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Abstract Lithium metal anode represents the ultimate
solution for next-generation high-energy-density batteries
but is plagued from commercialization by side reactions,
substantial volume fluctuation, and the notorious growth of
lithium dendrites. These hazardous issues are further
aggravated under real-world conditions. In this study, a
stable AI-Li/LiF artificial interphase with rapid ion
transport pathways is created through a one-step chemical
pretreatment process, effectively addressing these
challenges simultaneously. As a consequence, the
composite interfacial layer exhibits exceptional ionic
conductivity, mechanical strength, and electrolyte
wettability, ensuring swift Li" transfer diffusion while
suppressing lithium dendrite growth. Remarkably, the Al-
Li/LiF symmetric cell provides a cycle life exceeding
2300 h with a low polarization at 0.5 mA-cm™2.
Furthermore, its enhanced cycling stability and capacity
retention as well as capacity utilization stability pairing
with  LiFePO, and LiNi,¢Co, ,Mn,,0, cathodes,
highlighting the proposed approach as a promising solution
for practical Li metal batteries.
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1 Introduction

Lithium metal stands out as the most promising anode
material due to its exceptionally low redox potential
(-3.04 V vs. standard hydrogen electrode) and the
remarkable theoretical capacity (3860 mAh-g™") [1-5].
Nevertheless, unlimited volume expansion, and the
fragility of the solid-electrolyte-interphase (SEI) often
lead to the formation of lithium dendrites and inactive
“dead lithium” [6—9]. This irreversible process consumes
both lithium and electrolytes, resulting in persistent
capacity degradation and low Coulombic efficiency (CE).
Furthermore, lithium dendrites and dead lithium also pose
significant safety risks for Li metal batteries (LMBs)
[10—14]. Thus, stabilizing Li metal anode (LMA) is
critical to achieving viable LMBs [15—19].

Various approaches have been explored to stabilize the
electrode/electrolyte interface employing techniques such
as electrolyte additives, localized high-concentration
electrolyte and artificial protective layers [20—23].
Although significant progress have been made in
understanding and designing the electrode/electrolyte
interface, in situ SEI generated via electrolyte alteration is
challenging to maintain during long-term deposition-
dissolution. The application of artificial SEI on the
surface of LMA is thought to be an effective strategy for
protecting the Li metal. The artificial layer avoids direct
contact between Li metal and liquid electrolyte, thereby
slowing their consumption, and inhibiting heterogeneous
deposition and dendrite formation, which is to regulate Li
metal deposition behavior by artificially constructing a
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stable protective layer on the LMA prior to the cell cycle,
as well as precisely managing the electrolyte-LMA
interface composition and properties. An ideal SEI should
have the following characteristics: (1) high chemical
and electrochemical stability to prevent side reactions;
(2) excellent electronic insulation to avoid side reactions
between the electrolyte and LMA; (3) high ionic
conductivity to facilitate Li™ diffusion, while prohibiting
electrons and solvent molecules from passing through;
(4) high mechanical strength to resist breakage.

Recently, the fluorination of Li metal surface to obtain
LiF as the principle component of SEI has been widely
adopted to improve the cyclic stability of LMA [24,25].
LiF is a superlative electronic insulator, possessing a wide
band gap that effectively resists electron tunneling [26].
When LiF is integrated with other components at
nanoscale, the resulting interphase exhibits high ionic
conductivity, low diffusion energy, and high surface
energy, resulting in both rapid Li* kinetics and parallel
rather than wvertical lithium electrodeposition [27].
Consequently, the LiF-based interfacial layer ensure an
improved surface topography of lithium deposits and
serves as a strong barrier to lithium dendrite growth [28].
In addition to LiF, lithium-based alloy that acts as a
protective interface to inhibit dendrite growth has been
investigated. Such alloy methods include lithium tin,
lithium magnesium, lithium bismuth, etc [29]. The alloy
phase efficiently reduces the diffusion barrier of Li" and
improves the stability of the Li metal interface.

Taking these considerations into account, a composite
artificial interphase enriched with LiF and aluminum
lithium (Al-Li) alloy is crafted by altering the LMA with
AlF;. In addition to eliminating dead lithium and lithium
dendrites, artificially generated LiF and Al-Li alloy
artificial SEI can deposit lithium in the lower section of
the modified interface by promoting ion transport. Hybrid
lithium symmetric batteries exhibit a significantly longer
and more stable deposition/dissolution cycle (more than
2300 h) as compared to pure Li cells. Li metal cells
outperform pure Li cells in terms of cycle stability, rate
performance, and capacity retention when matched with
LFP and NCMS811 cathode. The design of the artificial
SEI provides a new solution to the challenge of LMA.

2 Experimental

2.1 Materials

AlF;, dimethyl ether (DME) and fluoroethylene carbonate
(FEC) were purchased from Shanghai Aladdin Bioche-
mical Technology Co., Ltd., China, Lithium iron
phosphate (LFP), LiNi,¢Co, ,Mn;,0, (NCMS811), N-
methyl-2-pyrrolidone (NMP) and polyvinylidene fluoride
(PVDF) were obtained from Shenzhen Kejing Zhida

Technology Co., Ltd., China. 1 mol-L™! LiPF-ethylene
carbonate/diethyl carbonate (EC/DEC) (1:1, v/v) is
provided by Suzhou Fosai New Material Co., Ltd.

2.2 Fabrication of Al-Li/LiF anode

First, AIF; powders of varying qualities are added to a
specific amount of DME solvent, magnetically stirred at
room temperature for 30 min, and then placed in the
ultrasonic cleaning machine for 30 min, so that the AlF,
powders are evenly dispersed in the solvent.
Subsequently, the AlF; dispersions of different
concentrations are repeatedly applied onto the Li metal
and placed in the muffle furnace to promote the reaction
between Li metal and AlF;, and then an artificial
protective layer containing LiF and AIl-Li alloy is
generated on the surface of the LMA. Finally, washing
with solvents removes excess salt from the surface. All
these operations are carried out in an argon glove box
(H,0 < 0.1 ppm, O, <0.1 ppm).

2.3 Characterizations

The morphologies of LMA before and after cycling are
systematically characterized using scanning electron
microscopy (SEM, Hitachi) coupled with energy-
dispersive X-ray analysis (Oxford Instruments). X-ray
photoelectron spectroscopy (XPS) measurements are
performed on a PHI-5000 Versaprobe XPS spectrometer.
Phase analysis of lithium surface is measured by the
X-ray diffraction (XRD, Bruker, Cu Ka, 1 = 0.15418
nm). Atomic force microscopy (AFM, Bruker
Dimensionicon) is used to obtain the Young’s modulus of
Li metal surface. The contact angle is measured by a
Kruss DSA100 (Dataphysics Corp. Germany), and a 5 pLL
droplet of ester electrolyte utilized the experiment.

2.4 Electrochemical measurement

CR2032-type coin cells, equipped with a microporous
polypropylene separator (Celgard 2400), are assembled
within the aforementioned argon-filled glove box. The
electrochemical performance of all cells evaluated using
the LAND battery test system. Electrochemical
impedance spectrum (EIS) and linear sweep voltammetry
(LSV) measurements are performed by an electroche-
mical workstation (CHI660E), and LSV is tested in the
range from —0.1 to 0.1 V at a scan rate of 1 mV-s".

The symmetric cells employ 60 pL of an ester
electrolyte, consisting of 1 mol-L™! LiPF, dissolved in an
EC/DEC solvent (volume ratio 1:1), and constant current
charge/discharge tests are performed using different
current densities. To obtain LFP/NCMS811 cathode, first,
LFP/NCMS811 powder, Super P, and PVDF (mass ratio of
7:2:1) are mixed with NMP as a solvent to prepare a
slurry and coated it onto clean aluminum foil. Then, the
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LFP/NCMS&11 cathode with a diameter of 12 mm is
obtained by slicing after evaporating the solvent under
vacuum at 120 °C for 4 h. In the experiment, FEC is
utilized as an electrolyte additives to form a protective
film on the surface of the cathode to prevent further
decomposition of the main components of the electrolyte
for the assembly of high voltage Li|NCMS811 full cells
[19]. 70 pL 1 mol-L! LiPF, dissolved in EC/DEC
(volume ratio of 1:1) solvent mixture with 10 wt % FEC
is used as the electrolyte of the full cells.

3 Results and discussion

A diagram depicting the growth of Li dendrites on bare Li
metal and the formation of dead lithium during the
deposition/dissolution process (Fig. 1(a)). Figure 1(b)
features a uniform protective layer formed on the surface
of the lithium electrode upon treatment with AlF;,
accompanied by a schematic diagram that highlights its
capacity to ensure consistent plating/stripping throughout
the cycling procedures.

To optimize the thickness of the SEI protective layer,
dispersions containing 0.5, 1.5 and 2.5 wt % AIF,
dissolved in DME are adopted, abbreviated as 0.5-AF,
1.5-AF and 2.5-AF, respectively. Optical and SEM
images are used to charactorize the artificial SEI layer, as
presented in Fig. 2. The surface of pure Li metal shows a
silver luster (Fig.2(a)), which gradually transitions to
gray following treatment. As can be seen from Fig. 2(b),
the artificial SEI layer derived from with 0.5-AlIF does
not fully cover and protect the lithium surface completely
from reacting with the electrolyte, leading to low CE and
capacity decay. For comparison, complete coverage of the
artificial SEI layer may be obtained with 1.5-AF and 2.5-
AF treatments (Figs. 2(c) and 2(d)), showing no pinholes
or cracks. Cross-section SEM images (Figs. 2(e-h))
reveal that the average thickness of artificial SEI treated
with 0.5-AF, 1.5-AF and 2.5-AF is 10, 20, and 40 pum,
respectively. A thicker SEI layer result in slower Li"
diffusion kenetics and higher impedance due to the
increased Li" transport distance. As a result, it is
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necessary to optimize the thickness of the SEI layer, in
order to protect the metal lithium anode from side
reactions with the electrolyte while simultaneously
providing excellent Li* conductivity.

Lithium electrodes protected by 10, 20, and 40 pm
thick artificial SEI layer are abbreviated as LAF-10, LAF-
20, and LAF-40, respectively. Figure 2(i) presents the
galvanostatic Li plating/stripping profiles of treated
Li sheets and pure Li sheets at current density of
0.5 mA-cm 2 with capacity of 1 mAh-cm2. The pure Li
anode exhibits stable cycling for only 600 h, with a
higher overpotential that progressively increases over
time. LAF-10, LAF-20 and LAF-40 -eclectrodes can
stabilize the cycle for more than 800, 2000 and 1600 h,
respectively. In summary, LAF-20 has the lowest
overpotential and the longest cycle life.

To further explore the optimal thickness of the SEI
protective layer, the SEI layer treated with different
concentrations of AIlF; is characterized. The charge
transfer resistance (R,) of a symmetric cell is calculated
by impedance measurement. Figure 2(g) illustrates the
EIS spectra of pure Li, LAF-10, LAF-20 and LAF-40
respectively. The impedance results are fitted by an
equivalent circuit (Fig. S1, cf. Electronic Supplementary
Material, ESM). There is no obvious protective film on
pure Li before the electrochemical cycling due to the
primary SEI exists when pure Li by reacting with the
electrolyte is very thin and uneven. The side reaction can
lead to significant interface resistance. The R_ of the
AlF;-treated lithium electrode symmetric cell is slightly
higher than that of the pure Li symmetric cell, which may
be due to the artificial SEI film formed by the AIF;-
treated lithium electrode. In addition, the EIS spectrum of
a symmetric cell with pure Li before cycling has only one
semicircle, and a single semicircle represents the R
between pure Li and the electrolyte. The higher R, of
pure Li symmetric batteries can be attributed to the lower
electrolyte wettability, resulting in slow Li" transport
[30,31]. There is also an absence of protective layer to
inhibit possible side reactions, resulting in electrolyte
depletion and the unstable and fragile SEI formation,
which ultimately increases the cell’s impedance. In
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Fig. 1 Schematic illustration of (a) Li dendrites growth on bare Li and (b) smooth Li deposition on artificial SEI protected Li

during the charge/discharge process.



4 Front. Chem. Sci. Eng. 2025, 19(5): 38

(@) 0 wt% AIF, 1 (b) 0.5 wt% AIF,

100 pm

100 pm

—~

=)

=
=4
[*)}

—— LAF-40
0.0
-0.6
—— LAF-20 |
0.0
2
(%]
& 06
= LAF-10
>
0.0
0.6 -
— L1
0.0
0.6
0 500 1000 1500 2000
Time/h

| (©) 1.5 wt% AIF, |

(d)2.5 wt% AIF,

100 pm 100 pm

100 pm 100 pm
0]
400
Fresh condition
® Li
2004 ® LAF-10
® LAF-20
® LAF-40
G
_[T] 200+
[ X J
100+ 0®® ®e o
()
h— \
T T
0 100 200 300 400
Z'IQ

Fig. 2 Optimising the thickness of the SEI protective layer. (a—d) Top-view SEM images of Li with different weight percentage
concentrations of AlF; (The inset picture is the corresponding photographic images). (e-h) The corresponding cross-sectional SEM
images. (i) Time voltage curves of Li with different weight percentage concentrations of AlF;. (j) Impedance at Li with different

weight percentage concentrations of AlF;.

contrast, LAF-10, LAF-20, LAF-40 symmetric cells
present two semicircular circles, the first semicircle in the
high-frequency range representing the interface resistance
of the artificial SEI or the resistance R through the
artificial SEI, and the second semicircle in the low
frequency range representing the R, , between the
artificial SEI and the electrolyte. The R, of LAF-10,
LAF-20 and LAF-40 symmetric batteries are low, which
is attributed to the excellent electrolyte wetting property
of artificial SEI, which effectively mitigates side
reactions and then stabilizes the SEI layer. Furthermore,
the LiF with higher surface energy in the SEI layer can
provide, a lower Li" diffusion barrier. This allows
sufficient Li" transport and lower R, A symmetric cell
based on the LAF-20 electrode has a minimum R, value
of 58.36 Q, which is related to the rapid transport of Li*
with an optimal SEI thickness of 20 um. As a result,
20 um is the most appropriate modification layer
thickness.

As illustrated in Fig. 3(a), a straightforward chemical
pretreatment builds the Al-Li/LiF interfacial layer on the

Li foil surface. Li" movement across the contact is
accelerated by interface between the LiF and Al-Li alloy
with superior ionic conductivity. Electrons are unable to
pass through the composite interfacial layer due to the
electron-insulating LiF. Subsequently, the combination of
Al-Li and LiF permits Li metal to be deposited at the
bottom, and their robust mechanical properties effectively
suppress the formation of Li dendrites. Moreover, the
composite interfacial layer can isolate the electrolyte from
the fresh Li metal and its electrochemical stability
guarantees the cycle life of the cell.

To observe the structure and morphology on the surface
of LAF-20 electrode, SEM characteristization was
conducted (Figs. 3(b—d)). From the corresponding energy
dispersive spectroscopy (EDS) of the surface morpho-
logy, it can be seen that Al and F elements are evenly
distributed in the surface layer. In addition, the
composition of the artificial SEI layer is further analyzed
by XRD and XPS. First, the phase transition of lithium is
characterized by XRD and the composition of the
artificial SEI layer is studied. An XRD pattern of the
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Fig.3 Composition of the artificial SEI layer. (a) Schematic illustration of artificial SEI-protected Li and its function. (b) The SEM
image of LAF-20 electrode and (c, d) the corresponding EDS. (e) XRD spectrum of LAF-20 electrode. XPS spectrum of LAF-20

electrode with (f) Al 2p and (g) F 1s.

LAF-20 electrode is shown in Fig. 3(e). The artificial SEI
layer can form a beneficial aluminum-lithium alloy
(LigAl,) and LiF. The peaks at ca. 38.6°, 39.1° and 41.3°
correspond to LigAl,. The peaks of ca. 38.7°, 44.9°, and
65.4° correspond to LiF [32,33]. XPS is used to
determine the chemical composition of SEI surface of
LAF-20 electrode (Figs. 3(f) and 3(g)), corresponding to
the peak of Al-Li alloy at 74.2 eV, the presence of the
alloy helps to reduce the diffusion potential of Li* and
improve the stability of the Li metal interface. A single F
Is peak at 685 eV corresponds to the presence of LiF,
which regulates the uniform deposition/dissolution of
lithium. By comparing the XPS spectra of pure Li and
treated Li, it can be concluded that after AlF; treatment,
LiF and Al-Li alloy are formed (Fig. S2, cf. ESM). In
summary, the artificial SEI consists of a dense and
homogeneous mixture of Al-Li and LiF.

The kinetics of interfacial Li™ transport in the artificial
SEI layer are further investigated. The tafel curve of pure
Li and LAF-20 electrode are illustrated in Fig. 4(a). The
results indicate that the exchange current density of LAF-
20 electrode (0.937 mA-cm™2) is higher than that of pure
Li electrode (0.112 mA-cm™2). This suggests that the
modified electrode has high charge transfer kinetics and
fast Li" transfer capabilities. In line with the
electrochemical impedance results, the LAF-20 electrode
demonstrates a lower R, compared to the pure Li
electrode, and the hybrid artificial SEI can increase the

speed of Li* transportation. The temperature-dependent
electrochemical impedance spectroscopy is tested to
investigate the activation energy of Li* diffusion in SEI at
303-353 K (Fig. S3, cf. ESM). By fitting the first
semicircle of the symmetric cell with pure Li and LAF-20
electrodes using an equivalent circuit, the activation
energy was determined, following Arrheniuz’s law. As
can be seen from Fig. 4(b), the activation energy of LAF-
20 (4.69 kJ-mol™") is lower than that of pure Li batteries
(7.45 kI-mol™), indicating that artificial SEI can provide
a fast Li ion transport channel. Figure S4 (cf. ESM)
presents the EIS spectra of pure Li and LAF-20 electrode
at various resting times. It is evident that the symmetric
cell with LAF-20 electrode has better stability during the
resting process compared to the pure Li electrode, further
illustrates the good protective effect of the hybrid
artificial SEI layer.

To gain a deeper understanding of the mechanism
behind performance of the hybrid artificial SEI layer,
AFM is used to test the Young’s modulus of pure Li and
LAF-20 electrodes (Fig. S5, cf. ESM). The results
revealed that the average Young’s modulus values are 1.1
and 53.3 GPa, respectively. The significantly higher
Young’s vmodulus of the LAF-20 electrode can be
attributed to the combined contribution of all SEI
components, namely LiF and Al-Li alloys. The strong
ionic bond between lithium and fluorine results in a
Young’s modulus range of 50 to 140 GPa for LiF.
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Fig. 4 The interfacial Li* transport kinetics. (a) Tafel profle of Li and LAF-20 electrode. (b) The activation energy for Li* diffusion
through SEI of bare Li and LAF-20 electrode. (c) Voltage response of bare Li and LAF-20 electrode block cells. (d) Nyquist plot of
bare Li and LAF-20 electrode symmetric cells. (e, f) DFT simulation results of the LAF-20 electrode.

Notably, the B1 crystal structure of LiF (analogous to the
NaCl type) remains stable even at high pressures up to
100 GPa and high temperatures approaching its melting
point [34—37]. Furthermore, lithium-based alloys exhibit
significantly higher strength compared to bare Li metal
[38,39]. Consequently, the artificial SEI possesses a high
Young’s modulus. Previous studies have highlighted the
importance of a high modulus SEI in inhibiting dendrite
growth [34,38]. In this context, the excellent mechanical
strength of the artificial SEI acts as a barrier to dendrite
growth, thereby protecting the LMA. Additionally, the
contact angle measurements between the electrolyte and
pure Li and LAF-20 electrodes revealed values of 35.46°
and 19.38°, respectively (Fig. S6, cf. ESM). The high
electrolyte affinity of the SEI layer enhances the contact
between the electrolyte and anode, leading to a higher
surface energy of the SEI layer. This, in turn, facilitates
rapid diffusion and nucleation of Li*, contributing to the
overall performance of the hybrid artificial SEI layer.

To assess the resistivity of the hybrid artificial SEI
layer, a direct current-voltage measurement was conduc-
ted utilizing the blocking electrode setup (Fig. 4(c)).
Previous literature [40] has compared the current
responses of SS||SS and SSJLi||SS configurations,
revealing that the two curves are nearly identical. This
indicates that the resistivity of pure Li metal is negligible,
and any resistance observed is attributable to the
experimental apparatus itself. In the present study, either
pure Li or LAF-20 electrodes were sandwiched between
two stainless steel blocking electrodes. The voltage
response to a DC current density of 5.0 mA-cm™2 was

then recorded using the following formula:
_RxS UXxS
L IxL’

where L represents the total thickness of the artificial
SEI layer, [ is the applied current, S is the area of the
Li metal electrode sheet, and U is the increase in the
average voltage. The calculated resistivity of LAF-20 is
494.5 Q-cm. The electronic resistivity of semiconductors
typically ranges from 107 to 10° Q-cm. This indicates
that the hybrid SEI protective layer of LAF-20 reduces
electronic conductivity, and the resistance of the SEI
facilitates preferential Li deposition beneath it.
Consequently, even as the current density increases and
the amount of Li deposition rises, the layer can still lower
the local current density at the anode and ensure a more
uniform distribution of Li ions. Due to the inherently low
electronic conductivity of the SEI, the growth of Li
dendrites is also inhibited. In this study, the interface
resistance of the LAF-20 symmetric cell is 58.36 Q,
compared to 343.40 Q for pure Li, which reflects the
diffusion of Li ions. The SEI formed in sifu on pure Li
typically has a thickness of less than 100 nm, whereas the
artificial SEI has a thickness of 20 um. Therefore, it can
be inferred that if the ionic conductivity remains constant,
the ionic conductivity of the hybrid SEI is hundreds of
times that of pure Li. Moreover, the lower interface
resistance of the thicker artificial SEI confirms its higher
ionic conductivity (Fig. 4(d)). In summary, the artificial
SEI exhibits high ionic conductivity and low electronic
conductivity, enabling it to not only prevent Li ion
deposition on the surface layer but also promote rapid ion
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transport.

Furthermore, the influence of alloys at the interface has
been investigated. Density functional theory (DFT) was
employed to ascertain the surface diffusion barrier of the
LiyAl, (100) alloy. The surface diffusion barriers for the
LiyAl, (100) alloy are merely 0.013 and 0.189 eV, with
surface adsorption energies of 0.24, 0.77, and 0.76 eV,
respectively. These values are significantly lower than
those for Li (100), which has a surface diffusion barrier
of 0.305 eV and an adsorption energy of 1.792 eV
(Figs. 4(e) and 4(f)). The rapid conduction of Li* ions in
the LigAl, alloy ensures that lithium can efficiently
diffuse deeper into the SEI during deposition, leading to a
more uniform distribution. However, in the case of a pure
Li electrode, the combination of a high diffusion barrier
and strong adsorption capacity causes Li metal to pre-
ferentially grow on the surface, forming one-dimensional

structures and ultimately resulting in Li dendrites.
Therefore, the Al-Li alloy within the hybrid artificial SEI
effectively facilitates the rapid conduction of Li" ions and
promotes the deposition of Li" ions at the bottom layer.
The interfacial stability of pure Li and LAF-20
electrodes has been further investigated. Figures 5(a) and
5(c) present the symmetric battery profiles for pure Li
and LAF-20 electrodes at current densities of 0.5 and
1 mA-cm 2, respectively. Pure Li cells exhibit a cycle life
of approximately 600 and 300 h at 0.5 and 1 mA-cm™
current densities, respectively, with a continuous rise in
overpotential leading to a shortened cycle life. In contrast,
symmetric cells incorporating LAF-20 electrodes display
a stable voltage curve over extended cycling periods. The
deposition/dissolution time for LAF-20 symmetric
batteries exceeds 2300 and 700 h at 0.5 and 1 mA-cm™
current densities, respectively. In the case of pure Li,
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Fig.5 The electrochemical performance of the LAF-20 electrodes. (a) Plating/stripping voltage profile of bare Li and LAF-20
electrode symmetric cells at 0.5 mA-cm™2 (inset: the partial amplified curve of (a)). (b) Plating/stripping voltage profile of bare Li
and LAF-20 electrode at 1 mA-cm 2 (inset: the partial amplified curve of (b)). (¢) The comparison of cycling time and cumulative
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uneven Li deposition during cycling results in the
formation of Li dendrites and a fragile, unstable SEI due
to the reaction between lithium and the electrolyte. This
leads to electrolyte depletion and a continuous increase in
overpotential, ultimately causing premature cell shorting.
Conversely, the hybrid SEI formed by AIF, treatment
effectively suppresses side reactions between lithium and
the electrolyte while promoting uniform Li deposition. As
illustrated in Figs. 5(b) and 5(d), symmetric batteries with
LAF-20 electrodes exhibit lower nucleation overpotential.
The time-voltage curve demonstrates similar results at
higher constant current densities (Figs. S7 and S8, cf.
ESM).

When compared to previous work reported in the
literature (Table S1, cf. ESM), the present study exhibits
superior cyclic performance [28, 41—47]. Additional
testing on the effect of LAF-20 on CE, as shown in
Fig. S9 (cf. ESM), demonstrates improved CE for the
reversibility of lithium deposition. Furthermore, the
impedance spectra of the symmetric cell after different
cycles further illustrate that the artificial interface coating
can effectively stabilize the LMA (Fig. S10, cf. ESM).
The deposition morphology of pure Li and LAF-20
electrodes after cycling has been examined using SEM.
Figures 5(e—j) present the SEM images of both pure Li
and LAF-20 electrodes following deposition at the 1st,
10th, and 100th cycles, conducted at a current density of
0.5 mA-cm~2 with a capacity of 1 mAh-cm2. The pure Li
electrodes (depicted in Figs. 5(e—g)) exhibit considerable
surface roughness and random outward projections of
fibrous Li dendrites. Conversely, the surface of the LAF-
20 electrodes (shown in Figs. 5(h—j)) is notably flat and
smooth, devoid of any significant dendritic or mossy
lithium formations. This can be attributed to the dense
and uniform artificial SEI layer, which serves as a
physical barrier to prevent the penetration of the organic
electrolyte and the ensuing corrosion of the underlying
lithium electrode. Furthermore, the insulating LiF present
in the SEI component is not favorable for lithium
nucleation but facilitates Li ion diffusion. It stores lithium
by depositing beneath the lithium electrode, thereby
promoting uniform and smooth Li deposition. Cross-
sectional SEM images of the bare Li and LAF-20 anodes
post-cycling corroborate that the artificial interface layer
effectively curtails dendrite growth and stabilizes Li
metal (Fig. S11, cf. ESM). The surface chemical
composition of both bare Li and LAF-20 after 20 cycles
was further ascertained using XPS. By examining the
C 1s, O 1s, and F 1s spectra (Figs. S12(a) and S12(b)), it
can be inferred that the SEI formed on LAF-20 exhibits a
reduced content of side reaction organic peaks (CO;%")
and an elevated content of inorganic components such as
LiF and Li,O. This suggests that the LAF-20 interfacial
layer aids in suppressing interface side reactions. Figure
S12(c) presents XPS depth profiles of LAF-20 after 20
cycles, with an etching depth of 100 nm, where LiF and

Li-Al alloy are still clearly discernible. LAF-20 appears
to exist stably on the Li metal surface, mitigating
electrolyte consumption and significantly enhancing Li*
transport. Consequently, it can be affirmed that the upper
surface region of the SEI predominantly comprises Li-Al
alloy and Li-based compounds (LiF, LiOR, Li,CO,, and
Li,0O). In the inner region, Li-Al alloy and LiF constitute
the major components (Fig. S13, cf. ESM).

To assess the potential applicability and feasibility of
LAF-20 electrodes in practical cells, full LMBs were
assembled using LFP and NCMS811 as cathodes,
respectively.  Figure 6(a) illustrates the cycling
performance of full cells employing pure Li and LAF-20
as anodes, with LFP as the cathode, within a voltage
range of 2.5-3.8 V at 1 C. The LAF-20||LFP full cell
exhibited remarkable cycle stability, delivering a
discharge capacity of 114.3 mAh-g™! after 300 cycles and
a capacity retention rate of 75.5%. In comparison, the
Li|LFP full cell provided a discharge capacity of
85.8 mAh-g™! after 300 cycles, with a capacity retention
rate of 60%. The inferior CE observed in the pure Li||LFP
full cell can be attributed to side reactions leading to the
formation of an unstable and brittle SEI. As depicted in
Fig. 6(b), the LAF-20||LFP full cell demonstrates superior
rate performance, aligning with the results from symme-
tric cell tests and impedance measurements. Figure 6(c)
reveals that the polarization voltage of the LAF-20||LFP
full cell is lower than that of the pure Li|[LFP full cell
during the first cycle. When comparing the voltage curves
of the 1st and 100th cycles, it becomes evident that the
capacity decay rate of the LAF-20|[LFP full cell is lower
than that of the Li||[LFP full cell, owing to the slower
interfacial dynamics between pure Li and the electrolyte.

Figure S14 (cf. ESM) presents the EIS spectrum of a
full cell with an LFP cathode and either pure Li or LAF-
20 as the anode. The significant reduction in R observed
for the LAF-20 anode indicates an enhancement in charge
transfer kinetics. Figure S15 (cf. ESM) showcases SEM
images of the full cell electrodes after 100 cycles,
comparing pure Li and LAF-20. The LAF-20 electrode
surface remains highly smooth and dense, closely resem-
bling its initial state. In contrast, the pure Li electrode
surface appears quite rough and exhibits a porous mor-
phology. This further demonstrates that the LAF-20 elec-
trode provides an excellent protective effect for Li metal.

Figure 6(d) illustrates the long-term cycle performance
of a full cell, employing either pure Li or LAF-20 as the
anode and NCMS8I11 as the cathode, at 1 C within a
voltage range of 2.8—4.3 V. The full cell test was initiated
at 0.1 C for three cycles. The LAF-20|[NCMS811 full cell
exhibits outstanding cycle stability, maintaining a
discharge capacity of 137 mAh-g! after 300 cycles.
Conversely, the Li|[NCM811 full cell experiences
noticeable capacity attenuation after just 150 cycles. The
LAF-20|NCMS811 full cell has demonstrated remarkable
cycle stability over an extended period. Furthermore, the
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Fig. 6 The electrochemical performance of the full cells. (a) Long-term cycling performance of LFP coupled with bare Li and LAF-

20 anode full cells at a current density of 1 C. (b) Rate capability
cells. (c) The first cycle and 100th cycle charge/discharge curve

comparison of LFP coupled with bare Li and LAF-20 anode full
of Li||[LFP full cells using pure Li and LAF-20 anode a current

density of 1 C. (d) Long-term cycling performance of full cells at a current density of 1 C. (e) Rate capability comparison of
NCMSI11 coupled with bare Li and LAF-20 anode full cells. (f) The first cycle and 100th cycle charge/discharge curve of

Li|[NCMS811 full cells using pure Li and LAF-20 anode at 1 C.

LAF-20|NCM811 full cell offers superior rate
performance, as depicted in Fig. 6(e). As evident from
Fig. 6(f), the polarization voltage of the LAF-
20|INCM811 full cell is lower than that of the pure
Li|NCMS811 full cell during the first cycle. This reduced
polarization voltage suggests that Li" ions can traverse
the hybrid SEI layer rapidly, thanks to the presence of the
hybrid SEI. The rapid increase in polarization voltage
observed in pure Li cells with cycling is primarily
attributed to the unstable SEI. When comparing the
voltage curves of the 1st and 100th cycles, it becomes
apparent that the capacity decay rate of the LAF-
20|INCMS811 full cell is lower than that of the
LiNCMS811 full cell, due to the slower interfacial
dynamics between pure Li and the electrolyte.

Figure S16 (cf. ESM) presents the EIS spectrum of a
full cell with NCMS811 as the cathode and either pure Li
or LAF-20 as the anode. The substantial reduction in R,
observed for the LAF-20 anode indicates an improvement
in charge transfer dynamics. The anode is protected by a
hybrid artificial SEI comprising LiF and Al-Li alloys,
which facilitates adequate diffusion of Li ions while
inhibiting detrimental side reactions. Figure S17 (cf.
ESM) showcases SEM images of the pure Li and LAF-20
electrodes after 100 cycles of the cell. The surface of the
LAF-20 electrode appears notably flat, whereas the
surface of the pure Li electrode is rough and porous.

4 Conclusions

An artificial SEI, enriched with LiF and Al-Li alloys, is

formed by modifying the LMA with AlF;. This hybrid
artificial SEI exhibits high ion conductivity, low electron
conductivity, and excellent mechanical properties. It
effectively inhibits side reactions between the lithium
anode and electrolyte, as well as the growth of lithium
dendrites, while allowing for rapid lithium ion transport
and deposition beneath it. Li||Li symmetric batteries can
stably deposit and dissolve lithium for an extended period
of time (~2300 h) at a low overpotential. Full cells
incorporating this modified anode demonstrate enhanced
cycle stability and capacity retention. Specifically, the
LAF-20||LFP full cell exhibits a discharge capacity of
114.3 mAh-g! after 300 cycles, with a capacity retention
rate of 75.5%. Similarly, the LAF-20|NCMS811 full cell
displays a discharge capacity of 137 mAh-g™! after 300
cycles. This approach, based on metal fluoride-induced
interfacial phase stabilization of the LMA, offers a novel
strategy for the development of high-energy density
energy storage devices.
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