention
after 200 cycles has been increased to 90.2%, and the cell retains
70.5% of its original capacity after 500 cycles.

The limited voltage polarization during the cycling process,
shown in Fig. 5¢ and d, indicates stable electrodes and easy Li"
transport. In addition to excellent cycling performance, the
EFA/FEC-based electrolyte exhibits remarkable effectiveness in
improving the rate performance of Si/C||LFP cells. As seen in
Fig. 5e and S17,1 the full cell with the EC-based electrolyte
shows great polarization, with a low capacity retention of 55.4%
at 2C and only 8.7% at 5C compared to the capacity at 0.5C.
There is a significant increase in the discharge capacity using
the EFA/FEC-based electrolyte at different rates, corresponding
to a rising capacity retention of 75.8% at 2C and 60.4% at 5C
compared to the capacity at 0.5C.

3 Conclusions

In summary, via electrolyte solvation engineering, we have
successfully explored and designed EFA and FEC as co-solvents
to enhance ionic transport and mitigate excessive SEI growth on
Si anodes. Efficaciously weakened Li‘-solvent binding knocks
down the Li* desolvation barrier. The preferential decomposi-
tion of the FSI™ anion alters SEI formation, endowing it with
abundant LiF and other inorganic substances. As a result, the
formation of the fluorine-rich electrolyte/electrode interphase
passivates the Si/C electrode, preventing successive solvent
reduction and structural collapse. Benefitting from the high
ionic conductivity (10.55 mS em '), a high Li" transference
number (0.67), the rapid desolvation process realized by the
weak Li*-EFA solvation interactions, and low resistance of Li*
diffusion across the SEI, the Li/Si half cells display excellent
cycling stability and fast-charging capability up to 5C
(900.0 mAh g~ ). The Si/C||LFP full cells achieve stable cycling of
over 500 cycles, significantly outperforming cells using
conventional EC-based electrolytes. The design strategy
proposed in this study is considered to offer valuable guidance
for advancing fast-charging and long-cycling Si-based battery
systems.
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