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Batteries that are both high-energy-density and durable at sub-zero temperatures are highly desirable for
deep space and subsea exploration and military defense applications. Our design incorporates a casting
membrane technology to prepare a gallium indium liquid metal (LM)/fluoropolymer hybrid protective
film on a lithium metal anode. The LM not only spontaneously forms a passivation alloy layer with lithium
but also reduces the nucleation potential barrier and homogenizes the Li* flux on the surface of the
lithium anode. The fluoropolymer's polar functional groups (-C-F-) effectively induce targeted
dispersion of gallium indium seeds, and the unique pit structure on the surface provides oriented sites

for lithium plating. By implementing these strategies optimally, the protected lithium metal anode
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Accepted 28th August 2023 remains in operation at a current density of 20 mA cm™“ with an over-potential of about 50.4 mV after
500 h, and the full cells have a high capacity retention rate of up to 98.5% at a current density of 0.5 C

DOI: 10.1039/d35c03884] after 100 cycles. Furthermore, the battery shows improved low temperature performance at —30 °C,
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Introduction

The increasing maturity of lithium metal battery (LMB) tech-
nology has expanded its usage from microsatellites and high
orbit satellites to deep space exploration.” Simultaneously, the
demand for rechargeable batteries with a high energy density in
harsh environments has become increasingly urgent, particu-
larly for electric vehicles used in high latitudes, upper air,
military/defense applications, and space/subsea exploration at
sub-zero temperatures.>* Unfortunately, traditional carbonate
electrolytes used in LMBs currently suffer from decreased ion
mobility at low temperatures, which limits their practical use.”®
During the plating/stripping process, dendrite lithium struc-
tures can intensify electrolyte decomposition, ultimately
leading to low coulombic efficiency (CE), capacity loss, and
volume change, leading to battery failure.”** To mitigate this
issue, various strategies have been proposed, such as adjusting
the electrolyte composition, using functional electrolyte addi-
tives, constructing artificial solid-electrolyte interphase (SEI)
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validating the potential of the protective film to enable battery operation at sub-zero temperatures.

layers, replacing the liquid electrolyte with a solid/composite
electrolyte of a high modulus, constructing lithium alloy
layers with low activity, and designing 3D lithium host
structures.>™ Although these strategies have made progress in
stabilizing lithium metal anodes, they still face challenges in
effectively improving low-temperature performance and pre-
venting lithium dendrite growth.'® Proper structure design is
crucial in achieving high-performance lithium metal batteries,"”
with the final morphology of lithium deposition determined by
the active nucleation process. Therefore, exploring novel
lithium metal anodes with high lithium-ion conductivity, low
electrical conductivity, and chemical/electrochemical stability is
necessary.

Metallic gallium and gallium-based liquid metal (LM) alloys
have attracted significant attention due to their physicochem-
ical properties,"®?® including their amorphous state, good
fluidity, chemical stability, high thermal conductivities, low
viscosity (2 mPa s), high surface tension, low melting point (<30
°C), high deformability, and self-healing.>*** Liquid metals
such as GaSn and GaInSnZn are used in anodes for LMBs and
possess unique self-healing properties and high lithium
affinity,”*** demonstrating their potential in the field of energy
storage. Once the LM is deposited on the bottom, it spontane-
ously alloys with the lithium metal to form a Li,LM,, passivation
layer of Li,LM,, which stabilizes the Li-metal anode due to its
virtues as a flexible physical barrier that separates Li from the
electrolyte, affords a higher lithium-ion diffusion coefficient
than bare Li, accelerates the diffusion kinetics, inhibits the

Chem. Sci., 2023, 14, 10147-10154 | 10147


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc03884j&domain=pdf&date_stamp=2023-09-23
http://orcid.org/0000-0002-7364-0434
http://orcid.org/0000-0001-6188-6886
https://doi.org/10.1039/d3sc03884j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc03884j
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014037

Open Access Article. Published on 29 August 2023. Downloaded on 3/8/2026 9:18:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

growth of Li dendrites, has good compatibility with the Li-metal
anode, exhibits fine Li wettability, and decreases the nucleation
barrier of lithium in the plating process.>**** However, the
spatial distribution of the liquid metal significantly impacts its
usage and area of effectiveness, ultimately affecting the energy
density and cycle life of a battery. Previous studies have used gel
polymer electrolytes (GPEs) or solid polymer electrolytes (SPEs)
with excellent electrochemical properties, flexibility, and low
crystallinity to enable safe lithium metal batteries.>** These
properties facilitate the absorption of liquid electrolytes,
providing better ionic conductivity and mechanical stability at
low temperatures.®*** Therefore, combining the advantages of
a gel polymer or its analogue and LM would be a good choice to
improve the overall performance of LMBs.

In this study, we developed a hybrid surface protective film
(SPF) with a pit microstructure obtained using a simple casting
membrane technology. On one hand, the introduced liquid
metal can form a passivation layer of Li,LM, spontaneously
upon contact with the lithium metal anode, thereby enhancing
the stability of the anode. Furthermore, the inclusion of indium
in the gallium-indium alloy leads to a significant reduction in
its solidification point when compared to pure gallium metal.
Moreover, the poly(vinylidene-co-hexafluoropropylene) (PVDF-
HFP) polymers act as the skeleton of the hybrid protective
film, featuring polar functional groups (-C-F-) that promote the
dissociation of lithium salts, accelerate transport of lithium
ions, and induce targeted dispersion of the LM. During the
dehydration process, trace amounts of water molecules present
in the bis(trifluoromethane)sulfonimide lithium (LiTFSI) salt
and fluoropolymer form pits on the polymer membrane. This
unique pit structure provides a large area for lithium deposi-
tion, enabling the PVDF-HFP-protected Li anode to circulate
stably at high current densities. Additionally, the surface
structure improves the affinity for the electrolyte and quickly
stabilizes the electrolyte/electrode interface. The cells can be
cycled in carbonate electrolytes with a low polarization voltage
for more than 4500 h at a current density of 0.25 mA cm ™2 and
for more than 500 h at a higher current density of 20 mA cm ™2,
while also exhibiting improved low temperature performance.

Experimental section
Synthesis of the LM-SPF and SPF

First, GaIn (LM) was synthesized by stirring gallium and indium
with a mass ratio of 75.5:24.5 at 160 °C for 0.5 hours.*
Subsequently, 0.4 g of poly(vinylideneco-hexafluor-opropylene)
(PVDF-HFP, My = 150000, Macklin) and 0.08 g of bis(tri-
fluoromethane)sulfonimide lithium salt (LiTFSI, Aldrich) were
added to 3 mL of N-methyl-pyrrolidone (NMP, =99.9%, Mack-
lin) and stirred at 60 for 8 hours to obtain a homogeneous
solution. After that, the obtained LM was added to the above
uniform mixture (volume ratio of 1:30). The ultrasound treat-
ment lasted for 10 minutes and was followed by continuous
stirring at room temperature for 12 h to form a homogeneous
solution. Subsequently, the solution was applied to a Teflon
template and dried at 70 °C overnight to produce the LM-SPF.
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Synthesis of the SPF

The SPF synthesis followed a similar procedure to that of the
LM-SPF. In this case, a homogeneous solution without the
introduction of the LM was directly placed on the Teflon
template and dried overnight at 70 °C under vacuum.

Synthesis of LM-SPF@Li and SPF@Li

The freestanding LM-SPF was obtained and transferred to an Ar-
filled glovebox for storage. The LM side of the membrane was
close to the lithium sheet and pressed tightly. Similarly, the
synthesis of LM-SPF@Cu and SPF@Cu was based on a similar
method to that of LM-SPF@Li and SPF@Li.

Structural and morphological characterization

The morphology of the samples was observed using a field-
emission scanning electron microscope (FESEM, JEOL-6300F),
which was coupled with energy-dispersive X-ray (EDX) spec-
troscopy. X-ray diffraction (XRD) was investigated on a D2
PHASER with Cu Ko radiation. X-ray photoelectron spectros-
copy (XPS, PHi5000) was used to investigate the composition
and chemical bonds of the lithium anode interface before and
after circulation. Stress/strain experiments were carried out at
10 mm min ' using a universal test machine (UTM2502) at
room temperature. At least three specimens of each polymer
were tested. The test samples have a 14 mm gauge length, a 2
mm width, and a thickness of 0.12 mm.

Electrochemical measurements

All coin-type cells (CR2032) were assembled in an Ar-filled glove
box, in which the content of water and oxygen was controlled
below 0.01 ppm. Electrochemical impedance spectroscopy (EIS)
spectra were measured using a Princeton multichannel elec-
trochemical workstation; the frequency ranges from 0.1 to 100
MHz with a voltage of 5 mV. The electrochemical stability
window was obtained on a NEWARE tester with a voltage range
of 2-5 V at sweep rates of 1mV s~ ' by assembling Li||SPF||SS
cells. The ionic conductivity of the SPF, studied by assembly of
SS||SPF||SS cells, was performed on a PARSTATMC electro-
chemical workstation (PMC1000). The value of conductivity can
be obtained from the following equation:

L

T RS

where L, R, and S represent the bulk resistance, thickness, and
area of the film, respectively. The electrolyte was 1.0 M LiTFSI in
1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME) (1:1 volume
ratio), with a 2.0 wt% LiNO; additive, to investigate the lithium
plating/stripping process and to determine the coulombic effi-
ciency (CE) of lithium metal batteries. At a current density of 1.0
mA cm ™, by galvanostatic discharge tests, lithium of different
current densities was deposited in Cu or SPF@Cu, and then Li
was stripped up to 1 V. The ion transference number (t*) of Li
was determined using symmetric cells Li||SPF||Li, and then the
value was obtained using the following equation:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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I(AV — I,R)
I(AV — LR,)

fir =

Here, I, and R, represent the initial current and resistance,
respectively. I; and Ry severally represent the steady-state
current and resistance. V is the constant polarization voltage
(10 mV). For the preparation of LFP electrodes, a mixed slurry of
LFP, carbon black, and polyvinylidene fluoride with a weight
ratio of 8:1:1 in N-methyl-2-pyrrolidinone solvent was
prepared. Afterward, it was paired with the SPF@Li anode to
assemble a full cell, in a glove box. All of these cells (named LM-
SPF@Li|[LFP, SPF@Li, and Li|LFP) were galvanostatically
cycled with a voltage range of 2.5 to 3.9 V.

Theoretical simulations

COMSOL multiphysics was used to study the distributions of
electric and Li ion concentrations near the Li metal anode,
regardless of the possible side effects. The whole simulation is
a transient model of the plating and stripping process of Li;
therefore, the mass conservation (Li" and electrolyte anions)
and Nernst-Planck equation were selected to define it. The LM-
SPF was placed on the surface of the Li metal in the model. The
coefficients of the chemical equivalent of Li" in the electrolyte
and the initial concentration of Li" were established at 1.

Results and discussion

In our study, we provide a detailed synthesis procedure for
a hybrid protection film, which is illustrated in Scheme 1. The
LM-SPF is synthesized using a facile and cost-effective method.
Initially, a homogeneous mixture of the prepared solutions is
applied onto a Teflon mold, and then the solvent is evaporated
to obtain the LM-SPF. Optical photos of the suspension before
and after the introduction of the LM are shown in Fig. S1.f
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LiTFSI serves as a lithium-ion conductor and TFSI anion,
contributing to the formation of a stable SEI layer. By main-
taining humidity at around 30%, a free-standing LM-SPF with
a pit shape on one side of the surface can be formed after the
drying process. The color of the LM-SPF appears uniform,
indicating the uniform dispersion of Galn. Additionally, the
internal illustration demonstrates a high degree of flexibility, as
shown in Fig. 1a. When the humidity is lower than 30%,
a relatively dense polymer film is obtained (Fig. S2af).
Conversely, when the humidity exceeds 30%, we can prepare
a porous composite membrane (Fig. S2b¥).

Scanning electron microscopy (SEM) was employed to
observe the unique morphology of the LM-SPF. Fig. 1b shows
that the upper surface of the LM-SPF contains many pits, with
diameters ranging from 2.0 to 5.0 pm. Additionally, there are
many micropores inside, which are not present on the backside
(Fig. S3at). During the drying process, due to phase separation

B 00 05 10 15 20 25 30 35 €0 &5

5 % @
2'(ohm) Strain (%) Potential (V vs. LI/LI*)

Fig. 1 Characterization of the membrane of the LM-SPF. (a) Optical
photograph. (b) SEM images of the upper surface. (c) XRD patterns. (d)
Nyquist plots of the LM-SPF, the SPF, and PP. (e) Stress—strain curves of
the LM-SPF and SPF. (f) LSV curves of the LM-SPF, the SPF and bare Li
at room temperature.

NMP
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e
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Scheme 1 Schematic illustration of the synthesis processes for the LM-SPF.
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and water evaporation, a free-standing LM-SPF with a unique
hierarchical structure in which all elements are evenly distrib-
uted (Fig. S3b and ct) is obtained. We performed XRD to
investigate the composition of the composite film. As shown in
Fig. 1c, the characteristic peaks at 26 = 19° and 40° weaken and
the overall peak becomes broad. This indicates that the LM
particles were successfully polymerized in PVDF-HFP without
affecting its crystal structure. Moreover, the increase in the
amorphous portion suggests a decrease in the crystallinity of
PVDF-HFP, thereby improving the ionic conductivity of the film.
As a result, the ionic conductivity of the LM-SPF at room
temperature was measured at 7.74 x 10°* S em ™', which is
higher than that of the SPF (2.09 x 10~* S ecm™ ') and PP (2.72 x
10~* S em™ ") (Fig. 1d). The LM-SPF also exhibited strong tensile
strength, which was more than twice that of the SPF (Fig. 1e).
Therefore, the stress during extrusion was low, effectively
inhibiting dendrite growth. In addition to ionic conductivity
and tensility, electrochemical stability was an essential factor in
the application of the LM-SPF. The results of linear sweep vol-
tammetry (LSV) revealed that the electrochemical stability of the
LM-SPF improved by over 4.7 V when compared to the SPF and
bare Li (Fig. 1f). The stable interface compatibility of the film
resulted in its great potential to be paired with high-voltage
cathodes for high energy density. The Li* transference
number (¢") of the LM-SPF was also higher than that of the SPF
(Fig. S41). Moreover, the wettability of the membrane to the
electrolyte is critical to achieve reversible lithium plating/
stripping and rapid interfacial ion transfer. The introduction
of the LM increased the film's flexibility, resulting in a greater
affinity to the electrolyte (Fig. S57).

We further investigated the electrochemical performance of
the composite membrane by evaluating the galvanostatic
cycling performance of different symmetric cells at a gradient
current density, as shown in Fig. 2. At a current density of 0.25
mA cm ™ for 0.25 mA h cm™?, the LM-SPF@Li symmetric cell
exhibited better stability, remaining stable for approximately
4500 h with a low overpotential of 16.8 mV. The SPF@Li and
bare Li symmetric cells were short-circuited after 312 h and
525 h with high overpotential, respectively, attributed to uneven
nucleation and severe growth of lithium dendrite formation
(Fig. 2a). At a current density of 5 mA cm 2, the LM-SPF@Li
symmetric cell exhibited a remarkably low overpotential of
approximately 39.5 mV and an impressively long cycle life
exceeding 3000 hours. In stark contrast, both the SPF@Li and
bare Li symmetric cells experienced rapid short-circuiting, as
depicted in Fig. 2b. Notably, even at a high current density of 20
mA cm 2, LM-SPF@Li displayed exceptional cycle stability for
more than 500 hours, accompanied by a minimal overpotential
of 50.4 mV, as presented in Fig. 2c. In contrast, the cycle life of
the SPF@Li and bare Li symmetric cells was found to be limited,
less than 100 h, due to slow mass transfer, electrode crushing,
and significant voltage polarization. The LM-SPF@Li symmetric
cells exhibited good rate performance stability within the
current density range of 0.2 to 10 mA ecm 2 (Fig. 2d), even at
a low temperature of —30 °C, with negligible overpotential
(Fig. 2e). The unique structure of the composite membrane
facilitates uniform lithium deposition, which is evident in the
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Fig. 2 Electrochemical performances of symmetric and half-cells of
different electrodes. Electrostatic cycling of the symmetric cells of LM-
SPF@Li||LM-SPF@Li, SPF@Li||SPF@Li, and Li|Li, (a) at 0.25 mA cm~2 for
0.25 mA h cm™, the inset shows a detailed voltage profile from the
3997 to 4003rd cycles, (b) at 5 mA cm™2 for 1 mA h cm™2 with
a detailed voltage profile from the 1998 to 2002nd cycles, and (c) at 20
mA cm™2 for 1 mA h cm~2 with a detailed voltage profile from the
449.5 to 450.5th cycles. (d) The rate capability of LM-SPF@Li and bare
Li symmetric cells at various current densities. (e) Low temperature
applicability of symmetric cells with a current density of 0.5 mA cm™2
for 1mA h cm™=2 at —30 °C. (f) CEs of various electrodes at 1 mA cm™
forimAhcm™2

2

bright surface of the LM-SPF@Li electrode after 100 cycles
(Fig. S6at), compared to the bare Li electrode, which exhibited
a high amount of “dead Li” due to the irreversible growth of
lithium dendrites (Fig. S6bf). Furthermore, our method
exhibited even better long-cycle stability, making it a promising
approach for lithium anode protection layers. Fig. S7 and Table
S1t demonstrate that our method outperformed other tech-
niques commonly used in lithium anode protection layers.*”**
Our approach has several advantages, including the self-healing
ability of the introduced lipophilic “seeds” of the LM and the
unique structure of the composite membrane.

In the present study, the nucleation behavior of lithium on
various substrates was examined as it is crucial for achieving
uniform lithium nucleation and high-performance lithium
metal batteries, and it also helps in assessing the seed effect of
lipophilic Galn (Fig. S8t). For instance, using a bare Cu elec-
trode, the voltage dropped rapidly to around 0.3 V (vs. Li/Li")
with a high nucleation overpotential of approximately 68.5 mV
and a substantial voltage hysteresis during the initial Li plating
process. In contrast, the nucleation overpotential of the LM-
SPF@Cu electrode was impressively low, at around 10.2 mV,
which is far less than that of the bare Cu electrode. This
significant reduction may be attributed to the regulation of the
halophilic seeds of LM nanoparticles and the decrease in local
current density. Additionally, to examine the reversibility of Li
plating/striping in various half cells, the average coulombic
efficiency (CE) was determined by an electrodeposition test

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 2f). The LM-SPF@Cu electrode exhibited a significantly
higher and more stable coulombic efficiency (CE) of 99.2% after
200 hours of long cycles at a current density of 1 mA cm™>. In
contrast, the bare Cu electrode displayed approximately 70% CE
during the initial 40 cycles, followed by instability and rapid
decline. On the other hand, the SPF@Cu electrode exhibited an
initial high CE ranging from 80 to 90% during the first 80 cycles,
which also abruptly decreased. The superior coulombic effi-
ciency of LM-SPF@Cu showcases the high reversibility of
plating/stripping on the Li anode, emphasizing the advanta-
geous impact of the specifically structured composite film. This
film contributes to the consistent deposition of Li and enhances
its electrochemical properties.

This study aimed to investigate how the unique structured
composite film affects the Li deposition behavior. To achieve
this aim, we deposited varying amounts of Li on different
electrodes and conducted SEM observations. The Li plating and
stripping behavior of LM-SPF@Cu and bare Cu electrodes is
captured in Fig. 3, with Fig. 3a and e outlining the changes in
the schematic diagram of the morphology of the electrode's Li
plating and stripping behavior. Moreover, to further charac-
terize this process, Li was deposited on Cu foil through the LM-
SPF, as confirmed by the cross-sectional SEM image shown in
Fig. S9.1 During plating, substantial growth of Li dendrites was
observed on the bare Cu electrode after plating with
2.0 mA h cm™2, and “tip spots” of uneven Li nucleation were
formed (Fig. 3b). When plated further up to 4.0 mA h cm ™2, the
growth of Li dendrites worsened, and clumps formed instead
(Fig. 3c). This not only expedited the growth of lithium
dendrites but also the consumption of electrolytes. Subse-
quently, when the same capacity of 4.0 mA h cm 2 was
completely removed, a lot of “dead Li” accumulated on the
surface of the bare Cu electrode, attributed to the accumulation
of lithium dendrites and the products of electrolyte decompo-
sition, further slowing down the kinetics (Fig. 3d). In sharp
contrast, the LM-SPF@Cu electrode filled the pits on the surface
of the composite film initially when the deposition area
increased from 2 mA h em™* to 4 mA h cm ™2 (Fig. 3f) and then
deposited in the plane area (Fig. 3g). Remarkably, at the same
charge density at current 1 V after complete stripping, Li
deposited on the LM-SPF@Cu electrode, no “dead Li” formed,
and the pits on the film surface were restored (Fig. 3h). This
suggests that LM nanoparticles play a pivotal role in the
nucleation and deposition processes of Li metal, as well as in
the composite film's excellent reversibility.

The COMSOL multiphysics method was utilized to validate
the above conclusion by simulating the distribution of the
electric ion and lithium ion concentrations. Initially, the
concentration and electric field were uniformly distributed on
the surface (Fig. 3i). As the amount of lithium deposition
increased from 2 to 4 mA h ecm™?, lithium ions were preferen-
tially deposited at the bottom of the cavities (Fig. 3j) and then
deposited in the plane area (Fig. 3k). This indicated that Li was
preferentially deposited in the surface pits rather than the top
flat region, indicating that the surface pits could act as addi-
tional Li plating hosts, increasing the deposition area of Li,
which would reduce the local current density, thereby

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Evolution and simulation of different electrode morphologies
during Li plating/stripping. Schematic illustration of different-state Li
plating/stripping of (a) bare Cu and (e) LM-SPF@ Cu electrode. SEM
images of bare Cu after Li plating at (b) 2 mA h cm™ and (c)
4 mA hcm~2 and (d) fully stripping at 1 mA cm™2. SEM images of LM-
SPF@Cu after Li plating at () 2 mA h cm™2 and (g) 4 mA h cm™2 and (h)
fully stripping at 1 mA cm~2. COMSOL simulation of LM-SPF@Li in (i)
original state, (j) plating at 2 mA h cm™2 and (k) 4 mA h cm™2, and (1)
fully stripping density of 1 mA cm ™2, with the relatively lower initial CE
being attributable to the consumption of lithium due to the formation
of solid electrolyte interfaces and the transformation of the LM into
LixLM,. In comparison, the CE of the bare Cu electrode was about 70%
during the first 40 cycles, and then became unstable and decreased
rapidly, whereas the SPF@Cu electrode initially recorded a high CE of
roughly 80-90% during the first 80 cycles but also suddenly declined.
The superior CE of LM-SPF@Cu demonstrates the high reversibility of
plating/stripping on the Li anode and the beneficial effect of the
uniquely structured composite film, which provides a robust support
for the uniform deposition and superior electrochemical properties of
Li.

inhibiting dendrite growth. Stripping at the same current
density resulted in the reappearance of the pits (Fig. 3l),
demonstrating that the lithiophilicity of the LM could effec-
tively induce an orderly and uniform deposition of lithium,
which was consistent with SEM observations (Fig. 3f and h). The
unique structure of the LM and polymer network skeleton aided
in making the flux uniform and reducing the local current
density, which resulted in stable lithium plating behavior and
the formation of a dense lithium plating layer that could be
reversibly stripped and restored on the LM-SPF@Cu electrode
(Fig. 3h). Conversely, bare Cu electrodes lacked a stable SEI,
leading to dispersed Li nucleation.

Chem. Sci., 2023, 14, 10147-10154 | 10151
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This, in turn, resulted in non-uniform Li deposition on the
electrode surface, which ultimately led to dendrite formation
and SEI cracks. Subsequently, upon stripping, a significant
amount of bulk dead lithium remained on the surface of the Cu
electrode (Fig. 3d).

The activation energy (E,) for Li" migration inside the film
was calculated using the Arrhenius equation ¢(7) = A exp(—E,/
RT),"* where temperature-dependent EIS spectra were utilized
(Fig. S10a-cT) to investigate the effect of this unique structure
composite film on Li deposition behavior. As demonstrated in
Fig. 4a, the LM-SPF exhibited a significantly lower activation
energy (1.77 eV) than the SPF (2.03 eV) and bare Li (2.16 eV),
indicating the easiest ion transfer in the film. As a result, the
protective film modification was deemed effective in inhibiting
the formation of a thick solvent-derived SEI layer and reducing
the accumulation of “dead Li,” which could substantially hinder
Li" transport and elevate the activation energy. Furthermore, to
gain insight into the mechanism through which the composite
film enhances the lithium anode, electrochemical impedance
spectroscopy (EIS) was conducted on LM-SPF@Li and bare Li
electrodes before and after 50 cycles, as shown in Fig. 4b. The
semicircle observed in the EIS curve represents the electro-
chemical charge transfer resistance (R.) of the symmetric cells.
Notably, LM-SPF@Li exhibited a significantly lower R
compared to the bare Li electrodes, which can be attributed to
the presence of the multifunctional Li-base alloy layers (Li,LM,)
within the protective film (Fig. 4c). These layers contribute to
the considerable improvement in interfacial kinetics of the Li
metal electrode, as demonstrated."**** In addition, X-ray
photoelectron spectroscopy (XPS) spectra were obtained to
assess the chemical properties of the electrode surface compo-
nents in carbonate electrolytes after 10 and 100 cycles. Initially,
the LM-SPF@Li electrode primarily consisted of Li,CO;

o
(1]
T
g

: o+ LMSPF E,=1.77 oV Oth = 50th Baro Li 10,04 LM, 10th
2.0{ . SPFE=2030V Oth = 50th LM-SPF@LI /
3 ppEs2t6ev | % 3
£ 29 £ s
£ e G e —
@ wenil)
230 \'\»\ S o . £ 100th
i 0
235 N . H
g 20, \ A E
S 40 \ v
4
30 31 32 1 33 34 60 90 120 150 180 444 448 452 456 460
1000/T (K™') Z' (ohm) Binding energy (eV)
e
d Lits Li;,COy 10th ci1s wn] f[e 2 LiPF, 10th

Li,POF,

Lo,
Lillm,

cH
cc Li;COy
020
100 th

2 285 288 291 294
Binding energy (eV)

100th

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

N

132 134 138 138 140

5 6
Binding energy (eV) Binding energy (eV)

9 JrexT o] h i

A /c..,o, Cis A cH o, " I [p2 LpF, 10th
= B cc 4 =S
3 3 0.C=0 3 L,POF,
= ] 4 g A

8 [ s
2 > > =
® 100th| = 100th| 3
2 2 2 100 th
£ § £
= z E e
. ——
1110 1115 1120 1125 1130 1136 2 294 130 132 134 136 138 140

285 288 291
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 4 Chemical stability properties of the electrode. (a) Corre-
sponding Arrhenius curves. (b) Nyquist plots of the LM-SPF@Li elec-
trode and the bare Li electrode. High-resolution XPS spectra (c) In 3d,
(d) Li 1s, (e) C 1s, (f) P 2p, (g) Ga 2p of LM-SPF@Li after 10 and 100
cycles, respectively; and (h) C 1s, (i) P 2p of the bare Li electrode after
10 and 100 cycles, respectively.
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(55.5 eV, Li 1s; 289.8 eV, C 1s), LiPF¢ (137.0 eV, P 2p), and Lix-
POyFz (136.5 eV, P 2p) (Fig. 4d-f),"**® indicating the stability of
the surface SEI (solid electrolyte interface). As the cycling pro-
ceeded, the content of Li,LM, increased gradually, as
mentioned earlier (Fig. 4c and g), indicating the progressive
formation of the protective film. Remarkably, even after 100
cycles, LM-SPF@Li demonstrated excellent stability, with no
significant change observed in the composition of the surface
ingredients, further confirming the excellent stability of the SEI.
In comparison, for the bare Li electrode, it is noteworthy that
the content of O-C=0 and Li,CO; significantly increased after
100 cycles, as depicted in Fig. 4h. Moreover, the P 2p spectrum
revealed peaks corresponding to LiPFe and Li,POyF, at 136.7 eV
and 133.5 eV respectively (Fig. 4i), indicative of the increased
presence of the Li,PO,F, by-product as LiPFs decreased with
cycling. Overall, the above analysis of those changes indicates
that the bare Li electrode cannot maintain a stable surface SEI
during cycling, resulting in continuous electrolyte consump-
tion; nevertheless, the LM-SPF@Li electrode can reach a steady
state more quickly.

To assess the practical feasibility of LM-SPF@LIi for use in
LMBs, the electrochemical properties of Li/LFP cells were
examined. At various current densities ranging from 0.1 C to 5
C, LM-SPF@LI||LFP discharged capacities of 163.6, 148.1, 135.7,
130.2, 127.9, and 118.4 mA h g~ ' were recorded, indicating
a fast Li" transfer rate and stable Li plating/stripping even at
high current densities.** More impressively, the electrode dis-
played excellent rate capability, with the capacity returning to its
original value when the current density reverted to 0.1 C.
Moreover, the cycle stability of LM-SPF@Li was found to be
significantly improved, with 98.5% capacity retention after 100
cycles at 0.5 C and with an improved LFP electrode polarization
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Fig. 5 Electrochemical properties of the full cells. (a) The rate capacity
ranges from 0.1 C to 3 C (1 C = 170 mA h g™4). (b) Cycle performances
of LM-SPF@Li||LFP, SPF@LI||LFP, and bare Li||LFP at a rate of 0.5 C, and
the corresponding charge/discharge curves of (c) 1st and (d) 50th
cycles. (e) Long-term cycling performance at 2 C.
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voltage (Fig. 5b). The long-term cycling performance of LM-
SPF@LI||LFP was also tested at a current density of 2 C and
recorded a high reversible capacity of 128 mA h g~ after 1000
cycles with no obvious decay (Fig. 5¢). All of these observations
point to the significantly enhanced performance of LM-SPF@Li
in LMBs, implying its potential application prospects.

Conclusions

In this study, we have introduced a new approach for stabilizing
the lithium metal anode by employing a unique protective film
that features a pit structure on the surface. The film is formed
by encapsulating an LM in a polymer network, allowing for
a high deposition surface area, excellent mechanical properties,
high infiltration of the electrolyte, and high ionic conductivity.
As a result, the growth of lithium dendrites is inhibited and
a stable electrode/electrolyte interface is formed, leading to
good cycling stability of lithium metal anodes. Through exten-
sive testing, we have demonstrated that the symmetric cell can
maintain stable cycling for more than 4500 h at a current
density of 0.25 mA cm~> and can also handle a high current
density of 20 mA ¢cm 2 with a small overpotential of about
50.4 mV after 500 h. Additionally, the full cell of LM-
SPF@LI||LFP can retain a high capacity rate of up to 98.5% after
100 cycles at a current density of 0.5 C in carbonate electrolyte,
and even a capacity of 1228 mA h g~" can be achieved at a current
density of 2 C. Overall, this work not only provides a promising
solution for improving the electrochemical performance of
lithium-metal anodes but also opens up new opportunities for
the development of other metal anodes in the energy storage
field.
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