SCIENCE ADVANCES | RESEARCH ARTICLE

ELECTROCHEMISTRY

High-voltage electrosynthesis of organic-inorganic
hybrid with ultrahigh fluorine content toward fast

Li-ion transport

Gongxun Lu™t, Qianggiang Qiao't, Mengtian Zhanng, Jinsen Zhang‘, Shuai Li", Chengbin Jin?,
Huadong Yuan', Zhijin ', Rong Huang4, Yujing Liu', Jianmin Luo', Yao Wang‘*,

Guangmin Zhou?*, Xinyong Tao'*, Jianwei Nai'*

Hybrid materials with a rational organic-inorganic configuration can offer multifunctionality and superior prop-
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erties. This principle is crucial but challenging to be applied in designing the solid electrolyte interphase (SEI) on
lithium metal anodes (LMAs), as it substantially affects Li* transport from the electrolyte to the anode. Here, an
artificial SEl with an ultrahigh fluorine content (as high as 70.12 wt %) can be successfully constructed on the LMA
using a high-voltage electrosynthesis strategy. This SEI consists of ultrafine lithium fluoride nanocrystals embed-
ded in a fluorinated organic matrix, exhibiting excellent passivation and mechanical strength. Notably, the organic-
inorganic interface demonstrates a high dielectric constant that enables fast Li* transport throughout the SEI.
Consequently, LMA coated with this SEI substantially enhances the cyclability of both half-cells and full cells,
even under rigorous conditions. This work demonstrates the potential of rationally designed hybrid materials via
a unique electrosynthetic approach for advanced electrochemical systems.

INTRODUCTION

The combination of organic and inorganic components at the na-
noscale into a single material has opened up a new area for hybrid
materials, whose multifunctional traits enable them applicable in a
variety of fields, including optics, electronics, mechanics, catalysis,
energy, and biology (1-3). In general, the organic components in
hybrid materials provide good structural flexibility, tunable elec-
tronic properties, and low density, while the inorganic ones contrib-
ute to outstanding electrical resistivity, high thermal stability, good
mechanical strength, and chemical stability (4, 5). In addition to
integrating distinct characteristics, the hybrid interface between the
two components likewise allows for improved or even new proper-
ties, particularly for mass transport (6, 7). A noteworthy demonstra-
tion is the organic-inorganic hybrids applied in solar cells (2, 8). It is
found that the introduction of some organic species could effective-
ly passivate the defects on the surface of the inorganic light-absorber
framework, leading to an enhanced charge carrier transport effi-
ciency cross through the hybrid interface (9, 10). Furthermore, the
hybridized materials can also support fast molecular transport and
electronic conduction that governs electrocatalysis, biosensors, and
nanofluidics (11, 12).

In an electrochemical system regarding lithium metal batteries,
which are widely considered the next generation of energy storage
devices, an ineluctable but important organic-inorganic material
is the solid electrolyte interphase (SEI) layer that commonly exists
on the surface of the lithium metal anode (LMA). The SEI layer is
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usually generated from chemical/electrochemical reactions be-
tween the electrolyte and the lithium metal, forming a hybrid
structure of inorganic nanoparticles embedded within an organic
matrix (13). It is well accepted that the Li ions (Li*) prefer to
transport via the organic-inorganic interface rather than within ei-
ther individual component (14-16). Therefore, the structural con-
figuration of the organic-inorganic interface within the SEI layer,
including the constituent, amount, and distribution of the organic/
inorganic components, dictates the Li* transport properties (for ex-
ample, the conductivity and homogeneousness) from the electrolyte
toward the anode and thus substantially affect the electrochemical
performance of the LMA. In a conventional electrolyte-derived SEI,
oxygen-based components, such as inorganic Li;O nanoparticles
and oxygen-contained organic matrix (OOM), are usually domi-
nated. However, such SEIs fail to satisfy a desired Li* transport,
leading to an uneven Li deposition on the LMA. As a result, Li
dendrites would easily grow and consequently cause performance
degradation and safety concerns (17). Recently, enormous re-
searchers have focused on the fluorination of the SEI (18), par-
ticularly have made progress in tuning the constituent of the
inorganic component, that is to construct LiF-involved artificial
SEI to realize better Li deposition behavior (19-21), due to the
higher mechanical strength, superior chemical stability, and lower
Li* diffusion barrier of the LiF compared to the Li,O (22). Some
strategies have been proven to be effective in generating such LiF-
involved SEJ, including introducing fluorinated additives [such as
LiF microcrystals and fluoroethylene carbonate (FEC)] (23, 24),
increasing Li salt concentration (25, 26), or regulating Li salt de-
composition (27, 28). Nevertheless, the fluorine content obtained
from the current strategies is limited (mostly below 40 wt %). The
Li,O is still the main inorganic component of such SEIs, within
which the Li* transport cannot be markedly improved and thus
impede the LMA operated in some extreme conditions, for ex-
ample, in ester-based electrolytes or at low temperatures. On the
other hand, the manipulation of the constituent of the organic
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components in the SEIs is difficult, making the study of its impact
on the Li* transport rare.

Here, by introducing a distinctive high-voltage electrosynthe-
sis technique, we demonstrate an artificial SEI with ultrahigh flu-
orine content (above 70 wt %) consisting of ultrafine LiF nanocrystals
and fluorine-enriched organic matrix (FOM) can be fabricated
on the LMA. Various characterization techniques and multiple
theoretical simulations have been used to disclose the formation
mechanism of the organic/inorganic components under the high-
voltage electric field, the physiochemical characteristics of this
artificial SEI layer, and the underlying mechanism that how the
constituent, amount, and distribution of those components affect
the Li* transport behaviors. Meanwhile, we establish a theoretical
model based on the dielectric constant to disclose the Li* trans-
port mechanism across the organic-inorganic interface within the
SEL Last, the electrochemical performance of the LMA protected
by the as-synthesized LiF-FOM layer has been evaluated by both
half-cell using ether/ester-based electrolytes even at large cur-
rent density, and full cell using ester-based electrolytes even un-
der rigorous working conditions, such as lean electrolyte, low
ratio of negative/positive electrode capacity (N/P ratio), and low
temperature.

Li* transport mechanism

High-voltage electric field
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RESULTS
Electrosynthesis of the LiF-FOM layer
The preparation of the LiF-FOM is based on an electrolysis process,
and the detailed process is shown in Fig. 1A. In the electrolytic cell,
bare Li metal (B-Li) foil is used as both the cathode and the anode,
while the pure FEC without any lithium salt additive is used as the
electrolyte. Under a high voltage (600 V), the anodic Li® will be oxi-
dized to Li*, solvated with the FEC molecules, and dissolved into
the solution, which is confirmed by the changes in the surface mor-
phology of the anodic Li foil (fig. S1) and the color of the electrolyte
solution before and after the electrol;fsis (fig. S2). An emerging peak
at —0.1 parts per million (ppm) in ‘Li nuclear magnetic resonance
(NMR) (Fig. 1B) and a slight blueshift in Raman spectra (fig. S3) of
the electrolyte solution after the electrolysis confirm the solvation of
the Li* with the FEC molecules (29, 30). In addition, no obvious
change is found in Fourier transform infrared (FTIR) and 13C NMR
spectra of the electrolyte solution before and after the electrolysis
(fig. S4), excluding the generation of some other new substance dur-
ing the electrolysis process.

It should be noted that the peak in the '’F NMR spectrum dis-
plays an unexpected upfield shift after the electrolysis (Fig. 1C),
which is opposite to those reported cases in which FEC works as a
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Fig. 1. High-voltage electrosynthesis process of the LiF-FOM layer. (A) Schematic illustration of the construction of the LiF-FOM on the surface of LMA under a high-
voltage electric field. (B) The “Li nuclear magnetic resonance (NMR) spectra of FEC electrolytes before and after the electrolysis process. (C) The 9F NMR spectra of FEC
electrolytes before and after the electrolysis process. (D) Radial distribution function of Li-O and Li-F interaction and relationship between the coordination number and

bond distances under the C—F bond elongated system. a.u., arbitrary units.
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common electrolyte additive and the O atom from the C=0 bond in
the FEC molecule direct the interaction with the Li* ions (31, 32).
The ab initio molecular dynamics (AIMD) simulations confirm that
the Li-O interaction dominates the first coordination shell of Li* to
form a Li*-Oy solvation structure when the FEC serves as the sol-
vent in a common case (fig. S5, A and B). However, in our case, the
FEC molecules are subjected to a high-voltage electric field. Conse-
quently, the C—F bond in FEC tends to become polarized and elon-
gated, shifting from a covalent to a more electrostatic character (33,
34). This change imparts the fluorine atom with a larger dipole mo-
ment, potentially enabling it to directly interact with Li*. This hy-
pothesis is supported by AIMD findings showing that the fluorine
atom in FEC can enter the first coordination shell of Li* to form a
Lit-O,F, solvation structure when the C—F bond lengths in FEC are
extended (Fig. 1D and fig. S5A). As a result, a special Li*-(FEC)
solvation structure involved with the Li-F interaction rather than
just the Li-O interaction emerges. This structure aligns with the '°F
NMR spectral observations (Fig. 1C) and is realized by the high-
voltage electric field applied in our study. The computational results
further show that the lowest unoccupied molecular orbital (LUMO)
energy of the Li*-0,F, solvation structure is notably lower than that
of the FEC molecule (fig. S5C), suggesting a preferential electrore-
duction of the Li*-O,F, structure compared to free FEC molecules.
Moreover, the LUMO energy of the Li*-O,F, configuration is slight-
ly lower than that of the Li*-O, one, implying that this unique solva-
tion structure would be easier to reduce to form the fluorine-based
products than the conventional one. Building on the enhanced elec-
troreduction tendency, the elongated C—F bond in Li*-(FEC) is pre-
disposed to cleavage during the electrolytic process. The robust Li-F
interaction and its pronounced prevalence in the local environment
facilitates substantial nucleation of the LiF nanocrystals. Simultane-
ously, the FEC molecules would undergo a sustained dehydroge-
nated polymerization process that is realized by the high-voltage
electric field (fig. S6) (35, 36). As a result, a unique FOM would be
also produced on the surface of the cathodic Li metal, where the as-
formed LiF nanocrystals are embedded. Eventually, an organic-
inorganic (LiF-FOM) hybrid layer coated on Li metal (denoted as
LiF-FOM/Li) can be obtained.

Structure characterizations of the LiF-FOM layer

The LiF-FOM coated on the surface of the Li metal foil is a
light-yellow-colored, homogeneous, compact layer (Fig. 2A). The
atomic force microscopy (AFM) verified the dense and flat mor-
phology of the LiF-FOM layer (Fig. 2B). Besides, with the forma-
tion of the LiF-FOM layer on the Li metal foil, the average Young’s
modulus increases from 1.5 to 6.4 GPa (Fig. 2C and fig. S7). The
higher Young’s modulus indicates that the LiF-FOM layer could be
more effective in suppressing the potential growth of Li dendrite
and withstanding the high stress from the huge volume change
during cell cycling (37). Upon exposure to the air with a relative
humidity of ~30%, the B-Li turned black within an hour (fig. S8).
In contrast, the LiF-FOM/Li maintained its color, indicating that
the compact LiF-FOM layer can also provide effective hydropho-
bic protection for the Li metal.

To accurately visualize the sensitive structure of the LiF-FOM at
atomic precision, the LiF-FOM was deposited on the surface of the
copper mesh under the same electrolytic conditions and observed by
the cryo-transmission electron microscopy (cryo-TEM) technique.
The scanning TEM (STEM) and associated energy-dispersive x-ray
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spectroscopy elementary mapping images verify that the LiF-FOM
exhibits dense deposition and uniform distribution of C, O, and F
elements, especially containing an ultrahigh percentage of the F ele-
ment (70.12 wt %) (Fig. 2D and fig. S9). This fluorine content is the
highest so far among current reports for the organic-inorganic hy-
brid SEIs (table S1). In addition, the thickness of the layer was esti-
mated to be within the 1.5- to 2.0-um range based on the TEM
image (Fig. 2E). The high magnification TEM image and the selected
area electron diffraction pattern reveal that numerous LiF nanocrys-
tals with an average size of ~3.2 nm are uniformly distributed within
the LiF-FOM (Fig. 2, F and G, and fig. S10). As proved by the high-
resolution TEM image from the marked yellow rectangular area in
Fig. 2G, the calibrated interplanar spacings of 2.32 and 2.01 A match
well with the (111) and (200) plane of crystalline LiF, respectively
(Fig. 2H) (38). It should be mentioned that the material filled at the
gap between the LiF nanocrystals should be the FOM. In the x-ray
photoelectron spectroscopy (XPS) spectra, higher concentration of
LiF signal and the more discernible peaks of C—O, C=0, COO",
and C—F groups can be observed in the F 1s, Li 1s, and O 1s spectra
of the LiF-FOM/Li sample than those of the B-Li sample (Fig. 2, I to
K, and fig. S11), which proves the existence of the LiF and the
FOM. Furthermore, the FTIR characteristic groups (including C=0,
C—0—C, C—0, and C—F) of LiF-FOM/Li are similar to the FEC,
proving that the organic components are derived from the FEC mol-
ecules and exist as an oligomer since an intense polymerization
would generally induce some certain FTIR peaks disappearing or
new peak emergence (fig. $12) (39). The matrix-assisted laser de-
sorption/ionization-time-of-flight mass spectrometry (MALDI-
TOF-MS) verifies that the FOM consists of Li*-(FEC)-contained
polymers (fig. S13), which proves that the Li*-(FEC) structure al-
lows being polymerized under the high-voltage electric field. To in-
vestigate the depth distribution of elements in the LiF-FOM, TOF
secondary ion mass spectrometry (TOF-SIMS) was performed. The
detection of an ultrahigh intensity of fluorine-involved species (e.g.,
F~, LiF7, and LiF,") from the depth profiles (fig. S14) and their dis-
tribution images (Fig. 2L) for LiF-FOM/Li indicates that LiF nano-
crystals are abundant and homogenously distributed in the protective
layer, while the B-Li is mainly composed with high content of
carbon- and oxygen-involved species (e.g., C,~, O7, and CH")
(fig. S15) (40). In addition, some representative fragments from the
FOM, including the CHOF~, CH,CHOLI", and CF~ species, are also
found to be evenly distributed around the LiF nanocrystals. There-
fore, the above results confirm that the unique LiF-FOM, an F-
dominated protective layer consisting of LiF nanocrystals evenly
anchored within an FEC-derived organic matrix, has been success-
fully created.

Electrochemical performance and structural stability of

the LiF-FOM/Li

To verify the impact of LiIF-FOM on the electrochemical stability of
the LMA, galvanostatic plating/stripping tests in Li symmetric cells
using ether-based electrolytes were first carried out. The voltage pla-
teau of the LiF-FOM/Li anode is extremely stable under a controlled
Li plating/stripping capacity of 1 mAh cm™ at 1 mA cm ™2, even
after ultralong-time cycling for over 3600 hours (Fig. 3A). In con-
trast, the cell with a B-Li anode displays much inferior electrochem-
ical cycling, which shows a gradual increase in the voltage hysteresis
and fails within only 800 hours. This can be ascribed to the elevated
charge transfer resistance caused by electrical disconnection and
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Fig. 2. Structure characterizations of the LiF-FOM layer. (A) The top-view scanning electron microscopy image and digital image (inset) of the LiF-FOM. (B) Atomic force
microscopy topography image of the LiF-FOM. (C) The distribution of Young’s modulus on the surface of the LiF-FOM/Li. (D) The scanning transmission electron micros-
copy (STEM) image and corresponding energy-dispersive x-ray spectroscopy (EDS) mapping results of the LiF-FOM layer. (E) The cryo-TEM image of the LiF-FOM layer at
low magnification. (F) The cryo-TEM image of the LiF-FOM layer at high magnification and the corresponding selected area electron diffraction patterns (inset).
(G) The high-resolution TEM (HRTEM) image of the LiF-FOM layer. (H) The corresponding HRTEM image of the marked area from (G). X-ray photoelectron spectroscopy
(XPS) spectra of the Li 1s (1), O 1s (J), and F 1s (K) of the LiF-FOM/Li. (L) The time-of-flight secondary ion mass spectrometry three-dimensional images of the different spe-

cies for LiF-FOM/Li.

electrolyte depletion because of the repeated growth/corrosion of Li
dendrites (41). Similar results can be observed at a higher plating/
stripping density and capacity of 5 mA cm ™ and 5 mAh cm ™2, re-
spectively. The LiF-FOM/Li symmetric cell stably cycles for 1200 hours,
but the one that uses a B-Li anode displays gradually increasing
overpotential after 100 hours (fig. S16). Notably, the LiF-FOM/Li
anodes have greater long-term stability than previously reported
LMAs shielded by various advanced protective layers using ether-
based electrolytes at high current densities and area capacities
(fig. S17 and table S2).

The electrochemical kinetics of Li plating/stripping was also evalu-
ated. Tafel plots (Fig. 3B) obtained from the CV curve (fig. S18) and
the corresponding exchange current density (jo) obtained from the in-
tercept demonstrate a higher jo for LiF-FOM/Li (0.85 mA cm™?) than
that for B-Li (0.39 mA cm ™), signifying a faster Li* transport through
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the LiF-FOM than the regular SEI on the B-Li (42). Moreover, the Lit
transference numbers (f1;1) of the B-Li are measured to be 0.33, while
that of the LiF-FOM/Li increases to 0.68 (fig. S19). The enhanced fit
implies a smaller Li* concentration gradient within the LiF-FOM layer
(43). To illustrate the underlying mechanism, we further examined the
electrochemical impedance spectra (EIS) of the Li symmetric cell with
B-Li or LiF-FOM/Li before and after 100 cycles. Lower SEI resistance
(Rggr) is obtained for the symmetric cell with LiF-FOM/Li than that
with the B-Li before cycling (fig. S20), suggesting that the existence of
the LiF-FOM effectively facilitates the Li* transporting from the elec-
trolyte to the anode. After 100 cycles, the Rsg; of LIF-FOM/Li (14.7 ohms)
is much smaller than that of B-Li (62.3 ohms), confirming the for-
mation of a highly conductive SEI of LiF-FOM/Li (44, 45). The re-
sistance of charge transfer (R.;) showed a similar result, decreasing
from 28.8 to 4.3 ohms with the protection of the LiF-FOM (Fig. 3C).
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Fig. 3. Electrochemical performance and structural stability of the LiF-FOM/Li. (A) Cycling stability of symmetrical cells with B-Li and LiF-FOM/Li using the ether-
based electrolyte. The inset is the voltage profile during 1000 cycles. (B) Tafel plot and the corresponding exchange current density (inset) of Li symmetrical cells with B-Li
and LiF-FOM/Li. (C) Nyquist plot of Li symmetrical cells with B-Li and LiF-FOM/Li after 100 cycles. The inset is the obtained Rsg and R.t. (D) Rate performance of symmetric
cells with B-Li and LiF-FOM/Li using the ester-based electrolyte. (E) Cycling stability of symmetrical cells with B-Li and LiF-FOM/Li using the ester-based electrolyte. The
insets are the voltage profile during cycles. (F) Comparison of the cycling time and Li metal thickness of symmetric cells using ester-based electrolyte with the LMA stabi-
lized by the LiF-FOM layer and other reported diverse artificial SEl layers. (G) The cryo-TEM image of the LiF-FOM layer after Li deposition. (H) The STEM images and cor-
responding EDS mapping results of the LiF-FOM layer after Li deposition. (I) The relevant mass fraction comparison of varied elements in the SEls for the B-Li and the
LiF-FOM after Li deposition. (J) The F 1s XPS spectra of the B-Li and the LiF-FOM/Li after 50 cycles.

The electrochemical measurements were further conducted on
electrodes with a thickness restricted to 50 pm and used 1 M LiPF¢
in the ester-based electrolyte. The symmetric cell with the LiF-FOM/
Li exhibited steady and low Li plating/stripping overpotentials of 95,
141, 220, and 366 mV at various current densities of 1, 2, 3, and
5 mA cm 2, respectively, with fixed Li deposition capacity of 1 mAh
cm™?, verifying fast Lit migration kinetics and superior interface
properties (Fig. 3D). In addition, the voltage-time profiles show
that the Li symmetric cell with a B-Li anode presents gradually in-
creased overpotentials as time goes by, which reaches 600 mV at the
~150th hour at a current density of 1 mA cm ™ with a Li deposition ca-
pacity of 1 mAh cm ™ (Fig. 3E). On the sharp contrary, the Li symmetric
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cell with LiF-FOM/Li exhibits a remarkable cyclability for at least
700 hours with a much smaller overpotential of 73 mV at the ~50th hour
and 162 mV at the ~500th hour. In particular, the performance
of the LiF-FOM/Li symmetric cell with thinner Li metal in this
study is better than those of previously reported Li symmetric cells
in ester-based electrolytes (Fig. 3F and Table S3). Furthermore,
cycling stability tests with high depth of discharge (DOD) were per-
formed. Notably, thin Li anodes coated with the LiF-FOM layer can
stably run over 300 and 400 hours with 40 and 60% DOD, respec-
tively, at 1 mA cm ™ (fig. $21). This underscores the LiF-FOM layer’s
effectiveness in maintaining cycling performance under rigorous
cycling conditions.
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To reveal the structural stability of the LiF-FOM layer for the
LMA, the morphology of the Li plating was first investigated. With-
out the protection of the LiF-FOM layer, irregular and loose Li den-
drites would grow on the B-Li anode even at the first plating
(figs. S22, A and B, and S23, A and B). The scanning electron mi-
croscopy (SEM) image of the cycled B-Li anode (after 50 cycles)
shows a rough and porous layer, where dendritic Li and “dead” Li
cover the entire electrode surface (fig. S22, C and D). In contrast, Li
metal would manifest a uniform and compact deposition on the
LiF-FOM coated LMA at the 1st and even at the 50th plating (Fig. 3,
G and H, and fig. S24). It is also observed that the surface of the LiF-
FOM layer would exhibit localized cracking in the subsequent cy-
cling process. This phenomenon arises from the existence of a large
amount of fragile LiF. Nevertheless, this fracturing is confined to the
outer layer, whereas the inner layer of LiF-FOM remains compact
and firmly adhered to the LMA (fig. S25). Generally, the morphol-
ogy of the Li plating is usually determined by the nanostructure and
composition of the SEIs. The common SEI on the B-Li anode dis-
plays typical oxygen-dominated composites (Fig. 3I and fig. S23C),
where the mosaic structure consists of crystalline Li,O and OOM
(fig. S23D) (46, 47). In contrast, the composition of the SEI on the
LiF-FOM/Li is fluorine-dominated (Fig. 31 and fig. S26A), which
contains a large amount of LiF nanocrystals and FOM even after
cycling (figs. S26B and $27). Moreover, Li,CO3 and P—F species can
be detected by the XPS spectra of the B-Li but not by that of the LiF-
FOMY/Li after cycling, implying that the potential decomposition of
the LiPF¢-contained ester electrolyte could be inhibited with the
protection of the LiF-FOM layer (Fig. 3] and fig. $28). To demon-
strate the superiority of the LiF-FOM layer, we compare the stability
of the SET’s structure and the related electrochemical performance
of the LMAs coated with the LiF-FOM layer and those coated with
a layer derived from conventional FEC-engaged strategies. For ex-
ample, upon immersing Li metal into FEC solvent for 24 hours, a
fluorine-contained layer can be formed on the surface of the Li met-
al (fig. S29, A and B). Regrettably, this layer fails to persist stability
during cycling, whose composition would be gradually transformed
to an oxygen-dominated one (with the F content of only ~8.5 wt %)
that derived from the electrolyte decomposition after only 50 cycles
(fig. S29, C and D). As a result, the symmetrical cell can only be
stabilized for up to 200 hours (fig. S29E). Analogously, while adding
FEC as an additive in the ester-based electrolytes, the SEI composed
of LiF/Li,O and OOM (with the F content of ~33.7 wt %) after 50
cycles (fig. S30, A to C). In this case, the symmetrical cell can be
stabilized for 350 hours (fig. S30D). The above comparison indicates
that the high-voltage electrosynthetic technique used in this work
can introduce a larger number of fluorine-related species into the
SEI, whose structural stability during long-term cycling is also su-
perior to the conventional fluorine-enriched artificial SEIs. Apart
from the case in the ester-based electrolytes, the LiF-FOM layer can
also demonstrate excellent structural stability in the ether-based
electrolytes. The XPS and cryo-TEM data show that the LiF-FOM
layer can maintain an impressively high fluorine concentration
(above 60 wt %) with a harmonious blend of LiF nanocrystals and
fluorine-related organic species even after enduring 500 cycles
(figs. S31 and S32).

The working mechanism of the LiF-FOM layer
The above results suggest that the exceptional cycling stability of the
LiF-FOM/Li should be due to its unique SEI that is constructed by a

Luetal,, Sci. Adv. 10, eado7348 (2024) 7 August 2024

fluorinated organic-inorganic hybrid layer. To be specific, the LiF
nanocrystals have sufficient grain boundaries for rapid Li* transport
across the SEI, while the FOM filled among the LiF nanocrystals
serves as a flexible conductive constituent to support homogeneous
Li* diffusion. To better reveal this Li* transport mechanism, three
different cases of organic-inorganic interphase were established
(fig. S33): (i) the Li;O-OOM representing the most common SET’s
structure that usually formed on the B-Li, (ii) the LiF-OOM repre-
senting the structure of some reported artificial SEIs that use pre-
made but a limited amount of LiF nanocrystals while the organic
component is still oxygen-dominated (47, 48), and (iii) the LiF-
FOM representing the unique SEI structure in this work. First, it is
found that the Li* diffusion barrier on the isolated LiF surface
(0.16 V) is much smaller than that on the isolated Li,O surface
(0.30 eV) (Fig. 4, A to C), which is consistent with previous reports
(49). By incorporating the organic component on the inorganic sur-
face, all the Li* diffusion processes exhibit lower energy barriers,
indicating that the organic-inorganic interface can endow a faster
Li* transport. In particular, the energy barrier of the LiF-FOM is
0.06 eV, which is much lower than that of the LiF-OOM (0.11 eV)
and Li,0-OOM (0.17 V) (Fig. 4, A to C). Moreover, the largest
diffusion coefficient was found for the LiF-FOM (7.57 X 10 8 m?s™1),
which is superior to those of other organic-inorganic interphases
(table S4). According to the above results, it is proposed that the
dielectric constant of the organic/inorganic phase is found to
strongly influence the Li* transport behavior, that is the higher the
dielectric constant (table S5), the lower the energy barrier for the
Li* transport. This might be because the elevated dielectric constant
can effectively alter the bonded structure and ion polarization that
reduce the Coulombic repulsion (50, 51), thus lowering the migra-
tion barrier and boosting ion transport rates (52).

The finite element analysis (FEA) further implies that the dielec-
tric constant of the components might also be able to regulate the
potential tip effect of the local electric field induced by some ineluc-
table protuberances on the LMA. Taking the dielectric constant of the
organic component as the variable, under the low numeric value (as
low as ~4), the local electric field would be concentrated near those
protuberances, which could lead to a subsequent Li* deposition pref-
erential in these areas and, in turn, reinforce the tip effect, lastly re-
sulting in a dendrite morphology. In contrast, the component with a
high dielectric constant (as high as ~12) could effectively mitigate the
uneven local electric field along the protuberances, guiding a uni-
form Li* deposition (Fig. 4D). Quantification analysis shows that the
tip electric field intensity would decrease exponentially as the in-
crease of the dielectric constant, the maximum reduction of which
can be as high as 64% (Fig. 4E). Concurrently, the alleviated local
electric field under the high dielectric constant could contribute to
reducing the electric potential difference near the LMA surface
(Fig. 4F), which would diminish battery polarization as observed in
the experimental results (Fig. 3, A and E) (53). Furthermore, the FEA
was also executed to illustrate the correlation between the SEI struc-
ture and the Li* electrochemical behavior across the SEI. For the B-
Li, the Li* transport ability crossing the SEI is relatively slower and
uneven because of the oxygen-dominated feature of the SEI's compo-
sition as well as the inhomogeneous distribution of the components
within such SEIs (Fig. 4G). As a result, an uneven Li* concentration
distribution can be obtained within the SEI and at the interface be-
tween the SEI and the LMA (fig. S34). This would further lead to an
inhomogeneous local current density (LCD) on the LMA (Fig. 4G).
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Fig. 4. Simulation of the Li* transport and deposition properties. (A to C) Diffusion barrier energy of Li* on the isolated Li,O surface, LiF surface, and their interface
with the OOM or FOM. (D) Electric field intensity distribution in SEl under the case of the dielectric constant of the organic phase is 4 or 12. (E) Quantitative analysis of the
electric field intensity distribution along the Li anode surface and the corresponding tip electric field intensity under different dielectric constants varying from 4 to 12.
(F) Electric potential distribution in SEI under the case of the dielectric constant of the organic phase is 4 or 12. (G) Local current density distribution of the B-Li and the
LiF-FOM/Li. (H) The morphology evolution of the Li on the B-Li and the LiF-FOM/Li during the deposition.

In stark contrast, because of the fluorine-dominated composition and
its even distribution within the SEI of the LiF-FOM/Li, accelerated
kinetics of Li* flux with homogenized Li* concentration distribution
can be observed (Fig. 4G and fig. $27). The uniformly distributed Li"
flux would result in a homogeneous LCD on the LMA of the LiF-
FOM/Li (Fig. 4G). Consequently, the following step of Li deposition
on the LiF-FOM/Li anode would be flat and uniform as expected
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than that on the B-Li one (Fig. 4H), which is in good agreement with
the experimental observations (fig. S20). Moreover, uniform Li depo-
sition induced by the LiF-FOM layer promotes more slight and uni-
form stress over the SEI (fig. S35), which prevents the fracture of the
SEI during cycling. However, the rugged deposited Li on the B-Li is
prone to concentrate the stress, which may lead to the fracture of the
SEI as well as the Li dendrite to form dead Li during cycling.
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Electrochemical performance of full cells

To evaluate the potential application and feasibility of the LiF-FOM
protective layer in practical batteries, the LiF-FOM/Li anode (~10 mAh
cm™%) was paired with a LiFePOy, (LFP) cathode (~2.3 mAh cm™?)
and LiNiggCog1Mng 10, (NCM811) cathode (1.6 mAh cm™3) to
assemble full batteries using the ester-based electrolyte. Benefiting
from efficient ion transport kinetics and interfacial stability of the
LiF-FOM layer, the LFP||LiF-FOM/Li cell exhibited a high discharge
capacity of ~134 mAh g~ without obvious capacity decay with an
average CE of 99.8% over 300 cycles (Fig. 5A and fig. S36). In con-
trast, the LEP||B-Li cell displayed a low capacity of 88.7 mAh g™" af-
ter 150 cycles, followed by a rapid degradation of the capacity. Even
at the high current density of 1 and 2 C, LFP||LiF-FOM/Li cells ex-
hibit excellent cycling stability with higher capacity retention of 96.8
and 89.3% after 200 cycles, respectively (fig. S37). The advantage of

the LiF-FOM/Li anode was further exploited by coupling it with a
high-voltage NCM811 cathode under lean electrolyte conditions.
The NCM811||LiF-FOM/Li has much better rate capability and cy-
clability over the B-Li one (Fig. 5B), which delivers capacities of
194.5,181.3, 147.1, and 101.4 mAh g~' at a discharge rate of 0.3, 0.5,
1, and 2 C, respectively (Fig. 5C). When the discharge rate is switched
back to 0.5 C, the capacity is back to 169.4 mAh g™" (93.4% reten-
tion). Subsequently, the NMC811||LiF-FOM/Li full cell with lean
electrolyte demonstrated a stable cycle of over 300 cycles with higher
capacity retentions (60.2%) (Fig. 5, D and E). No considerable capac-
ity drop and cell sudden death were observed during cycling, which
is due to the LiF-FOM layer homogenizing the Li* flux, which, in
turn, induces uniform Li deposition and minimizes the growth of
tortuous Li dendrites. In contrast, the continuous formation of den-
drites and dead Li on the B-Li anode and continuous consumption
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Fig. 5. Electrochemical performance of the full cells. (A) Discharge/charge voltage profiles of LFP||Li full cells with the B-Li and the LiF-FOM/Li anodes. (B) Discharge/
charge voltage profiles of the NCM811||LiF-FOM/Li full cells at various current densities. (C) Rate capability of the NCM811]|Li full cells with the B-Li and the LiF-FOM/Li
anodes. (D) Cycling stability of NCM811]|Li full cells with the B-Li and the LiF-FOM/Li anodes. (E) Discharge/charge voltage profiles of the NCM811||LiF-FOM/Li full cells
after different cycles. (F) Cycling stability of LFP||Li full cells with the B-Li and the LiF-FOM/Li anodes at a low temperature of —10°C. (G) Discharge capacity of NCM811||Li

full cells with the B-Li and the LiF-FOM/Li anodes at different temperatures.
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of the limited electrolyte during the cycling would severely affect the Li*
transport, leading to the abrupt reduction in the capacity of the
NCMB811||B-Li full cell for only 100 cycles (Fig. 5D). In addition, the
NCMS811||LiF-FOM/Li cell can achieve stabilization for 100 cycles
with a capacity retention of 78.7% under extreme conditions of
N/P = 2.5 and an area loading of 4 mAh cm™.

In addition to the excellent performance at room temperature,
the ability to enable fast Li* transport of the LiF-FOM/Li makes the
full cells working at low temperatures feasible. Compared with the
LFP||B-Li full cell, the LFP||LiF-FOM/Li one shows a longer dis-
charge plateau with a higher discharge capacity and lower potential
hysteresis under different current densities at —10°C (fig. $39). Spe-
cifically, the LFP||LiF-FOMY/Li delivers high capacities of 92.1, 82.5,
67.7, and 43.3 mAh g™ at 0.2, 0.3, 0.5, and 1 C, respectively, and
returned to 96.2 mAh g™" at 0.3 C, indicating a high-rate capability
with low voltage polarization. The specific discharge capacity is
~76.5 mAh g~' cell at 0.3 C without capacity decay over 200 cycles
at —10°C (Fig. 5F). By contrast, the LFP||B-Li cell faded rapidly over
120 cycles. Moreover, the NCM811||Li cells could also be operated
stably over a wide temperature range (—20° to 30°C) (Fig. 5G). At
—20°C, the discharge capacity of the NCM811||Li cell using the LiF-
FOMY/Li anode (~94 mAh g™') was almost two times that obtained
with the B-Li one (~51 mAh g™'), indicating excellent temperature
tolerance and good stability of the LiF-FOM/Li anode over a wide
temperature range.

DISCUSSION

In summary, we have successfully developed a high-voltage-engaged
electrosynthesis strategy to construct a unique hybrid SEI with ul-
trahigh fluorine content on the LMA. Within this layer, ultrafine LiF
nanocrystals and FOM can be formed abundantly and distributed
homogeneously, whose high dielectric constants are found to pro-
mote a fast and uniform Li* transport via the organic-inorganic in-
terface. In addition, the interfacial stability and mechanical strength
of the SEI with such constituents can also be greatly improved. As a
result, the LiF-FOM/Li anodes can deliver stable Li plating/stripping
for more than 3600 or 1200 hours using ether-based electrolytes un-
der the areal capacity and current density of 1 mAh cm™ and 1 mA
cm™? or 5 mAh cm™ and 5 mA cm™?, respectively. The cell can ex-
hibit long-term cycling even using corrosive ester-based electrolytes
at high DOD. Stable cycling performance can also be achieved when
paired such anodes with cathodes under lean electrolyte, low N/P
ratio, and low-temperature conditions. This work may provide a
special electrosynthetic protocol to create a functional organic-
inorganic hybrid with a high dielectric constant, whose combina-
tion can effectively improve the ion transport properties that may
find applications in advanced electrochemical systems.

MATERIALS AND METHODS

Materials

The pure Li foil (400 pm) and Li/Cu hybrid (50 pm) foil were bought
from China Energy Lithium Co. Ltd. The LFP laminates (mass loading,
~13.5 mg cm %) were purchased from MTI Kejing Group. NCM811
cathodes with mass loading of ~8 and ~20 mg cm™* were supplied by
Guangdong Canrd New Energy Technology Co. Ltd. and also punched
into 12-mm discs for use. The pure FEC and the ester-based and ether-
based electrolytes were bought from Dodochem Group.
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Synthesis of the LiF-FOM/Li

Pure lithium discs of 16-mm diameter and 400/50-pm thickness
were used as both cathode and anode. The electrosynthesis experi-
ments were realized in two electrode electrolytic cells. The FEC was
used as an electrolyte for the electrosynthesis process. First, the
FEC solvent is kept under high voltage (600 V) for 3 hours until a
more stable Lit-(FEC) solvation structure is formed. The cathode
in the electrolytic cell was then replaced with fresh Li metal or Li/
Cu hybrid foil, and electrodeposition was continued for 10 min at
600 V. Thereafter, the LiF-FOM layer was successfully obtained on
Li metal. The synthetic process was stored in an Ar-filled glovebox.

Cell assembly and electrochemical measurement
CR2032-type coin cells were assembled in a glove box filled with Ar
atmosphere (H,O < 0.1 ppm, O < 0.1 ppm). Neware multichannel
battery test system (CT-4008) was used to evaluate the electrochem-
ical performance. The Li symmetric cells were cycled at 1, 2, 3, or
5 mA cm ™2 with a cycling capacity of 1 or 5 mAh cm™2, respectively.
The cells of Li-Li were tested in ester-based and ester-based electro-
lytes with different current densities and capacities, respectively. The
ester-based electrolyte used in the Li symmetric cells experiment
was 1.0 M LiPFg in ethylene carbonate/diethyl carbonate (EC/DEC)
(1:1 in volume) without additive. The ester-based electrolyte was
used for Li deposition morphology and SEI characterization after
cycling. The ether-based electrolyte used in the Li symmetric cells
experiment was 1.0 M lithium bis(trifluoromethane)sulfonimide in
1,3-dioxolane/1,2-dimethoxyethane (1:1 in volume) with 2% LiNO;
as an additive. The #;;* was measured by applying a polarization volt-
age of 10 mV to Li||Li cells for 2 hours, and resistances before and
after polarization were measured by EIS. Cyclic voltammetry (CV)
measurements were tested in a Li symmetric cell with a scanning
range from —0.2 to +0.2 V at a sweep rate of 1 mV s~!. EIS was tested
using Li||Li cells with 10-mV amplitude and frequency ranging from
10 mHz to 1 MHz. CV, Li* transference number, and EIS were tested
on BioLogic SP-150 and CHI 760D electrochemical workstations.
The full cells paired with LFP and NCM811 cathode were tested in
ester electrolytes. The LFP/NCMS811||Li full cells were assembled by
using a B-Li or LiF-FOM/Li foil as the anode, a piece of Celgard 2500
separator, and an LFP/NCM811 cathode. It is noted that the electro-
lyte used in each cell was controlled as 40 pl except Li||[NCM811 full
cells using 25-pl electrolyte for lean electrolyte condition. The used
B-Li or LiF-FOM/Li anode was prepared by a 50-pm Li/Cu hybrid
electrode. The working potential window of the LFP||Li full cell was
from 2.5 to 3.8 V. The working potential window of the NCM811||Li
full cell was from 3 to 4.3 V. For galvanostatic charge/discharge tests
over a wide temperature range from —20 to 30°C, a climatic chamber
(Yiheng BPH-060B) was used. For low-temperature performance
measurements, the cells were tested in 1.0 M LiPF4 in EC/DEC (3:7
in volume) to lower the freezing point of the electrolyte. The diame-
ter of all cathodes and anodes was 12 mm.

Material characterization

The morphology and microstructure of electrodes were studied
using field emission SEM (FE-SEM; Nova Nano SEM 450). Attenu-
ated total reflectance FTIR was carried out on an infrared spectro-
photometer (Nicolet 6700). Raman spectroscopy was performed
using a Renishaw via the Raman spectrometer system. ’Li, °C, and
'”F NMR were performed on a Bruker AVANCE III 400 M at room
temperature using CDCl; as a solvent. An AFM (MFP-3DSA) was
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also used to investigate the surface morphology and Young’s mod-
ule of the electrode. MALDI-TOF-MS was performed on BRUKER
Ultraflextreme using DHB to generate negative secondary ions.
XPS (Thermo Scientific Nexsa) with a monochromatic Al-K, x-ray
source was performed to detect the chemistry of the sample. To
avoid air exposure, the vacuum transfer vessel was used to transfer
the samples. TOF-SIMS was performed by TOF-SIMS V (ION-
TOF, TOESIMS 5-100, Germany) with 15 keV of Bi** primary ion
beam. Two hundred fifty electron volts of Cs* ions was used to
sputter the surface of Li to generate negative secondary ions. Depth
profiles of secondary ions were collected by Cs™ (250) on an area of
100 x 100 pm?.

Cryo-TEM experiment

All cryo-TEM characterizations were performed on TEM (FEI Talos-S)
operated at 200 kV with a Gatan 698 cryo-transfer holder. To pre-
pare the LiF-FOM/Li sample, bare Cu mesh was pressed on Li foil,
then moved to the high-voltage electrolytic cell working as a cathode
under 600 V for 10 min. After that, the Cu mesh after LiF-FOM de-
position was slightly removed from Li foil. Moreover, to characterize
Li deposition behavior on B-Li and LiF-FOM/LI, the bare Cu mesh
and LiF-FOM-deposited Cu mesh were placed on Li foil (Cu-mesh/
Li) working as an anode assembled into a cell. The Li was first depos-
ited on Cu-mesh/Li with an areal capacity of 0.5 mAh cm™ at a
current density of 0.5 mA cm ™ in the ester-based electrolyte. Subse-
quently, the samples were washed using DEC and dried. To charac-
terize the composition and structure of LiF-FOM after cycling, we
scraped off the SEI on the surface of the LiF-FOM/Li electrode after
500 cycles and dispersed it on the Cu mesh. All the Cu mesh was
slightly transferred into the sealed container of the cryo-TEM hold-
er in an Ar-filled glovebox. The cryo-TEM holder was quickly in-
serted into TEM, and the samples were kept stable by liquid nitrogen
freezing at the low temperature of —180°C. All TEM images were
taken at cryogenic temperature (—180°C).

Model building and AIMD simulations

In this study, all first-principles calculations were executed using
the Vienna Ab Initio Simulation Package (54). The electron ex-
change and correlation energies were modeled using the Perdew-
Burke-Ernzerhof functional within the framework of the generalized
gradient approximation. Interactions between electrons and ions
were addressed through projector-augmented wave pseudopoten-
tials. We set the plane-wave basis expansion energy cutoft at 500 eV,
complemented by a Gaussian smearing width of 0.1 eV. The Brill-
ouin zone sampling was confined to the I'-point. The criterion for
convergence in our electronic structure calculations was a total en-
ergy variation below 10™* eV within the self-consistent field meth-
od. We conducted AIMD simulations at 330 Kina 3 X 3 X 1
supercell, under a canonical ensemble (NVT). Temperature fluctua-
tions were regulated using a Nosé-Hoover thermostat. To facilitate
a simulation time step of 1 fs (55), the mass of hydrogen in the sys-
tem was replaced with that of tritium.

To accurately delineate the decomposition products of the elec-
trolyte solvent on the lithium metal surface, a 1:1 volume ratio of
EC/DEC, along with bare FEC, was studied. The LMA model was
faceted using the (100) face, identified as the most stable crystallo-
graphic face of lithium. This faceted model was initially expanded to
a 3 X 3 supercell, followed by the construction of a nine-layer atomic
model. In this model, only the central three layers were fixed, allowing
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the top and bottom three layers to freely relax alongside the interme-
diary electrolyte, thereby adopting a conformation representative of
the liquid phase. To mitigate the effects of periodic boundary condi-
tions, a large cubic cell measuring 10 X 10 X 31 A was used and
subjected to 20 ps of thermal equilibration. Within the simulation
box, solvent molecules were introduced until the solvent’s experi-
mental density was achieved. The initial structure for each electro-
lyte system was configured on the basis of these densities, with FEC
and Li added randomly in varying molar ratios. The radial distribu-
tion functions of Li-O and Li-F were derived from the final 15 ps of
the AIMD trajectory for each system. Consequently, two character-
istic products were identified to represent the components of the
DEC-EC-derived organic matrix (OOM) (LiOCH,CH,OLi and
CH;CH,OLi) and the FOM (CH,CHOLi and CH,CHOFOCOCO,L1),
as depicted in figs. S40 and S41.

Calculation of dielectric constant

To accurately simulate the environment of the decomposition prod-
ucts, our study used an implicit solvent model. This model necessi-
tated a dielectric constant, which, in turn, required the calculation
of dipole moments and volumes. To this end, classical MD simula-
tions were carried out using the Large-scale Atomic/Molecular
Massively Parallel Simulator (56). Subsequently, the Packing Opti-
mization for Molecular Dynamics Simulations (PACKMOL) pro-
gram (57) was used to construct simulation boxes for the organic
decomposition products LiOCH,CH,OLi, CH,CHOLIi, CH;CH,OLi,
and CH,CHOFOCOCO,Li, as detailed in figs. S40 and S41. The
structural configurations of these products are presented in fig. S42.
EC and DEC served as control groups throughout these simula-
tions. In addition, the restrained electrostatic potential charges for
the four lithium salts were determined using Gaussian 16 (58) and
Multiwfn programs (59), facilitating their incorporation into the
classical MD calculations.

The dielectric constant is calculated according to formula (1)

<M?!> — <M>2
e= (1)
3g,VK,T

where ¢ is the dielectric constant of the specific system, € is the di-
electric constant of the vacuum, V'is the volume of the simulation
box, k is the Boltzmann constant, and T'is the temperature. M is the
total dipole moment of the system, and the dielectric constant data
obtained from the above formulas are summarized in table S5.

Diffusion barriers calculation

The (111) surface of Li,O and the (001) surface of LiF were selected
and subsequently expanded into 2 X 2 X 2 supercells, with a vacuum
spacing of 20 A intentionally created to eliminate potential interac-
tions between the approximated surfaces. The diffusion barriers for
Li* on Li,O (111) and LiF (001) surfaces were then quantified using
the CI-NEB method (60), with satisfactory energy convergence at
1 x 107 eV and force convergence at 0.02 eV A™". This process cul-
minated in the determination of the diffusion barriers for Li* on the
surfaces of LiF and Li,O inorganic compounds. It was observed that
the diffusion resistance on the LiF surface was low, thus facilitating
the diffusion of Li*.

Diffusion coefficient calculations
In terms of the diffusion coefficient, it can be derived from the
Arrhenius equation as shown
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E
D= g(xzvexp< T “T ) (2)
B

where D denotes the diffusion coefficient, g refers to the dimensional-
ity of diffusion, a signifies the migration distance of Li*, v symbolizes
the lattice vibration frequency as approximated by crystal phonon
calculations (with a standard frequency assumed at 107 s, E, and
Kp represent the activation energy and Boltzmann constant respec-
tively, and T is the temperature.

Finite element analysis

A rectangular region with dimensions of 30 nm in length and 22 nm
in width is constructed, where the upper part of this area corre-
sponds to the SEI, whereas the lower part represents the uneven Li
anode. Within the SEI, circular regions are used to symbolize the
presence of randomly distributed inorganic phases, while the re-
maining regions represent the organic phase. Under static condi-
tions, the intensity of the electric field is equal to the anode gradient
of the potential

E=-VV 3)

Combining this equation with the constitutive relationship of D = ¢
goE + P between the electric displacement D and the electric field E
makes it possible to represent Gauss’s law as the following equation

-V - (egg VV =P)=p (4)

where gy and ¢ are the dielectric constant of vacuum and SEI, re-
spectively, P is the electric polarization vector, and p is the space
charge density.

The electrochemical and deposition behavior of Li* under the
influence of two types of SEI was simulated using the COMSOL
Multiphysics 6.0 platform. The main processes involved in the sim-
ulation include two major steps: charge transfer and Li" transport,
and the following are control equations. The transport of Li* is
caused by the migration driven by an electric field and diffusion
induced by the concentration gradient, which can be described by
the Nernst-Planck equation

z;Fey;
N;=-D;| V¢y; — RT Vo (5)

where N; is flux, D;, z;, and ¢ are the diffusion coefficient, charge,
and concentration of species i, respectively. F is the Faraday’s con-
stant, R is the ideal gas constant, T is the kelvin temperature, and @
is the electrolyte potential. At the same time, Li* in the electrolyte
adheres to the laws of charge conservation and mass conservation

aC"+V><N—o (6)
ot i

Zzici =0 )

where ¢; is the concentration, and z; is the valence of each species in
the electrolyte.

During charging, at the anode interface, Li* is reduced to Li
atom and deposited on the substrate surface. This process can be
described by the following simplified equation

Lit+e o Li (8)
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This process is controlled by the Butler-Volmer equation

iho=i_ |ex w —ex — % 9)
loc ex P RT P RT

where i}, is the LCD, 1) is overpotential, o, and o, are the anodic and
cathodic charge transfer coeflicients, respectively, and icy is exchange
current density.

The resulting deposition morphology was assumed to occur in
the normal direction to the boundary with a velocity v,

_ iloc M

v, = ——

nF p

where M and p are the molar mass and density of Li metal, and n is
the normal vector.

To construct the B-Li-SEI, we used a random function to describe
the nonuniform distribution of SEI components as follows

fera= 3 3 Y

m=—M n=—N h=—N
{a(m, n, h)cos[2n(mx + ny +hz) +(m, n, h)] }

(10)

(11)

where x, y, and z are the spatial coordinates, m, n, and h are the spa-
tial frequencies, a(m, n, h) is the amplitude, and @(m, n, h) is the
phase angle. The amplitude is randomly generated by a Gaussian
distribution function, and the phase angle and spatial frequency are
derived from a uniform random distribution in a limited interval.
To construct the LiF-FOM/Li-SEI, we defined the following func-
tion to reflect the uniform and dense distribution of LiF nanocrystals

floy.2)=y
{abs[sin(10*nx)| * abs[sin(10*ry)| * abs[sin(10*nz)| +5} (12)

where y and 8 are constants that could be used to adjust the size of
the function.

For mechanical performance simulation, the displacement of the
anode surface is calculated according to the above equations, and the
kinematic stress-strain constitutive relation is given by Hooke’s law

E = 2VE

G Ve +
1-2v

PiT 14

(13)

where E is Young’s modulus, 7 is the displacement of the Li-SEI in-
terface, and v is Poisson’s ratio.

The simulation geometry and model are shown in the fig. S43.
Both the anodic and cathodic charge transfer coefficients are set
as 0.5, the exchange current density is set as 10 mA cm™?, the Li*
concentration in the electrolyte is set as 1 M, the temperature is

fixed at 298 K, and the applied current density is 0.1 mA cm™

The diffusion coefficient of Li* varies from 10™° to 107> m? s~}

in the SEI and Young’s modulus range of SEI is set to 6 to 0.1 GPa
and is consistent with the diffusion coefficient distribution.

Supplementary Materials
This PDF file includes:

Figs. S1 to S43

Tables S1 to S5
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