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The stability of solid electrolyte interphase (SEI) layers is critical for developing lithium (Li)
metal batteries. However, the fabrication of stable SEI layers is plagued by un-controlled
structures, properties, and functions. Here we report a controllable design of an ordered LiF-
rich and lithiophilic hybrid Janus interphase (LiF-HJI) using organic fluorination reagent as a
functional SEI precursor. The LiF-HJI with a lower crystalline LiF layer and an upper Li
organosulfide layer provides high interfacial energy with the Li metal and strong Li-ion affinity,
allows homogenous Li-ion distribution, fast and uniform Li-ion transport, excellent mechanical
and passivation properties, enabling stable Li metal anodes under harsh conditions, such as high
deposition capacities (6 mA h cm™2), current densities (10 mA cm2), and rates (5 C). Stable
LiF-HJI@L.i greatly improves cycling stability and capacity retention (80.1% after 300 cycles)
of Li||LiNio.sC00.1Mno10; cells at a commercial-level areal capacity (~4.2 mA h cm™2). Even

under a lean-electrolyte condition of 3 g Ah™, 80% capacity retention can be maintained after

100 cycles, demonstrating excellent cycling performance under such harsh conditions.
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1. Introduction

The rapid development of portable electronics and electric vehicles demands high-energy-
density and high-power rechargeable batteries. Lithium (Li) metal batteries are the promising
next-generation energy storage systems and being revived recently, due to the high theoretical
specific capacity (3860 mA h g?) and low electrochemical potential (—3.04 V vs standard
hydrogen electrode) of Li metal anodes.51 However, the development of Li metal anodes is
hindered by Li dendrite growth and low Coulombic efficiency (CE) of the Li plating/stripping
which cause the safety hazards and short cycling life.[-® Therefore, resolving the fundamental
challenges of the Li metal anodes is extremely urgent to enable the practical application of Li
metal batteries.

The solid electrolyte interphase (SEI) layer plays a significant role in suppressing the Li
dendrite growth and enhancing the Li plating/striping CE. SEI is a passivation layer derived
from the electrolyte reduction on the anodes. Robust SEI layers can kinetically stabilize the
anode/electrolyte interface and effectively prevent further consumption of the electrolyte, while
also regulating Li-ion transport from the electrolyte onto the anode, and in turn, influencing the
morphology of the Li deposition.[**X Although several emerging strategies are used to stabilize
the Li metal anodes such as developing three dimensional (3D) porous Li hosts,*?°l modifying
current collectors,*%-2!1 and regulating Li-ion transport behavior,®2?1 the formed SEI layers in
these strategies remain unstable owing to the lack of optimization of the SEI components and
nanostructures. Engineering the SEI layers by optimizing electrolyte components can reinforce
their stabilities,®23-28 put the SEI nanostructures, properties and functions can still not be
accurately controlled. Typical SEI layers formed on the Li metal from standard carbonate/ether-
based electrolytes consist of inorganic Li salts (LiF, Li2O, Li>COs, etc.) and organic
components (RCOOLI, etc.)?®3%1 which are distributed within the SEI heterogeneously,

forming a mosaic nanostructure with both crystalline and amorphous properties (Figure 1a).
2



WILEY-VCH

The low and nonuniform interfacial energy at SEI/Li, as well as the inferior flexibility and
toughness of these SEI layers, lead to the failure to suppress the Li dendrite growth during Li
plating/stripping process.**l Moreover, in the mosaic SEI nanostructure, Li ions prefer to
transporting at the crystalline/organic component interface, -3 the nonuniform distribution of
nanocrystalline components in the SEI leads to the uneven Li-ion transport in the SEI,
exacerbating the growth of Li dendrites.

Fabrication of artificial SEI layersi*®-%®l and Li protective layers“¢-54 js attainable to
regulate the SEI nanostructures and interface properties with high controllability and tunability.
These artificial protective layers are typically made from organic or inorganic substances. SEI
films prepared from the organic substances can accommodate the volume change during the Li
plating/stripping process owing to the high flexibility, but show low interfacial energy with the
Li metal, poor mechanical strength and Li-ion conductivity.®>%® Artificial SEI layers
composed of the inorganic substances (e. g., LiF, LisN, Li»O) exhibit high SEI/Li interfacial
energy, high mechanical hardness and Li-ion conductivity,®6 as well as uniform Li-ion
transport enabled by the even distribution of inorganic crystalline grains in the inorganic SEI
layers, benefiting the uniform Li deposition.*8] However, these inorganic layers prone to break
after continuous plating/stripping process and lose the long-term and effective protection of the
Li metal anodes owing to their rigid and brittle nature (Figure 1b). Therefore, the rational design
of the SEI layers with controlled structures, properties, and functions is desirable. An ideal SEI
layer should have an ordered nanostructure with an effective combination of multifunctional
organic and inorganic layers to enable high SEI/Li interfacial energy, fast and uniform Li-ion
transport, as well as excellent mechanical properties, which are essential to achieve stable Li
metal anodes (Figure 1c).

Herein, we develop an ordered LiF-rich and lithiophilic hybrid Janus interphase (LiF-HJI)
to stabilize the Li metal anodes. The LiF-HJI is obtained via a controllable growth of lower

crystalline LiF layer and upper Li bis(2-methoxyethyl) aminosulfide (Li-MAS) organic layer
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successively by simply soaking the Li metal in the bis(2-methoxyethyl) aminosulfur trifluoride
(Deoxo-Fluor, designated as D-F) solution. The attractive properties of LiF and Li-MAS as well
as the ordered and layered structures endow the LiF-HJI with unique features. The compact
crystalline LiF layer with the uniform distribution of crystalline grains provides not only
necessary mechanical hardness and high interfacial energy with the Li metal, but also fast and
uniform Li-ion transport through the LiF grain boundaries. The Li-MAS layer, containing PEO-
like organic chain, effectively facilitates the Li-ion transfer, and the polar functional groups (C-
N, C-0O, N-S) in the Li-MAS layer have strong Li-ion affinity and guide the uniform distribution
of the Li ions. Meanwhile, this organic layer enhances the flexibility of the LiF-HJI and
functions as a “stress-release” layer to prevent the cracking of the underneath LiF layer during
the Li plating/stripping process. Therefore, under the protection of the multifunctional LiF-HJI,

the stability of Li metals in humid air (~50% relative humidity) is significantly improved, and

the Li metal anodes exhibit excellent cycling stability under harsh conditions without Li
dendrite growth, such as high current densities (e. g., 10 mA cm™?), high deposition capacities
(e. g., 6 mA h cm™2), and high rates (e. g., 5 C). Full cells containing LiF-HJI protected Li metal
(LiF-HJI@Li) anodes and commercial-level areal capacity LiNiosC00.1Mno102 (NCM811,
~4.2 mA h cm2) cathodes show excellent cycling stability and capacity retention (80.1% after
300 cycles) with an average CE of 99.67%. Even under lean-electrolyte conditions (e. g., 3 g
Ah™), the full cells still exhibit stable cycling over 200 cycles with a remarkably improved

capacity retention.

2. Results and Discussion
2.1. Preparation and characterization of LiF-HJI@L..
The LiF-HJI@Li was prepared by soaking the Li metal into the D-F solution for 48 h. D-

F was selected as the reactive agent to fabricate the stable interphase considering it contains a
PEO-like chain and strong fluorination group of -SFs, which could provide multifunctional
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organic and inorganic components to endow the interphase with unique properties. D-F can
react with Li metal to form LiF and Li-MAS successively, the inorganic LiF layer was firstly
formed on the Li metal surface, followed by covering a Li-MAS layer to form an
organic/inorganic hybrid Janus interphase (Figure 2a). Chemical characterization of the LiF-
HJI@Li was conducted using Fourier transform infrared (FT-IR) spectroscopy, X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) techniques. FT-IR spectrum
of the LiF-HJI@Li (Figure 2b) shows two peaks at ~1458 cm™ and ~638 cm™, which are
attributed to the standard vibration peaks of pure LiF, indicating the presence of LiF in the LiF-
HJI. The existence of LiF can be further proved by the XRD pattern, the peak at 45<is indexed
as LiF (PDF# 00-004-0857), confirming the crystalline nature of the LiF layer (Figure 2c).
Other strong peaks around 1271 cm™, 1113 cm™, and 777 cm™ in FT-IR spectrum of the LiF-
HJI@Li (Figure 2b) are attributed to the vibrations of C-N, C-O, and N-S bonds of Li-MSA,
respectively. The peaks corresponding to C-N and N-S bonds shift to high wavenumbers
compared with those of D-F, owing to a change in the chemical environment induced by the
replacement of -SF3z group by -SLi after the reaction of D-F with the Li metal, which can be
further confirmed by the disappearance of S-F vibration peak around 826 cm™ in FT-IR
spectrum of the LiF-HJI@Li. XPS spectra show the presence of C, S, F, N, and O elements in
the LiF-HJI (Figure S1), the S, F, and N elements originate from the reaction products of D-F.
Evidenced from S 2p XPS spectrum of the LiF-HJI@Li (Figure 2d), the strong peak at 163.3
eV corresponds to the S 2ps;> for Li organosulfide, confirming Li-MAS exists in the LiF-HJI.
The F 1s XPS spectrum shows a peak at 685.1 eV, which is assigned to the F 1s from LiF
(Figure 2e). Combined all the results of FT-IR, XRD, and XPS, we can conclude that the LiF-
HJI is composed of crystalline inorganic LiF and organic Li-MAS deriving from the reaction
between D-F and the Li metal.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were

used to investigate the morphology of the LiF-HJI@Li. As shown in the inset of Figure 2f, the
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pretreated Li metal remains shiny after the LiF-HJI coating. The top-view SEM images show
the Li metal surface is uniformly covered by the LiF-HJI with a relatively smooth surface
(Figure 2f-g). The corresponding elemental mapping results (Figure S2) reveal the uniform
distribution of LiF and Li-MAS. The cross-section SEM images display a continuous coating
of the LiF-HJI covering the Li metal with a lower LiF layer and an upper Li-MAS layer (Figure
2h, Figure S3). The thickness of the LiF-HJI is around 540 nm (the thicknesses of the LiF layer
and Li-MAS layer are around 450 nm and 90 nm, respectively), and the wrinkles observed in
the free-standing LiF-HJI reflect its good flexibility (Figure 2i). The TEM image clearly shows
the amorphous organic layer tightly covers on the LiF layer (Figure 2j), and this Janus layer is
ordered and uniform, confirmed by the TEM elemental mapping images (Figure S4) which
illustrate the homogenous distribution of F, C, S and N atoms, consistent with the SEM
elemental mapping results. The selected area electron diffraction (SEAD) pattern (inset in
Figure 2k) further reveals the crystalline structure of LiF, the high-resolution TEM image

(Figure 2k) demonstrates the (111) lattice plane of LiF with a plane spacing of 0.232 nm.

2.2. Dynamic formation process of LiF-HJI@L..
To elucidate the dynamic formation process of the LiF-HJI@LI, its morphology evolution and

corresponding chemical compositions at various soaking times were investigated. In the
beginning, only LiF particles were formed on the Li metal as shown in the SEM image (Figure
3a), evidenced by the strong signal of element F with a content of ~90% in the corresponding
energy dispersive spectroscopy (EDS) of SEM (Figure S5a, Table S1). Along with the soaking
time increasing, more and more LiF particles were produced and accumulated together to form
a dense LiF layer (Figure 3b). Subsequently, the Li-MAS layer began to grow along the surface
of the LiF layer and could be distinguished in the dark areas (Figure 3c-d), further proved by
the appearance of S and N signals in the SEM-EDS result (Figure S5b). The Li-MAS layer kept

growing (Figure 3e), confirmed by the increasing intensities and contents of S and N as well as
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the relatively dropping of F content (Figure S5c-d, Table S1), and completely covered all the
LiF layer at the soaking time of 48 h to form the LiF-HJI (Figure 3f), which has a hybrid Janus
structure with an upper organic layer and a lower inorganic layer exhibiting different properties
and functions (Figure S3). Further extending the soaking time, the surface of the film became
much rougher (Figure S6), probably because of the nonuniform deposition of the organic
component when its concentration in the solution became low. Despite the morphologies of the
artificial layers after 48 h became slightly different, the contents of the F, S, N, and C elements
in the artificial layer were relatively stable (Table S1, Figure S5d-f), suggesting the similar
compositions in the LiF-HJI. Therefore, the results of the morphology-evolution investigation
reflect the growth of LiF-HJI is ordered and controllable, we can tune the soaking time to get
different morphologies and chemical compositions of the artificial layers. To ensure the
formation of a relatively smooth and homogeneous LiF-HJI, the soaking time was held for 48
h in this work.

FT-IR and XPS were conducted to further analyze the chemical compositions of the
interphase at various soaking times. Consistent with the morphology evolution and SEM-EDS
results, the FT-IR spectra only show gradually increased LiF peak in the beginning (Figure 3g,
Figure S7), then the vibration peaks of C-N, C-O, and N-S bonds from the organic Li-MAS
layer (Figure 3g) appear and become stronger with increasing the soaking time, and maintain
stable after 48 h (Figure S8). A similar trend could also be found in the XPS spectra which
show the high intensity of LiF at first (Figure 3h), then the signals of S and N are detected
(Figure 3i-j, Figure S9). These FT-IR and XPS results consolidate that only LiF was yielded at
the beginning of the soaking process to form the inorganic LiF layer, then the Li-MAS layer

started to grow on the top of the LiF layer to get the inorganic/organic hybrid Janus layer.

2.3. Growth mechanism of LiF-HJI@L.i.
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Based on the results of the morphology-evolution investigation and chemical-composition
analysis, we could hypothesize a mechanism for the LiF-HJI@Li growth. As shown in Figure
4a, the fluorination group -SF3 of D-F reacts with the Li metal to generate a possible
intermediate -SF and the final product -SLi, which is accompanied by the formation of LiF
during the entire redox process (Figure S10). In the beginning, the conversion of fluorination
groups from -SF3 to -SF dominates the reaction owing to a relatively high concentration of D-
F near the Li metal surface, meanwhile most of the LiF is generated on the Li metal surface to
form an inorganic layer in this step. With the continuous consumption of D-F and increase of -
SF concentration, -SF group will be further reduced to -SL.i, and the formed LiF at this step,
despite a relatively small amount, will further thicken the LiF layer. The final reduction product
of Li organosulfide (Li-MAS), which probably has a lower solubility than the fluorination
reagent in hexane due to the increased polar, will cover the LiF film to form an organic layer
when its concentration continuously increases. At last, the hybrid Janus layer with lower LiF
and upper Li-MAS is fabricated. The prepared LiF-HJI can significantly improve the stability
of the Li metal in humid air (~50% relative humidity) (Figure 4b), indicating its effective
protection and passivation for the Li metal. The excellent stability of the LiF-HJI@L.i in the air
also suggests its potential compatibility with industrial electrode fabrication processes.

The attractive features of LiF and Li-MAS, as well as the ordered LiF/Li-MAS hybrid
structure endow the LiF-HJI with unique and multifunctional properties. Firstly, the high
interfacial energy of LiF with the Li metal facilitates the deposited Li to laterally grow along
the LiF-HJI/Li interface and prevents it from penetrating the protective layer.+5°61 Meanwhile,
homogenous crystalline LiF grains in the compact LiF layer can enable a fast and uniform Li-
ion transport through the grain boundaries.*8¢4! Together with the high mechanical hardness,
the LiF layer is favorable for suppressing dendrite growth and enabling uniform Li deposition.
Secondly, the Li-MAS layer, which is a kind of Li organosulfide and contains PEO-like organic

chain, could promote the Li-ion transport. Moreover, the polar functional groups (C-N, C-O,
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N-S) in the Li-MAS layer have strong Li-ion affinity and can guide the uniform distribution of
the Li ions.[21%851 Additionally, this organic layer of the Li organosulfide can enhance the
flexibility of the LiF-HJI,2?*l and serve as a “stress-release” layer to prevent the cracking of
the lower LiF layer during Li plating/stripping process. The mechanical properties of Li-
HJI@L.i can be investigate by Atomic force microscopy (AFM).[®¢ As a comparison, LiIF@Li
was also prepared by soaking the Li metal in D-F solution for 6 h. As shown in Figure S11, the
Young’s modulus of LiF-HJI@Li is around 391.9 MPa (Figure S11a), which is lower than that
of LiIF@L.i (1.499 GPa) (Figure S11b), due to the coverage of the organic Li-MAS layer. The
surface of Li-HJI@Li shows a larger deformation and hysteresis between the approach and
withdrawal curves, along with a long pull-off before the tip completely returned to the free-
standing position. All these results suggest that the LiF-HJI@L. is flexible, indicating a good
mechanical property of the LiF-HJI. Thirdly, pure organic layer usually has strong bonding
(low interfacial energy) with the Li metal, causing the SEI to suffer the same volume change as
Li during Li plating/stripping,’®>° the ordered LiF/Li-MAS hybrid structure provides an
intermediate LiF layer to avoid direct contact between the organic layer and the Li metal,
thereby eliminating the aforementioned issue while preserving the benefits of the organic layer.
Overall, the LiF-HJI combines the unique properties of both high interfacial energy and Li-ion
affinity originating from the inorganic and organic species, respectively, and enables even Li-
ion distribution, uniform and fast Li-ion transport, as well as enhanced mechanical properties,
which are beneficial for the dendrite-free Li deposition and improvement of CE (Figure 4c). By
contrast, in the traditional mosaic SEI layers, the random distribution of inorganic and organic
substances could not effectively regulate the Li-ion distribution and transport in the SEI at the
nanoscale level. Li ions prefer to transferring at the crystalline/organic component interface, >
%1 |eading to the nonuniform Li-ion transport and Li deposition (Figure 4c). Moreover, the
difference in the interfacial energy of organic and inorganic species with the Li metal will lead

to a different deformation stress in the SEI layer, exacerbating the cracking of the SEI layers.
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2.4. Electrochemical performance of LiF-HJI@L.i anodes.

The unique and multifunctional properties of the LiF-HJI significantly improve the
electrochemical performance of Li metal anodes. Symmetric Li metal cells with carbonate
electrolyte were assembled to evaluate the stability of the Li metal anodes. At a current density
of 2 mA cm and a deposition capacity of 2 mA h cm2 (Figure 5a), the LiF-HJI@Li anodes
deliver good cycling stability with a low overpotential around 50 mV for over 480 h. Whereas,
the bare Li metal anodes exhibit a sudden increase in hysteresis after 200 cycles, attributing to
the irregular Li plating/stripping and severe breaking/repairing of the SEI layer. The nucleation
overpotential (un) and plateau overpotential (pp) are related to the energy barrier of Li nucleation
process and mass-transfer process, respectively,”¢8 which could reflect the fundamental
nucleation behavior of Li ions under different SEI layers during plating process. As shown in
Figure S12, the LiF-HJI@Li anodes show much lower pn (0.0235 V) and pp (0.0645 V) than
those of bare Li metal anodes (un = 0.0465 V; pp = 0.0766 V), indicating the reduced energy
barrier of Li nucleation and growth enabled by the LiF-HJI which can provide high interfacial
energy with the Li metal and fast Li-ion transport. Under the conditions of high current densities
and deposition capacities (4 mA cm~2and 4 mA h cm™2;, 6 mA cm 2 and 6 mA h cm™2), the LiF-
HJI@Li anodes still display stable and steady overpotential profiles for 200 h (Figure 5b) and
100 h (Figure 5c), respectively. In sharp contrast, the bare Li metal anodes encounter large
overpotentials and fluctuated voltage profiles and fail after several dozens of cycles. The
striking difference in cycling stability between these two kinds of anodes indicates the LiF-HJI
is robust enough to extend the cycling life at various current densities and deposition capacities.
Moreover, the LiF-HJI@Li anodes display lower overpotentials than those of bare Li metal
anodes at all the testing conditions (Figure S13), further indicating the fast Li-ion transport
through the electrolyte/electrode interphase enabled by the unique LiF-HJI. It is noted that the

higher initial voltage polarization of the LiF-HJI@L.i than that of the bare Li metals is probably
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attributed to the tight coverage of the protective layer on the Li metal before cycling. When a
high rate of 5 C (a current density of 10 mA cm2 and a deposition capacity of 2 mA h cm™2)
was applied, the LiF-HJI@Li anodes still deliver stable cycling over 90 h with a relatively low
overpotential (Figure S14), showing the promise for the application in fast-charging Li metal
batteries. To better understand the electrochemical stability, the morphology of the LiF-HJI@LIi
anodes after cycling was further investigated. As shown in the SEM images (Figure 5d-g), the
dendrite-free, uniform, and compact Li deposition is achieved, the LiF-HJI still covers the Li
metal surface tightly and maintains its structure without obvious cracks after cycling. The
cycling stability and morphology of the Li metal anodes only protected by crystalline LiF layer
(LiF@L1i) were also investigated, which could, on the other hand, reveal the necessity of the
organic layer. The LiF@Li was obtained by soaking the Li metal in D-F solution for 6 h. The
symmetric LiIF@L.i cells show a stable cycling for over 300 h (Figure S15), which is better than
bare Li metal anodes, but the following increased hysteresis indicates its inferior performance
to the LiF-HJI@L.i anodes, attributing to the lack of upper organic layer to prevent the cracking
of the rigid LiF layer after long-cycle Li plating/stripping, which could be further confirmed by
the SEM morphologies demonstrating a lot of cracks in the LiF layer after cycling (Figure S16).
The electrochemical properties of the LiF-HJI@Li anodes after exposing in the humid air
(~50% relative humidity) for 4 h was also investigated. As shown in Figure S17, the LiF-
HJI@Li symmetric cells still deliver a relatively stable cycling for 250 h at a current density of
2 mA cm2 and a deposition capacity of 2 mA h cm, suggesting the effective protection for the
Li metal against the humid air. Combining the above electrochemical measurements and SEM
morphologies, it is reasonable to ascribe the excellent cycling performance of LiF-HJI@Li
anodes to the stable LiF-HJI which provides high interfacial energy with the Li metal, uniform
and fast Li-ion transport, as well as the good mechanical properties to enable the dendrite-free

Li deposition.
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Phase-field simulation of Li deposition was performed to theoretically validate and
explicate the role of the LiF-HJI in maintaining stable Li metal anodes. Consistent with the
experimentally observed morphology, the simulated morphology shows compact and dendrite-
free Li deposition under the protection of the LiF-HJI (Figure 5h, Figure S18a-e). The LiF-HJI
enables the homogenous distributions of the Li-ion concentration, Li-ion flux and Li-ion
concentration gradient (Figure 5i-j), contrast sharply with the traditional mosaic SEI covered
Li metals which show the dendritic Li deposition with inhomogenous Li-ion concentration
distribution, nonuniform Li-ion flux and Li-ion concentration gradient (Figure 5k-m, Figure
S18f-j). These simulation results confirm that the lower LiF layer of the LiF-HJI possessing a
high interfacial energy with the Li metal can effectively confine the spatial freedom of Li
nucleation (Figure S18a-e); and the upper Li-ion-affinity Li-MAS layer, together with the
homogenous crystalline LiF grains in the LiF layer, can enable a fast and uniform Li-ion
diffusion; all of which result in a uniform Li deposition.

The stable LiF-HJI@Li anodes greatly improve the full-cell performance of Li metal
batteries. Full cells (LiF-HJI@Li||[NCM811) containing LiF-HJI@Li anodes and high-areal-
capacity NCM811 (~4.2 mA h cm™2) cathodes were assembled. The amount of the electrolyte
used in the full cells notably influences the energy density of the Li metal batteries. A limited
amount of the electrolyte (lean electrolyte) used in the cells is the prerequisite for their practical
application. Therefore, the cycling performance of the cells using various amounts of the
electrolyte were also evaluated in this work. Under a flooded-electrolyte condition (Figure 6a),
the cells with LiF-HJI@Li deliver a high initial discharge capacity of 164.5 mA h g%, and
maintain the capacity of 131.7 mA h g after 300 cycles (80.1% capacity retention) with an
average CE of 99.67%, showing an excellent cycling performance (Table S2). While the control
cells display a quick CE drop and fast capacity decay after 80 cycles, ascribing to the failure of
the Li metal anodes at such a high deposition capacity. The charge/discharge profiles show a

smaller polarization of the cells with LiF-HJI@L.i than that of the control cells (Figure 6b-c,
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Figure S19), further demonstrating the faster Li-ion transport in LiF-HJI than the traditional
SEI layer. The cycling performance of the Li metal batteries under lean-electrolyte conditions
could better reflect the stability of the Li metal anodes, because the unstable Li metals lead to
a serious consumption of the electrolyte and significantly decrease the cycling life.[?>%1 \When
the lean-electrolyte conditions of 6 g Ah™* (Figure 6d) and 3 g Ah™* (Figure 6e) were used,
respectively, the cells with LiF-HJI@Li anodes can still run over 200 cycles with greatly
improved capacity retention and CE, showing superior performance over the control cells. In
particular, 80% capacity retention can be maintained after 100 cycles for the cells under the
lean-electrolyte condition of 3 g Ah™%, showing a peerless cycling performance under such harsh
conditions (Table S2), which further demonstrates that the LiF-HJI provides effective

passivation for the Li metal anodes and remarkably reduce the consumption of the electrolyte.

3. Conclusion

In summary, we have demonstrated a strategy to fabricate an ordered high interfacial-energy
and lithiophilic hybrid Janus interphase to stabilize the Li metal anodes. Unlike the traditional
mosaic SEI layers and common single-component artificial interphase layers, the LiF-HJI
combines the attractive properties of the homogenous and ordered crystalline LiF and Li-MAS
layers to intrinsically improve the interfacial energy with the Li metal, regulate Li-ion
distribution, accelerate Li-ion transport, and optimize the mechanical properties to enable
dendrite-free Li deposition and improved CE under harsh conditions, such as high deposition
capacities (e. g., 6 mA h cm™2), high current densities (e. g., 10 mA cm2), and high rates (e. g.,
5 C). Meanwhile, the LiF-HJI coated Li metals exhibit high corrosion resistance to the humid

air (~50% relative humidity), showing the promise in practical industry in the future. Thanks to

the unique features of the LiF-HJI@LI, the LiF-HJI@LIi|[NCM811 full cells with commercial-
level areal capacity exhibit excellent cycling stability and capacity retention, as well as
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significantly enhanced CE, even under lean-electrolyte conditions (e. g., 3 g Ah?),
demonstrating the great potential for next-generation high-performance Li metal batteries. The
strategy not only contributes significantly to the Li metal batteries, but could also be applicable
in other fields facing unstable interface issues, such as Si anodes, high-nickel cathodes and
solid-state electrolytes.
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Figure 1. Schematic illustration of various SEI layers for Li plating. a) Mosaic SEI layers. b)

Inorganic artificial SEI layers. ¢) Ordered multifunctional organic/inorganic hybrid SEI layers.
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Figure 2. Preparation and characterization of LiF-HJI@Li. a) Schematic illustration of the
fabrication of LiF-HJI@L.i. b) FT-IR spectra of LiF, LiF-HJI@LIi, and D-F. ¢) XRD pattern of
LiF-HJI@Li. d) S 2p XPS spectrum of LiF-HJI@LIi. e) F 1s XPS spectrum of LiF-HJI@L.I. f,
g) Top-view SEM images of LiF-HJI@L.i. h, i) Cross-section images of LiF-HJI@L.. j) TEM
image of LiF-HJI. k) High-resolution TEM image of LiF-HJI, the inset is the selected area

electron diffraction (SEAD) pattern of LiF.
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Figure 3. Morphology evolution and corresponding chemical compositions during the
formation process of LiF-HJI@Li. SEM morphologies of the Li metal at various soaking times
of 10 min (a), 1 h (b), 6 h (c), 12 h (d), 24 h (e), and 48 h (f). (g) FT-IR spectra of the bare Li,
treated Li metal after various soaking times, and D-F. F 1s (h), S 2p (i), and N 1s (j) XPS spectra

of the Li metal at various soaking times.
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Figure 4. Growth mechanism of LiF-HJI@Li and multifunctional properties of LiF-HJI. a)
Growth mechanism of LiF-HJI@Li. b) Stability of LiF-HJI@Li in the humid air (~50% relative
humidity). c) Schematic illustration of the different properties between LiF-HJI and traditional

mosaic SEI layer. The blue dotted arrows represent the Li-ion transport.
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Figure 5. Stability tests of LiF-HJI@L.i as electrodes and simulation results of Li deposition
under the protection of LiF-HJI. A comparison of the cycling stability of the symmetric LiF-
HJI@Li (red) and bare Li metal (black) cells at a current density of 2 mA cm2 (a), 4 mA cm™
(b), and 6 mA cm2 (c)for 1C, respectively. Top-view SEM images (d, e) and cross-section SEM
images (f, g) of LiF-HJI@L.i after cycling. Simulation results of Li deposition under 2 mA cm’
2 for 60 min. Simulated Li deposition morphologies of LiF-HJI@Li (h) and bare Li metal (k);
simulated Li-ion concentration and flux distribution of LiF-HJI@Li (i) and bare Li metal (l);
simulated Li-ion concentration gradient distribution of LiF-HJI@Li (j) and bare Li metal (m).

Black arrows in (i) and (I) represent the Li-ion flux.
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Figure 6. Cycling performance of full cells using LiF-HJI@Li as anodes and NCM811 as
cathodes. a) Cycling performance under the flooded-electrolyte condition. b) Charge/discharge
profiles during the first cycle. ¢) Charge/discharge profiles during the 50th and 100th cycles. d)
Cycling performance under a lean-electrolyte condition of 6 g Ah™L. €) Cycling performance
under a lean-electrolyte condition of 3 g Ah™%. The areal capacity of NCM811 cathode is ~4.2

mA h cm™2
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A controllable design of an ordered LiF-rich organic/inorganic hybrid Janus interphase (LiF-
HJI) for high-performance Li metal anodes is reported. LiF-HJI with high SEI/Li interfacial
energy and strong Li-ion affinity allows homogenous Li-ion distribution, fast and uniform Li-
ion transport, excellent mechanical and passivation properties, enabling stable Li metal anodes
under harsh conditions.

Guoxing Li*, Shipeng Liu, Zhe Liu, Yingjie Zhao
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