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A jigsaw-structured artificial solid electrolyte
interphase for high-voltage lithium metal batteries

Luyi Chen', Jiawei Lai', Zhongliang Li', Hangin Zou!, Jianghong Yang!, Kui Ding', Yue-Peng Cai® "™ &
Qifeng Zheng® 1™

The practical application of lithium-metal batteries is hindered by insufficient lithium
Coulombic efficiency and uncontrolled dendrite growth, bringing a challenge concerning
how to create robust solid electrolyte interphases (SEls) that can regulate LiT transport
and protect reactive lithium-metal. Here, we present the rational construction of a multi-
component jigsaw-like artificial SElI by the integration of fluorine-containing silane and
polyether-containing silane. The fluorine-donating group prevents the parasitic reaction and
yields a dense structure for homogeneous lithium deposition. Additionally, the lithophilicity of
ethylene glycol backbone facilitates the rapid transport of Lit and the cross-linked network
increases mechanical robustness of the SEI. With this artificial SEI, we show highly reversible
lithium plating and stripping cycling for more than 500 hours. Moreover, we also demon-
strate stable operation of high-voltage LiNiggCog1Mng;0, cathode in both coin and pouch
cells under high loading, limiting excess lithium, and lean electrolyte conditions, holding great
prospects for the practical application of high-voltage lithium-metal batteries.
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opments as the main energy storage device for portable elec-

tronics and recently as the dominated assignment for electric
vehicles, since their commercialization in 199112, At present, the
inherent limitation of energy density for state-of-the-art LIBs (less
than 250 Wh kg~!) cannot meet the growing demands from por-
table electronics, electric vehicles, and grid-scale energy storage. In
view of this point, lithium-metal anode (LMA) is the most pro-
mising one for replacing the commercial graphite anode of LIBs,
thanks to its highest theoretical capacity of 3860 mAh g~! and
lowest electrochemical potential of —3.04 V (v.s. standard hydrogen
electrode) among all alternative anodes®. Coupling with state-of-
the-art high-voltage high-capacity lithium transition metal oxide
cathodes (e.g., LiNiygMng ;Coq10,), the specific energy density of
the lithium-metal batteries (LMBs) can reach 450-500 Wh kg~1,
which is almost twice that of commercial LIBs*°. Furthermore, the
utilization of Li-metal as anode will allow for the adaption of Li-free
cathodes, such as sulfur and air, the specific energy density of the
corresponding lithium—sulfur and lithium—air batteries can further
boost up to about 650 and 950 Wh kg~!, respectively*-°.

However, the practical application of LMA has been severely
hindered by its ultrahigh reactivity with organic electrolytes, lead-
ing to continuous parasitic reaction until the Li-metal surface is
passivated by a solid electrolyte interphase (SEI) layer. Unfortu-
nately, this in-situ formed SEI cannot withstand infinite volume
change during Li plating/striping process, which give rise to con-
tinuous SEI cracking and reformation, consuming both LMA and
electrolyte as well as causing low Coulombic efficiency (CE). Even
worse, uneven Li deposition is promoted at the cracks of SEI layer,
which leads to the growth of deleterious Li dendrites and further
results in the formation of dead Li’~!2, resulting in rapid battery
failure and severe safety hazards.

Recently, growing research efforts have been devoted to devel-
oping better LMBs with a fundamental understanding of Li-metal
chemistry. Obviously, building a robust SEI on the surface of
LMA to circumvent dendrite growth and parasitic reaction is the
decisive factor for the practical realization of long-lifespan and safe
LMBs!3-16, To strengthen the Li-metal/electrolyte interphase,
some electrolyte formulations containing various fluorinated sol-
vents and functional additives, i.e., fluoroethylene carbonate!” and
hydrofluoroethers!8-23, have been developed to optimize the
composition and structure of the native SEI, which has suppressed
Li dendrite growth and Li pulverization to an extent, yet its effec-
tiveness is brutally diminished at high current densities. Therefore,
alternative artificial SEIs that can stable LM As have been proposed
to replace native SEIs.

For a promising artificial SEI, the following several key
requirements must be met simultaneously: (1) high LiT con-
ductivity for rapid Lit transport, (2) excellent mechanical robust-
ness to suppress Li dendrite propagation, (3) high flexibility for
good interfacial contact with LMAs, and (4) good compatibility
with carbonate-based electrolytes for high-voltage operation. To
date, various artificial SEI layers have been constructed to protect
LMAs, mainly including inorganic materials and organic polymers.
Inorganic materials (e.g., LiF, LisPOy, and Al,O;) generally possess
high Li* conductivity and excellent mechanical robustness, while
suffer from fragility and poor interfacial contact with LMAs.
Comparing to inorganic artificial SEIs, organic polymeric SEIs
normally feature with high flexibility, good processibility, light-
weight, and excellent interfacial contact with LMAs, holding great
promise to accommodate LMAs for practical application, yet
their inferior Li™ conductivity and mechanical robustness remain
to be solved.

In accordance with this point, competitive silica-containing organic
artificial SEIs, such as silicates?$25, polydimethylsiloxane”-2°,
silane coupling agent?, and some silica composites?8-32, show great

I ithium-ion batteries (LIBs) have witnessed numerous devel-

potential for stabilizing LMAs with desirable features, such as
good mechanic strength, lithiophilicity, and air tolerance. The
high-modulus character of silica-containing artificial SEI
can mechanically suppress the Li dendrite growth, the distinct
lithiophilicity can regulate Lit flux to smoothen Li* deposition,
and air tolerance of LMAs dramatically simplify the fabrication
process>3-38. Furthermore, the fluoride-rich components have
been widely adopted in SEIs to guide the uniform deposition of Li,
suppress the growth of Li dendrite, as well as improve Li plating/
stripping CE with long cycling performance3°-43. Although var-
ious artificial SEI strategies have been developed and stable
operation of LMAs in ether-based electrolytes has been largely
progressed, the ether-based electrolytes are anodically unstable
towards the emerging high-voltage cathodes. LM As with excellent
stability in highly oxidative stable, but highly corrosive carbonate-
based electrolytes have rarely been reported. Therefore, it would
be highly desirable, yet remains a critical challenge, to design an
organic artificial SEI layer that possesses high flexibility, excellent
mechanical robustness, high Li™ conductivity, and especially
good compatibility with carbonate-based electrolytes to enable the
stable operation of high-voltage LMBs.

Herein, a multi-component jigsaw-like artificial SEI was
rationally proposed to realize the stable operation of high-voltage
LMBs in commercial carbonate-based electrolyte. By immersing
commercial Li foil in a mixture solution of fluorine-containing
silane (triethoxy(3,3,3-trifluoropropyl)silane, denoted as F-Si)
and polyether-containing silane (bis[(3-methyldimethoxysilyl)
propyl]polypropylene oxide, denoted as O-Si), the O-Si mole-
cules were first covalently grafted to Li-metal surface and then
copolymerized with F-Si molecules to form a thin and dense
multi-component jigsaw-like artificial SEI. As illustrated in Fig. 1,
the fluorine-donating group (i.e., —CF;) is prone to yield a dense
structure for uniform Li plating/stripping, as well as being able to
suppress dead Li formation and prevent electrolyte decomposi-
tion. Furthermore, the ethylene glycol backbone could endow the
SEI layer with distinctive lithiophilicity that is favorable for fast
LiT transport. Moreover, silicon alkoxy groups (Si-O-C,Hs and
Si-O-CH3;) from two different silicanes could be well connected
with each other through polycondensation to form robust cross-
linking network, endowing the SEI layer with excellent mechan-
ical strength. Owing to these superiorities, this jigsaw-like SEI
protected LMA demonstrates uniform Li plating/stripping with-
out the formation of Li dendrites over 500h in commercial
carbonate-based electrolyte. With this jigsaw-like artificial SEI
constructed on LMA, the stable operation of high-voltage Li||
LiNipgCop 1Mng;0, (NCM811) battery is realized even under
high cathode mass loading (18 mg cm—2), thin Li anode (50 pm),
and lean-electrolyte condition (5 uL mg~!), demonstrating great
potential for its practical application in LMBs.

Results and discussion
Design and construction of jigsaw-like artificial SEI. As can be
seen in Supplementary Fig. 1, without the protection of artificial
SEIL the Li dendrites tend to grow on the surface of pristine LMA
during repeated plating/stripping cycles, especially in commercial
carbonate-based electrolytes, which leads to battery failure and
potential safety hazards. To solve this challenge, the inexpensive
saline coupling agents have recently been proposed to stabilize the
Li-metal/electrolyte interfaces by forming Li-O-Si covalent bonds
with Li-metal, nevertheless, these single-component artificial SEIs
cannot meet all the desirable properties discussed above, including
high Li* conductivity, excellent mechanical robustness, high flex-
ibility, and good compatibility with carbonate-based electrolytes.
Therefore, a multi-component jigsaw-like artificial SEI was
rationally designed by reacting the Li-metal with two types
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Fig. 1 Schematic diagram of the jigsaw-like artificial SEl. a Schematic illustration of designing multi-component jigsaw-like artificial SEI, where the
fluorine-donating group (i.e., —CF3) could yield a dense structure to prevent the formation of Li dendrites and the decomposition of electrolytes, the
ethylene glycol backbone is favorable for rapid LiT transport, the robust cross-linking network could endow the SEI layer with excellent mechanical

strength. b Stable Li plating/stripping behavior of LMA with jigsaw-like SEI.

of silanes, including fluorine-containing silane (i.e., F-Si) and
polyether-containing silane (i.e., O-Si). The thus-derived artificial
SEI is denoted as FO-Si layer, and the thus-derived Li-metal is
denoted as FO-Si@Li. As a rationale, the fluorine-donating
group (i.e., —CF;) from F-Si could block the corrosive electrolyte
and yield a dense structure that is beneficial to prevent dead Li
formation and suppress electrolyte decomposition, ethylene
glycol backbone from O-Si was introduced as the Lit conductive
sites for fast Li* transport, and the cross-linking network based
on silicon alkoxy groups could endow the feature of viscoelastic
with robust mechanical strength.

As shown in Fig. la and Supplementary Fig. 2, due to the
presence of trace LiIOH on the surface of Li-metal (Supplementary
Fig. 3), by immersing the Li-metal in F-Si/O-Si/tetrahydrofuran
(THF) mixture solution, both F-Si and O-Si could graft
spontaneously to the surface of Li-metal based on the chemical
reaction of alkoxy groups with LiOH to form Si-O-Li covalent
bonds. Furthermore, both F-Si and O-Si could induce condensation
reaction with each other to form a robust cross-linking network,
which was then assembled into a thin and dense multi-component
artificial FO-Si layer. The volume ratio of the F-Si and O-Si in the
mixture solution was optimized to be 1:1. For comparison purpose,
the single-component artificial SEI was also prepared by treating the
Li-metal solely with F-Si or O-Si silane (denoted as F-Si layer or
O-Si layer, respectively), of which the corresponding properties
were systematically investigated.

According to the X-ray diffraction (XRD) spectra of Li-metal
before and after treated with different silanes (i.e., F-Si, O-Si, or
F-Si/O-Si), the peak associated with LiOH was disappeared for
FO-Si@Li and O-Si@Li, demonstrating the successful bonding
reaction of both silanes with Li-metal (Supplementary Fig. 3).
While the LiOH peak still presented for F-Si@Li, which may be
ascribed to the electron-withdrawing effect of the —CF; group that

reduces the reactivity of the F-Si silane. The surface morphology of
the FO-Si@Li was observed by scanning electron microscopy
(SEM) and shown in Supplementary Fig. 4a, which is flat and
smooth. Furthermore, the homogeneous distributions of F, Si, O,
and C elements could be observed in the elemental mapping
images, suggesting that FO-Si layer covers the Li-metal uniformly
with a thickness of ~200 nm (Supplementary Fig. 5). As shown in
the X-ray photoelectron spectroscopy (XPS) spectra of FO-Si@Li
in Supplementary Fig. 4b, a distinct peak of 101.4 eV was observed
for Si 2p, which is ascribed to C-Si-O, demonstrating that silanes
were grafted on the surface of the Li-metal. Meanwhile, both C-F
(687.9 eV) and LiF (684.7 eV) signals were observed, indicating the
successful introduction of fluorine-donating groups to the artificial
SEL. Moreover, the surface morphologies of the F-Si@Li and
O-Si@Li were also observed in Supplementary Figs. 6 and 7.

The time-of-flight secondary-ion mass spectrometry (TOF-
SIMS) was conducted to intuitively characterize the chemical
components on fresh FO-Si@Li. As shown in the TOF-SIMS depth
profiles of selected ion fragments in Fig. 2a, F~, C,~, and CHO,~
corresponding to organic components that derived from F-Si and
O-Si, as well as Si—, SiO,~, and SiCH;O~ belonging to the
inorganic components of silyl group, were detected, demonstrating
the multi-component features of this artificial SEI that is enriched
of fluorine, oxygen, and silicon. Furthermore, the 3D TOF-SIMS
mapping images corresponding to the depth profiles in Fig. 2b also
exhibits a uniform distribution of F~, C,~, CHO,™, Si—, SiO,,
and SiCH;0~ fragments throughout the sputtering depth, proving
the uniformity of jigsaw-like SEI layer on the surface of Li-metal.

The mechanical property of an artificial SEI is of vital importance
to accommodate the immerse volume change of LMAs and
suppress the growth of Li dendrites. As shown in Supplementary
Figs. 8a and 9a, the F-Si layer itself is very brittle and cannot form
a free-standing film, while the O-Si layer exhibited superior
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Fig. 2 Characterizations of jigsaw-like artificial FO-Si layer. a TOF-SIMS depth profiles of selected secondary-ion fragments on the surface. b The 3D
view images of the sputtered volume corresponding to the depth profiles. ¢ Tensile stress-strain curve. d Typical force-displacement curve. e AFM Young's
modulus mapping. f The electrostatic potential. g Binding energy with Lit. h Electrochemical impedance spectrum for ionic conductivity measurement.

elasticity (stretchability of ~ 380%) with a moderate tensile strength
of 0.18 MPa. By integrating the F-Si and O-Si silanes, the resulting
multi-component jigsaw-like artificial FO-Si layer demonstrated
higher mechanical strength of 0.22MPa without sacrificing
the elasticity (stretchability of ~390%, Fig. 2c). Atomic force
microscopy (AFM) was performed to further analyze the surface
layers of F-Si@Li, O-Si@Li, and FO-Si@Li. According to the
force-displacement curves and AFM Young’s modulus mappings
shown in Fig. 2d, e and Supplementary Figs. 8 and 9, the jigsaw-like
artificial FO-Si layer showed a perfect balance between elasticity
and strength, while F-Si layer is too brittle and O-Si layer is too soft,
which agrees well with tensile stress-strain results.

In addition, the electrostatic potential calculations showed that
the negative charges were located at both O and F atoms in FO-Si
SEI layer (Fig. 2f), which could contribute to the coordination
with positive LiT. Indeed, according to the density-functional
theory calculations (Fig. 2g), the FO-Si jigsaw-like SEI layer
showed a more negative binding energy with Lit than that of
F-Si and O-Si SEI layers (Supplementary Figs. 8 and 9), which
would favor the homogeneous deposition of Li. Therefore, the
ionic conductivity of SEI layers were further measured, which
agrees well with our hypothesis that the FO-Si jigsaw-like SEI
layer exhibited the highest ionic conductivity of 9.8 x 1073 mS
cm~! (Fig. 2h). Moreover, the Lit transference number (#;;+) for
the pristine Li-metal was calculated to be 0.16, while the #;+

value for FO-Si@Li was increased to 0.63 (Supplementary Figs. 10
and 11), which is beneficial for suppressing the Li* concentration
gradient at the interface and realizing uniform Li deposition.
Therefore, through the rational design of multi-components with
robust cross-linking network, the resulting jigsaw-like artificial
SEI not only exhibits excellent mechanical robustness for
suppressing the growth of Li dendrites, but also has high Lit
conductivity and high Lit transference number for rapid Lit
transport, holding great promise to implement LMAs in next-
generation batteries.

Jigsaw-like SEI stabilized LMAs. First, to verify the chemical
stability of jigsaw-like SEI towards corrosive carbonate-based
electrolyte, Li||Li symmetric cells fabricated with various Li-metal
and commercial electrolyte of 1 M lithium hexafluorophosphate
(LiPFg) in ethylene carbonate (EC): dimethyl carbonate (DMC)
by 1:1 volume ratio (denoted as 1 M LiPF4 in EC/DMC) were
analyzed by electrochemical impedance spectroscopy. As shown
in Supplementary Fig. 12, the interfacial impedance of the pristine
Li||Li cell increases obviously with different standing time, indi-
cating continuous parasitic reaction between pristine Li and
electrolyte. With the protection from artificial SEI, all three Li|Li
cells exhibit very stable interfacial impedance with the FO-Si@Li
cell being the most stable, demonstrating its superior stability as
well as the effectiveness in blocking the electrolyte.
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To evaluate the reaction kinetics of LMAs, cyclic voltammetry
(CV) measurement was also executed for symmetric cells for the
initial five cycles. Both CV curves exhibit typical centrosymmetric
loops shown in Fig. 3a, indicating highly reversible electrochemical
behavior. Compared with the pristine Li electrode, the FO-Si@Li
electrode showed a more pronounced current with two broad peaks
atabout 0.13 and —0.13 V over the following cycles, confirming the
distinct lithophilicity of this jigsaw-like SEI that promote the highly
reversible plating/stripping of Li. Furthermore, as shown in Fig. 3b
and Supplementary Fig. 13, Tafel curves demonstrated that the
FO-Si@Li electrode exhibited higher exchange current density (i.e.,
0.270 mA cm~2) than that of pristine Li (i.e., 0.107 mA cm~2),
suggesting that the jigsaw-like SEI is featured with fast kinetic that
can accelerate LiT migration31:44,

Thereafter, the Li||Li symmetric cells assembled with various Li
electrodes and commercial carbonate-based electrolyte were
subjected to galvanostatic cycling test. As shown in Fig. 3c-e
and Supplementary Fig. 14, at a current density of 1 mA cm—2
with a constant capacity of 1 mAh cm™2, the cell with a pristine
Li electrode experienced a hard short-circuit within only 230 h
due to the generation of highly porous and dead Li (Supplemen-
tary Fig. 15). In contrast, the cell with a FO-Si@Li electrode
displayed very stable Li plating/stripping for over 500 h, which
outperforms most of the reported Li electrode in carbonate-based
electrolyte (Supplementary Table 1), demonstrating the super-
iority of this jigsaw-like artificial SEI for favorable dendrite-free Li
plating/stripping behavior. Furthermore, the interfacial resistance
of the cell using FO-Si@Li electrode decreases gradually during
the initial several cycles and then remains stable and small in the
subsequent cycling (Supplementary Fig. 16), ascribing to the high
Li conductivity and excellent interfacial stability of the multi-
component artificial SEI. However, the interfacial resistance of
the Li||Li cell using pristine Li electrode starts to increase after
100 cycles, suggesting that the native SEI is vulnerable and
cannot sustain the stable operation of LMAs. Meanwhile, the
stability of FO-Si@Li electrode after 100 cycles was verified by

SEM and XPS tests in Supplementary Fig. 17. The smooth Li
surface from SEM image, homogeneous distributions of F, Si, O,
and C shown in the elemental mapping images, and chemical
compositions from XPS results, are all consistent with that of
FO-Si@Li electrode before cycling, demonstrating the protec-
tiveness of jigsaw-like artificial SEI.

Furthermore, to intuitively show the advantage of this jigsaw-
like artificial SEI, the Li deposition behavior was observed by in
operando optical microscopy (Fig. 4). At a plating current density
of 1 mA cm™2, mossy and dendritic Li started to generate on the
pristine Li electrode at 20 min and continuously to grow during
the following process. In sharp contrast, a dendrite-free and
smooth surface was observed for the FO-Si@Li throughout the
plating process, confirming that the jigsaw-like artificial SEI plays
an important role in stabilizing the interface as well as inhibiting
the growth of dendritic Li.

When the current density was increased to 2 mA cm~2 with a
capacity of 2 mAh cm~2, the cell with a FO-Si@Li electrode still
delivered a decent cycling stability for over 160 h with small and
stable voltage polarization (Fig. 3f). It should be noted that there are
some previously reported artificial SEIs demonstrated longer Li
cycle life even under higher current densities and larger areal
capacities?427444> However, such good performance can only be
achieved in Li-metal friendly ether-based electrolytes, their effec-
tiveness would be severely deteriorated in commercial carbonate-
based electrolytes. In other words, by using ether-based electrolyte,
our jigsaw-like artificial SEI is easily to enable the stable cycling of
Li||Li cells for over thousands of cycles (Supplementary Fig. 18).
Nevertheless, the application of ether-based electrolytes is severely
hindered by its low oxidation potential (<4 V vs Lit/Li), which is
incompatible with the emerging high-voltage cathodes, and there-
fore our study is focused on improving Li-metal compatibility in
high-voltage tolerance carbonate-based electrolytes.

Replacing the conventional graphite anode with LMA has been
proven to increase the cell energy density by 40-50%%. However,
this substantial increase in energy density can be achieved only if
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Fig. 4 In operando observation of Li deposition. In operando optical microscopy images of Li deposits on a pristine Li and b FO-Si@Li upon plating time at

a current density of TmA cm~2,

limiting excess Li is employed. Therefore, Li||Li symmetric cells
with a thin Li of 50 pm were also investigated. As shown in
Supplementary Figs. 19 and 20, similar to that of thick Li electrode,
the thin Li||Li cell with the protection of designed jigsaw-like
artificial SEI can still exhibited good cycling stability at both current
densities of 1 and 2 mA cm™2, while the thin Li|Li cell with pristine
Li electrode cannot operate normally and fails within a few cycles.
These results suggested that this multi-component artificial SEI
may be able to enable the stable operation of high-voltage LMBs
with limiting excess Li (i.e., thin Li).

The superior electrochemical performance of FO-Si@Li elec-
trode could be ascribed to the following integrated merits of multi-
component jigsaw-like artificial SEI: (1) the fluorine-donating
group effectively prevents the decomposition of electrolytes as well
as yields a dense structure for homogeneous Li deposition; (2)
distinct lithophilicity of ethylene glycol backbone facilitates the
rapid transport of Li™ across the SEI (3) robust cross-linking
Si-O-Si network well accommodates the immerse volume change
of LMA as well as suppresses the growth of Li dendrites.

High-voltage LMBs under high loading, limiting excess Li, and
lean-electrolyte conditions. To evaluate the potential application
of jigsaw-like SEI in practical high-voltage batteries, the
FO-Si@Li anode was paired with a NCM811 cathode, an emer-
ging high-voltage high-capacity cathode for commercialized Li-
ion batteries. With a cutoff voltage window of 3.0-4.3 V, as can be
seen in the first galvanostatic charge-discharge (GCD) curve at
0.1C in Fig. 5a, the FO-Si@Li|[NCM811 cell exhibited a high
initial capacity of 193 mAh g—! with a low charge voltage plat-
form and high CE of 87.4%, which is better than that of pristine
Li anode that may be suffered from irreversible reaction between
Li-metal and carbonate-based electrolyte (CE of 83.5%). Fur-
thermore, the FO-Si@Li||[NCM811 cell delivered an extremely
stable cycling with an excellent capacity retention of 80.1% and a
high average CE of 99.9% over 500 cycles at 1C in Fig. 5b.
Although the pristine Li||[NCM811 cell exhibited a relatively
stable cycling during the first 150 cycles, its capacity was severely
decayed in the subsequent cycles, which could be ascribed to the
continuous parasitic reaction that leads to the consumption of
electrolyte and formation of dead Li, resulting in the accumula-
tion of thick and resistive interfacial layer. Moreover, the selected
GCD curves during cycling were shown in Fig. 5c, and the

overpotential was reflected by calculating the mid-point voltage
gaps (AV) from GCD curves shown in Fig. 5d. As can be seen, the
FO-Si@Li|[NCM811 cell exhibited very small overpotential dur-
ing cycling, with a small AV of about 20 mV even after 500 cycles.
While the pristine Li||[NCM811 cell showed a severe overpotential
increase after 150 cycles and the AV exceeded 60 mV after 200
cycles. This is attributed to the stable jigsaw-like SEI that effec-
tively suppresses the parasitic reaction between LMA and elec-
trolyte as well as regulates the uniform Li deposition.

The cycling behaviors at a high rate of 2 C were also investigated
and shown in Supplementary Fig. 21. The FO-Si@Li||[NCM811 cell
can still deliver an extremely stable cycling performance with high
CE and low overpotential. Furthermore, as shown in Fig. 5e, the
FO-Si@Li|[NCM811 cell also showed excellent rate capability,
where a high discharge capacity of 140.0 mAh g~! was retained
even at a high rate of 5 C, outperforming pristine Li||[NCM811. In
addition, owing to the high #;;7 and Li* conductivity offered by
jigsaw-like artificial SEI, low overpotentials at various testing rates
were observed for the FO-Si@Li||[NCM811 cell with a small AV of
220 mV at 5 C (Fig. 5f). In contrast, the AV of pristine Li||[NCM811
cell reached 376 mV at 5 C.

Additionally, the effectiveness of this jigsaw-like artificial SEI
was further verified in a practical Li||[NCM811 cell with high
cathode mass loading of ~18 mg cm~2 (corresponding to a high
areal capacity of ~3.6 mAh cm~2) and lean electrolyte of
5uL mg~!. As shown in Fig. 6a, under such harsh test condition,
the FO-Si@Li||[NCM811 cell can still retain 60% capacity after
100 cycles at 1 C. In sharp contrast, the pristine Li|[NCM811 cell
can only survive for ~30 cycles, which may be ascribed to the fact
that massive dead Li tend to form and the electrolyte drying up
easily under high loading and lean electrolyte. Furthermore, the
FO-Si@Li|[NCM811 cell also showed much lower overpotential
compared to the pristine Li|[NCM811 cell during cycling (Fig. 6b).
The surface morphologies of the LMAs in Li|[NCM811 cells
after cycling were investigated. As show in Fig. 6¢, the FO-Si@Li
anode after 100 cycles exhibited a smooth and shiny surface,
demonstrating that FO-Si jigsaw-like artificial SEI could guide
the uniform deposition of Lit and suppress the formation of
dendritic/dead Li. While pristine LMA showed evident porous
and dendritic Li structure, leading to rapid battery failure
(Fig. 6d). Moreover, the XPS results of FO-Si@Li anode after
100 cycles in Supplementary Fig. 22 are consistent with fresh
FO-Si@Li anode (i.e., before cycling) in Supplementary Fig. 4b,
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suggesting the superior stability of FO-Si jigsaw-like artificial SEI
in the harsh test, which further demonstrates the effectiveness of
constructing this multi-component jigsaw-like SEI to enable
practical LMBs under high loading and lean-electrolyte condition.

As previously discussed, limiting excess Li is one of the most
prerequisites for realizing practically high-energy LMBs. Therefore,
the FO-Si@Li|[NCM811 full cell was also assembled based on a
thin Li foil of 50 pm. As shown in Fig. 7a, the 50 pum thin
FO-Si@Li||[NCM811 full cell delivered extremely stable cycling
performance with more than 95% capacity retained after 150 cycles
at 1 C. Furthermore, the GCD curves do not show an obvious
increase in overpotential upon cycling (Fig. 7b), indicating superior
interfacial compatibility even with limiting excess Li. While testing
at 2 C, the cell could also maintain excellent capacity retention with
low overpotential (Supplementary Fig. 23).

To further validate the protection of this artificial SEI modified
Li-metal in practical operation, a single-layer pouch cell of Li||
NCM811 was assembled with a high mass loading cathode
(~18mgecm~2) and a FO-Si artificial SEI protected thin Li
(50 pum). The electrolyte/cathode ratio was controlled at low value
of 5 L. mg~1. For the initial three formation cycles at 0.1 C, the
pouch cell shows an initial capacity of 204 mAh g~!, with an
average discharge voltage of 3.82V, corresponding to an energy
density of 677 Wh kg~! based on the total weight of cathode and
anode. Thereafter, the FO-Si@Li|[NCM811 pouch cell showed a
discharge of 180 mAh g~! at 0.5 C and was hold at 171 mAh g~!
after 50 cycles with very small overpotentials (Fig. 7c, d). Moreover,
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this punch cell was applied to power electronic devices to for
practical validation. As shown in Fig. 7e, f, this pouch cell can light
up a red LED for 10 min or power two micromotors for 30s,
indicating the great potential of this jigsaw-like SEI for protecting
LMAs to enable the practical application of LMBs.

Conclusion

In conclusion, a multi-component jigsaw-like artificial SEI was
rationally designed by taking the synergistic advantages of
fluorine-donating silane and ethylene glycol backbone-containing
silane as well as their capability to crosslink with each other to
form robust cross-linking network. The fluorine-donating group
(i.e., —CF;) could effectively prevent the decomposition of elec-
trolytes as well as yield a dense structure for homogeneous Li
deposition. Furthermore, the distinct lithophilicity of ethylene
glycol backbone and robust cross-linking network could facilitate
the rapid transport of Li™ and increase the mechanical robustness
of the resulting artificial SEL. As a result, the as-constructed jig-
saw-like artificial SEI can deliver the stable Li plating/stripping for
more than 500h in corrosive carbonate-based electrolytes.
Thanks to its superior compatibility with oxidation-tolerant
carbonate electrolyte, this jigsaw-like artificial SEI protected-Li is
demonstrated to enable the stable operation of high-voltage
NCMS811 cathode in both coin and pouch cells even under high
cathode loading (18 mgcm™2), limiting excess Li (50 pm), and
lean-electrolyte conditions (5 uL. mg~!). This work demonstrates
the effectiveness of designing jigsaw-like SEI from cost-effective
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silanes in stabilizing LMAs, which provides a splendid strategy
for the development of other metal anodes such as Na and Zn
anodes.

Methods

Chemicals. Triethoxy(3,3,3-trifluoropropyl)silane (F-Si) and bis[(3-methyldi-
methoxysilyl)propyl] polypropylene oxide (O-Si) were purchased from Meryer
CO., Ltd and used without further purification. 1 M LiPFq in ethylene carbonate
(EC)/dimethyl carbonate (DMC) was kindly provided by Guangzhou Tinci
Materials Technology Co., Ltd.

Preparation of NCM811 cathode. NCM811 powder was purchased from
Guangdong Canrd New Energy Technology Co., Ltd. First, NCM811 powder,
acetylene black (Li400), and poly(vinylidene fluoride) (PVDF, HSV900) with a
weight ratio of 80:10:10 were mixed in N-methyl-2-pyrrolidone (NMP) using a
Thinky mixer (AR-100). Then, the slurry was coated on an aluminum foil and
dried under vacuum for 12 h. The active mass loading of NCM811 was controlled
at about 3.0 mgcm~2 or 18 mgcm~2 (high loading).

Preparation of artificial F-Si layer, O-Si layer, and FO-Si layer. Taking artificial
FO-Si@Li layer as a typical sample. Firstly, F-Si (0.5 mL) and O-Si (0.5 mL) were
mixed in THF (1.0 mL) and deionized water (1.0 mL) with ammonia (0.2 mL)
under stirring for 10 min. Then, the mixed solution was poured into a polytetra-
fluoroethylene (PTFE) dish and sealed at 60 °C for 48 h. After further dried at
100 °C under vacuum for 24 h, a FO-Si@Li layer was peeled off. For F-Si or O-Si
layer, F-Si (1.0 mL) or O-Si (1.0 mL) was adopted, respectively.

Preparation of LMA with artificial SEI. Taking FO-Si@Li as a typical sample, Li
foil was firstly immersed into the mixed solution of F-Si and O-Si (1:1 in volume)
in tetrahydrofuran (THF) and standing for 1 h. After the reaction was over, the
extra solution on the surface of Li foil was wiped with dust-free paper, denoted as
FO-Si@Li. All procedure was executed inside an argon-filled glove box. F-Si@Li or
O-Si@Li was prepared by immersing the Li foil in sole F-Si or O-Si THF solution,
respectively.

Material characterization. The XRD measurement was conducted by a Bruker D8
Advance diffractometer at 40 kV and 40 mA with a Cu target tube and a graphite
monochromator. The Li foil was sealing with Kapton tape during XRD measure-
ment. The structural and morphological analyzation were conducted using a
scanning electron microscopy (TESCAN Brno, s.r.o. MAIA3) and X-ray photo-
electron spectrometry (PerkinElmer PHI 1600 ESCA). The time-of-flight
secondary-ion mass spectrometry (TOF-SIMS) was conducted on an TOF.SIMS5-
100, and data of negative polarities were collected with Bi* at 25kV as the ion
source. AFM was carried out on a Bruker Dimension Fastscan microscope. The
mechanical properties of samples were evaluated using a universal testing machine
(Labthink XLW(PC)). In operando observation of Li deposition was conducted by
an optical microscope camera with an in-situ cell (YM710TR).

Electrochemical measurements. NCM811 cathode was prepared by mixing
NCM811 with acetylene black and polyvinylidene difluoride in N-methyl-2-
pyrrolidone at a weight ratio of 80:10:10 using a Thinky (AR-100) mixer, resulting
in a homogeneous slurry. Then, the slurry was coated on an aluminum foil and
dried in a vacuum at 100 °C over 24 h. The active cathode mass loading was

3 mg cm™—2, except for those high cathode mass loading of 18 mg cm~2 mentioned
in this study. All electrochemical measurements were investigated by CR2032-type
coin cells at room temperature, except for the pouch cell demonstrated in this
study. A single-layer pouch cell was also assembled with a thin Li of 50 um. The
electrolyte used in this study is 1 M LiPFs EC/DMC carbonate electrolyte, unless
otherwise mentioned. The Li* transference number (#;;+) was measured according
to the AC impedance (the frequency ranging from 10 Hz to 0.01 Hz) and direct-
current (DC) polarization with a polarization voltage of 10 mV in Li||Li symmetric
cell using a Potentiostat (VMP3, Bio-Logic). The t1;+ was calculated according to
the following Eq. (1)

_L(AV LRy

tr+ =
1BV - LR o

in which AV is the polarization voltage, I, and I are the current before and after
polarization, respectively, and R, and Ry are the charge-transfer resistance before
and after polarization, respectively. Plating/stripping of Li||Li symmetric cells and
galvanostatic charge-discharge test of Li|[NCM811 full cells (cutoff voltage range of
3.0-4.3V, 1 C=200 mAh g~!) were carried out using a LAND CT2001A system.
The energy density of full cell was calculated by (total capacity x average voltage/
total weight of cathode and anode).
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Computational methods. All calculations were performed using the Gaussian 16
package, in which the specific structures were fully optimized by the B3LYP
method with the basis set of 6-311++G (d, p). The binding energy (Ep) between
artificial SEI (including FO-Si, F-Si or O-Si) and Li* is defined by Eq. (2) as
following:

Ep = By _spr — (Epyr + Eggr) (2)

Data availability
The data that support the findings of this study are available from the corresponding
author upon request.
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