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Abstract: Lithium (Li) metal is an ideal anode candidate for rechargeable batteries
because of its ultra-high theoretical specific capacity. Unfortunately, the practical
application of Li metal anodes is severely limited by the uncontrollable formation and
growth of dendrites and infinite volume expansion. Thus, a protective layer is essential
for stable and high-performance Li metal anodes. In this work, we demonstrate an
organic-inorganic hybrid interfacial protective layer on Li foil surface (pa-Li)
consisting of the organic PVDF-HFP and inorganic Ag-LixAg, composite species.
Going beyond conventional protective layers, we demonstrate that our hybrid
protective layer is flexible and enabled strong interfacial adherence due to an alloying
process. Furthermore, owing to the protective layer’s outstanding lithiophilicity and
mechanical stability, the pa-Li| |pa-Li symmetric cell exhibits satisfactory stability
and reversibility for 1000 h at 5 mA cm™, 5 mA h cm™ with a low voltage hysteresis of
~ 70 mV, while the full cell with a LiFePO4 cathode delivers an excellent reversible
capacity of 128.9 mA h g! for 900 cycles at 2 C with a capacity decay rate of 0.009%
per cycle. This work proposes a design protocol for synergistic effect of PVDF-HFP
organic species and Ag-LixAgy inorganic species and provides a prospective way to

practical application of highly efficient, long lifespan Li metal batteries.
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1. Introduction

The rapid development of portable electronics and electronic vehicles has put
forward great requirements for high-energy-density energy storage system.!” The
Lithium (Li) metal anode has been recently regarded as the most promising negative
electrode material due to its high theoretical specific capacity (3860 mA h g ') and the
lowest electrode potential (—3.04 V versus standard hydrogen electrode).*® However,
the practical application of Li metal anode is greatly hindered by its poor cycle
performance and safety issues deriving from dendritic growth and side reactions.” 1

To handle the issues of Li metal anode, numerous methods have been adopted to
suppress the growth of Li dendrite and inhibit the side reactions between Li metal anode

and electrolyte. These methods include having a 3D conductive host design,'’2°
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separator modification, electrolyte engineering, and protective layer
construction.?*3> Amongst these approaches, constructing protective layer is regarded
as an effective method to inhibit the growth of Li dendrites and improve the stability of
Li metal anode.*** The method of constructing an artificial protective layer on Li foil
has attracted much attention due to the following advantages: 1) it homogenizes the Li*
ion flux through the protective layers to Li foil surface, resulting in uniform Li
deposition; ii) side reactions between the electrolyte and Li metal can be reduced as
solvent or anion molecules are isolated by the coated protective layer; iii) suitable
mechanical properties of the protective layer can prevent the deposited Li from

penetrating through the separator. Therefore, effective protective layers can avoid the

growth of Li dendrites and formation of “dead Li”, enabling the stable and safe Li metal



batteries.

To suppress Li dendrite growth and avoid corrosion of the Li foil, the protective
layer should ideally have good electrochemical stability and mechanical properties.*®
3% A high ionic conductivity is also crucial for good electrochemical performance.?**
In previous reports, there are two main material engineering categories for protective
layers: organic or inorganic materials. For organic layers (e.g., PVDF and PDMS), they
have excellent flexibility, thus alleviating volume expansion during Li deposition.*'**?
For inorganic layers (e.g., Li-wetting metals or Li-based alloys), they have good
mechanical strength to inhibit Li dendrite from piercing through the separator.****
However, it is difficult for Li anodes with only organic or inorganic protective layer to
achieve satisfactory stability. Inorganic layers are known to exhibit excellent chemical
stability when used with a Li metal anode. However, their rigid nature makes them
susceptible to cracking and failure of the protective layer due to the significant volume
changes that occur during cycling. In contrast, organic protective films are more elastic,
which helps to avoid the issues associated with inorganic layers, which enhances their
long-term protective properties for Li metal anodes, whereas protective layers based
only on organic species will result in poor interfacial contact with Li foil, and the cracks
will appear after long-term cycling because of low strength of organic films.* Such
cracks and poor interfacial contact will inevitably compromise the commercial viability
of such protective layers. Therefore, there is a need to develop a protective layer with

not just good ionic conductivity, lithiophilicity and excellent electrochemical stability,

but also particularly with high mechanical modulus and strong interfacial adhesion



properties. There are a few reports focused on the construction of hybrid protective
layer, showing some satisfactory results.*® However, the evolution of interfacial
structure has rarely been explored to explain the failure of the protected Li foil,
warranting further in-situ studies in this direction.

In this work, we designed and synthesized an interfacial protective layer with
organic (PVDF-HFP) and inorganic (Ag-LixAgy) composite species on Li foil (pa-Li)
for dendrite-free and highly stable Li metal anode. Ag and LixAgy are known to have
excellent lithium wettability and undergoes an alloying process, which is beneficial to

uniform Li deposition,*’*3

whereas PVDF-HFP has good ionic conductivity, flexibility,
and compatibility. This hybrid interfacial protective layer can be synthesized in-situ on
Li foil surfaces easily, aiding in potential future mass production. In-situ optical
microscopy is also used to observe the morphology evolution on Li foil surface during
the plating process. Thus, owing to its outstanding Li ion conductivity and excellent
mechanical properties, the pa-Li foil achieves dendrite-free Li plating/stripping
behaviors and superior long-term cycling stability. Consequently, the pa-Li| |pa-Li
symmetric cell exhibits satisfactory stability and reversibility for 1000 h at a high
current density of 5 mA cm™, 5 mA h cm™ with a low voltage hysteresis of ~ 70 mV. In
addition, the full cell with pa-Li anode and a commercial LiFePO4 cathode delivers an
impressive reversible capacity of 128.9 mA h g™ for 900 cycles at a current density of
2 C, with a low capacity decay rate of 0.009% per cycle. Therefore, the hybrid Li foil

protective layer enables the synergistic effect of PVDF-HFP organic species and Ag-

LixAgy inorganic species to be exhibited through a strong interfacial adherence and



provides a prospective way for the practical application of highly efficient, long lifespan
Li metal batteries.
2. Experimental Section

Chemicals and Materials: The Li foil with 16 mm of diameter and 500 pm of
thickness was purchased from China Energy Lithium Co., Ltd. AgNO3 (99%), PVDF-
HFP (average My ~400,000, average M;~130,000, pellets) and NMP (99%) were
purchased from Sigma-Aldrich Co, Ltd.

Preparation of a-Li, p-Li and pa-Li: The preparation process of protected Li anode
was operated in an argon-filled glove box (O2 < 0.1 ppm, H2O < 0.1 ppm). First, 8.5
mg of AgNOs (10 mM) and 250 mg PVDF-HFP were dissolved in 5 mL 1-Methyl-2-
pyrrolidinone (NMP) to get a mixture solution. Then, 50 pL of mixed solution was
dripped onto the surface of the Li foil, flowing to the fully cover the Li foil, followed
by an in-situ sedimentation process at 80 °C for 24 h (Li + Ag" — Li" + Ag, xLi + yAg
— LixAgy) until the solvent completely evaporated to obtain the protected Li foil with
PVDF-HFP and Ag-LixAgy composite protective layer (pa-Li). For comparison, the
protected Li foil with only Ag-LixAgy (a-Li) or PVDF-HFP (p-Li) protective layer was
prepared by similar method.

Materials characterization: The microstructures and X-ray energy-dispersive
spectrometer (EDS) were confirmed by field emission scanning electron microscopy
(FESEM, JSM-7600F; JEOL, Japan). The crystal structure of bare Li, a-Li, p-Li and
pa-Li were investigated by a Bruker D8 Avance X-ray diffractometer equipped with Cu

Ka radiation (A = 0.154 nm). The X-ray photoelectron spectroscopy (XPS) was



performed on PHI, Model 5600, with monochromatic Al Ka X-rays (350 W) and a pass
energy of 29 eV.

Electrochemical measurement: All the electrochemical tests were carried out with
CR2032-type coin cells, which were assembled in an argon-filled glove box (02 <0.1
ppm, H>O < 0.1 ppm) by using Celgard 2400 as the separator. The symmetric cells were
assembled with different Li anodes (bare Li, a-Li, p-Li and pa-Li) and 50 pL of 1.0 M
lithium bis(trifluoroethanesulfonate)imide (LiTFSI) and 2 wt% LiNO3z in DOL/DME
(volume ratio, 1:1) mixed solvent as the electrolyte. The galvanostatic cycling tests
were carried out at different current density with different areal capacity on a Neware
battery testing system.

Full cells were assembled with LiFePO4 (LFP) as cathode and different Li foils as
anodes. LFP cathodes were prepared by casting NMP slurry containing LiFePOs active
material, carbon black, and poly (vinylidene difluoride) (PVDF) with a weight ratio of
8:1:1 onto the Al foil. After drying in a vacuum oven at 80 °C for 12 h, the electrodes
were punched to disks of 10 mm in diameter. The Li | | LFP coin cells were assembled
with carbonate-based electrolyte (1.0 M LiPFs in EC/DEC with the ratio of 1:1 by
volume). And the voltage window for the full cell is set at 2.5-3.8 V. All electrostatic
discharge/charge measurements were operated by a multi-channel battery test system
(Neware, Shenzhen, China). The electrochemical impedance spectrometry (EIS)
analysis was conducted by a VMP3 electrochemical workstation with the frequency
range of 100 kHz to 0.01 Hz.

In situ optical cell observation: For the in situ optical test, rectangular Li flakes



(0.5 x 2 cm?) were cut from bare Li, a-Li, p-Li and pa-Li foils and symmetric cells were
assembled in a transparent quartzose cell with 5 mL electrolyte (1.0 M LiTFSI and 2
wt% LiNOs3 in 1:1 volume ratio of DOL/DME). All the operations were carried out in
the glove box (02 < 0.1 ppm, H2O < 0.1 ppm). The cells were galvanostatic cycled (5
mA cm, 5 mA h cm™) by using a Neware battery test system. Meanwhile, the display-
connected microscope recorded the morphology evolution of the Li metal anodes
during the Li plating process through the transparent quartzose cells.
3. Results and Discussion

The synthesis process of Li metal anode with organic-inorganic composite
protective layer is illustrated in Figure 1a. The protective layer was constructed by a
drip-casting method. First, 50 puL of the mixed solution (AgNOs; and PVDF-HFP in
NMP) was dropped on the surface of Li foil and shaken gently to allow the mixture to
completely cover the surface. Then, the treated Li foil was heated at 60 °C for 24 h to
realize an in-situ ion-exchange and alloying reaction, followed by the sedimentation of
organic species. Finally, the Li metal anode with organic-inorganic composite
protective layers was obtained and denoted as pa-Li. For comparison, a-Li and p-Li
samples were prepared by a similar method using solution containing only either
AgNO3 or PVDF-HFP respectively.

Figure S1 and Figure 1b show the top-view morphologies of bare Li, a-Li, p-Li
and pa-Li, which were vastly different from the bare surface of pure Li foil (Figure S1a).
The SEM image of a-Li clearly review a crude surface deposited with a large number

of particles (Figure S1b). The top-view SEM images of the as-synthesized p-Li and pa-



Li show a uniform scale-like surface (Figure 1b and Figure S1c) due to the presence of
the PVDF-HFP film. The corresponding energy dispersive spectroscopy (EDS)
mapping results indicate a homogeneous distribution of F, Ag elements (Figure 1c, d).
The EDS mapping of a-Li (N, O, Ag elements) and p-Li (C, F elements) are shown in
Figure S2 a, b.

To determine the interfacial compatibility between the protective layer and Li foil,
a thorough analysis based on focused ion beam-scanning electron microscopy (FIB-
SEM) was carried out. Figure 1e show the cross-sectional view of the pa-Li with two
completely connected layers. It was observed that a dense protective layer of ~4 um is
formed on the surface of lithium foil after in-situ reaction and sedimentation. The SEM
images of cross-sectional view of bare Li, a-Li and p-Li are shown in Figure S3. There
is no protective layer of bare Li according to the cross-section morphology as shown in
Figure S3a. The a-Li has a compact Ag-LixAgy layer on the surface of Li foil (Figure
S3b), while a little gap appears between PVDF-HFP layer and Li foil in p-Li (Figure
S3c) because of the solvent evaporation during the synthesis process. The
corresponding EDS mapping results of pa-Li’s cross-sectional view indicate a
homogeneous distribution of C, N, O, F and Ag (Figure S4). Apart from the
characteristic peaks of metallic Li and Ag, the characteristic peaks of LixAgy also
appeared in both the XRD patterns of a-Li and pa-Li (Figure 1f, Figure S 5a). This is
in contrast with the XRD patterns of bare Li and p-Li, in which only the characteristic
peaks of metallic Li were observed. (Figure S5b, ¢). This indicates that alloying occurs

between the Li and Ag metals of a-Li and pa-Li. As shown in Figure 1g, the spectra of



Ag 3d can be resolved into two peaks, in which the peaks at 367.2 eV and 372.7 eV can
be fitted into Ag 3ds» and Ag 3ds), respectively, proving the existence of metallic Ag.
Moreover, XPS with Ar'-ion sputtering was used to analyze the chemical state in depth.
With further sputtering, the peaks of Ag 3ds» and Ag 3ds. shift to higher binding
energies (367.7 eV, 373.6 with 1 min etching; 368.2 eV, 374.3 eV with 5 min etching
and 368.3 eV, 374.3 eV with 10 min etching), indicating the appearance of reduced Ag
corresponding to the strong interaction between Ag and Li,**"° which suggests the
formation of LixAgy alloy, and is beneficial to the contact between Li foil and protective

layer.
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Figure 1. (a) Schematic illustration of the preparation process of pa-Li anode with

organic-inorganic composite protective layer. (b) Top-view SEM image of pa-Li (insert



image is the digital photo of pa-Li foil) and (c, d) the corresponding EDS mapping
images of F and Ag elements respectively. (e) Cross-sectional FIB-SEM image of pa-
Li foil. (f) XRD pattern of pa-Li and (g) XPS spectra of Ag 3d with different etching
time.

To investigate the advantages of organic-inorganic composite protective layer for
Li metal anode, the electrochemical properties of bare Li, a-Li, p-Li and pa-Li were
tested. The coulombic efficiency (CE) in the Li | | Cu asymmetric cell is a key indicator
of the long-term stability and reversibility of Li anodes. As shown in Figure 2a, the
Li | | Cu asymmetric cell with pa-Li anode delivers a high CE value of ~ 98.5% and
excellent cycling stability for over 300 cycles, whereas the cell with bare Li suffered an
unstable CE and performance degradation after 50 cycles. In contrast, the CE of the cell
with a-Li and p-Li performed worse than the cell with pa-Li, but far better than the cell
with bare Li. The cell with a-Li maintained a CE value of ~ 97.8% for 190 cycles before
rapid CE decay, whereas the cell with p-Li could retain a CE of ~ 97.5% for nearly 220
cycles before CE decay. Therefore, the pa-Li | | Cu asymmetric cell achieves the most
excellent long-term stability and cyclic reversibility.

Electrochemical impedance spectroscopy (EIS) was further applied to compare the
interfacial resistance and stability of the symmetric cells with different protective layers.
According to the equivalent circuit model as shown in Figure S6, the Rs represents the
intrinsic bulk resistance of cell. The Rinterphase and CPE; are the resistance and
capacitance of the protective layer and/or the existing SEI layer, corresponding to the

semicircle at the high-frequency region in EIS. The medium frequency region



represents the charge transfer resistance (Rct) and double-layer capacitance (CPE3). As
shown in Figure 2b, the interfacial impedance of symmetric cell with p-Li (75.6 Q) is
lower than those of symmetric cells with a-Li (187.0 Q) and pa-Li (117.2 Q) before
cycling because of the reaction between AgNO;3; and metallic Li to form some
nonconductive inorganic species. After cycling for 40 h at 3 mA cm™ with a areal
capacity of 3 mA h cm™, the symmetric cells with a-Li, p-Li and pa-Li exhibited a large
decrease in interfacial impedance, decreasing respectively to 10.2 Q, 4.5 Q and 2.5 Q
(Figure 2c). This indicates that a stable SEI is constructed on the surface of lithium foil,
and a good transportation pathway of Li" ion was formed in the protective layer.
However, for the symmetric cell with bare Li, the interfacial impedance kept increasing
during the cycling process (cycled for 20 h, 40 h, 60 h and 80 h, Figure S7), which is
in agreement with the thickening of the SEI induced by the repeated breakage and
regeneration of a natural SEI. The results of the EIS reveal that the organic-inorganic
composite film of pa-Li significantly improves the interfacial stability between lithium
foil and electrolyte during the charge-discharge process, giving rise to much better Li"
ion transport kinetics after the stable SEI established compared with bare Li and
protected a-Li, p-Li.

To investigate the electrochemical properties of the Li anodes with different
protective layer, galvanostatic cycling tests of symmetric cells were performed under
various conditions, using an ether-based electrolyte (1 M LiTFSIin a 1:1 (v/v) mixture
of DOL and DME, and 2 wt% LiNOs as additive). When cycling at a low current density

of 0.25 mA cm with a low areal capacity of 0.5 mA h cm™, the symmetric cell with



pa-Li anode displays a highly steady voltage-time profile with an overpotential of ~ 10
mV for over 1600 h. In contrast, the voltage-time profiles of the symmetric cells with
a-Li and p-Li show unsteady with higher overpotential and shorter cycling time. For
the symmetric cell with bare Li, the overpotential increased in the first 200 h and then
decreased after 400 h, indicating cell failure due to an internal micro short circuit caused
by Li dendrites and dead Li. When the current density and areal capacity have been
risen to higher levels, the symmetric cells with protected Li anodes (a-Li, p-Li and pa-
Li) still show lower overpotentials and better cycling stability compared with the
symmetric cell with bare Li. Especially for the symmetric cells with pa-Li, it can
maintain a stable electrochemical performance. The symmetric cells with pa-Li have
the lowest overpotential for the longest cycling duration at I mA cm?, 1 mA h cm? (~
19 mV, 1400 h) and 2 mA cm™, 2 mA h cm™ (~ 27 mV, 1200 h). Even at 5 mA cm™, 5
mA h cm?, the symmetric cell with pa-Li is capable of stable electrochemical cycling

for over 1000 h with a low overpotential of ~ 70 mV.
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Figure 2. Electrochemical performance of Li metal batteries with bare Li, a-Li, p-Li
and pa-Li anodes. (a) Coulombic efficiency of different Li | | Cu asymmetric cells for
long-term cycles at 0.5 mA cm 2, 0.5 mA h cm . EIS profiles of different symmetric
cells (b) before and (c) after cycling. (d-f) Voltage profiles of different symmetric cells
at 0.25mAcm 2, 05 mAhem? I mAcm 2 ImAhecm?and2 mAcm 2, 2 mAh
cm 2. (g) Voltage profiles of symmetric cells with pa-Li at 5 mA cm™2, 5 mA h cm 2.
As the symmetric cell with pa-Li has the lowest interfacial impedance and the best
cycle performance, it indicates that there exists a stable surficial and interfacial structure
between organic-inorganic composite film and Li foil. This was further demonstrated
from the SEM images of bare L1, a-L1i, p-Li and pa-Li after long-term cycling. In Figure
S8a, it is observed that there is the much-pulverized substance on the bare Li foil

corresponding to “dead Li”, suggesting unstable SEI and Li dendrites are formed during



the charge-discharge cycles. For a-Li anode, due to modulus mismatch between
metallic Li foil and Ag or LixAgy alloy, the Ag-LixAgy composite layer obtained by in-
situ reaction is prone to cracks. This resulted in the deposited metallic Li rupturing the
Ag-LixAgy composite layer, thus forming Li dendrites and an unstable SEI on surface
(Figure S8b). Due to outstanding compatibility and flexibility of PVDF-HFP film, the
morphology of the p-Li or pa-Li surface mostly remained unchanged after Li
plating/stripping cycles. However, the deposited Li would pierce through the pure
PVDF-HFP film with low mechanical strength, forming a small amount of “dead Li”
(Figure S8c). Fortunately, the organic-inorganic composite film on the surface of pa-Li
has high strength, so it can maintain stability well during Li plating/stripping process
(Figure S8d). Figure S9 shows the mechanical properties of PVDF-HFP film and
organic-inorganic composite film. A tensile strength (s) of 24.7 MPa and elongation at
break (ev) of 206.8% are obtained for PVDF-HFP film, while the values of s and & are
28.5 MPa and 143.3%. Based on the above, it is demonstrated that the introduction of
inorganic species in PVDF-HFP film enhances the mechanical strength of composite
film, which can better prevent the protective layer from being pierced through. Thus,
the organic-inorganic composite film plays a crucial protective role for Li anode.

To further reveal the function of organic-inorganic composite protective layer, the
interfacial structures of bare Li, a-Li, p-Li and pa-Li foils after long-term cycling in
symmetric cells were studied by FIB-SEM (Figure S10). As shown in Figure S10a,
there are many pores with different size in bare Li foil, indicating that volume expansion

occurs in unprotected Li foil during Li plating/stripping process, resulting in the



formation of a porous and loose structure. For a-Li, the Ag-LixAgy layer tend to be
pulverized after the continuous Li" ion flux, resulting in the deposited lithium easily
bursting out the protective layer (Figure S10b). For p-Li, because of the gap between
the PVDF-HFP film and the Li foil, some tiny Li dendrites managed to appear on the
surface of Li foil. This is detrimental to the longevity of the p-Li foil as the formation
of internal dendrites further reduces and weakens the interfacial contact between the Li
foil and the protective layer, eventually rendering the implementation of a protective
layer useless. In contrast, the organic-inorganic pa-Li can maintain a compact structure
without any pores. The existence of the LixAgy alloy also enabled complete interfacial
contact between the organic-inorganic composite film and the Li foil, thus preventing
the formation of tiny dendrites. The schematic diagram of this Li plating/stripping
process on the different Li foils is shown in Figure S11.

The excellent Li plating/stripping behaviors of pa-Li anode with an organic-
inorganic composite protective layer can be also observed by in situ optical microscopy.
To understand the deposition behavior of lithium metal, an in-situ optical system is used
to observe and analyze evolution of morphology on lithium foil surface during plating
process. In the optical cell as shown in Figure S12a, the gap (5 mm of width) between
two pieces of bare or protected Li foils is filled with the electrolyte and there was no
separator or applied pressure. The evolution of the structure and morphology on lithium
foil surface were observed during plating process by the assembled optical cells (Figure
S12b). Figure 3 shows the evolution of the structure and morphology on the surface of

bare Li, a-Li, p-Li and pa-Li during the Li plating process at a current density of 5 mA



cm 2. The Li deposition on the bare Li foil started with inhomogeneous nucleation (15
min plating, Figure 3aii) before rapidly evolving into clusters of mossy Li scattered
along the Li/electrolyte interface (30 min plating, Figure 3aiii). With further Li plating
(45, 60 min plating, Figure 3aiv, v), these clusters eventually evolved into Li dendrites.
In contrast, the surface of the protected Li foil (a-Li, p-Li or pa-Li) was smoother in the
initial 15 min plating (Figure 3aii, bii, cii, dii), suggesting uniform Li" ion flux and Li
nucleation. After prolonged plating, differences were observed in the structure and
morphology of Li foils with different protective layers. For a-Li, tiny Li islands
appeared after 30 min plating, indicating the deposited Li burst out the Ag-LixAgy layer
and Li" ion flux started to be plated on the surface. After 45 min and 60 min, more
deposited Li appeared on the surface of a-Li and tend to form mossy Li and Li dendrites
(Figure 3biv, v). It is also worth noting that a more uniform Li plating behavior was
observed on p-Li or pa-Li surface. This uniform plating characteristic is particularly
accentuated in pa-Li foil as the metallic Li can still be deposited uniformly after 45 min
and 60 min of plating (Figure 3div, v). For p-Li foil, a small amount of mossy Li and
tiny dendrites appear on the surface after prolonged plating (Figure 3civ, v),
demonstrating that the deposited Li has pierce through the PVDF-HFP film. Thus, it
can be concluded that the organic-inorganic composite protective layer is highly
effective in alleviating the growth of Li dendrites and facilitating uniform Li deposition.
Further optical images evolution of bare Li, a-Li, p-Li and pa-Li exposed to air for
different time periods are shown in Figure S13. By comparison, it can be found that p-

Li and pa-Li can remain chemically stable without significant color change when



exposed to air, whereas color change was observed on the surface of bare Li or a-Li.
Given that Li metal is reactive in air, this evidence of the protective layers of p-Li and
pa-Li effectively preventing direct contact between the Li foil surface and air is likely
beneficial during mass production. Furthermore, it can be inferred that the protective
layers of p-Li and pa-Li effectively prevent direct contact between the Li foil surface
and the electrolyte, reducing the amount of side reactions occurring.

Initial state 15 min plating 30 min plating 45 min plating 60 min plating

1 v

Figure 3. In-situ optical images of the electrode/electrolyte interfaces of (a) bare Li, (b)
a-Li, (c) p-Li and (d) pa-Li during Li deposition at a current density of 5 mA cm 2.
The SEM images of microtopography evolution on the surface of bare Li, a-Li, p-
Li and pa-Li with different areal capacities are shown in Figure 4. After plating Li with
the areal capacities from 1 mA h cm? to 10 mA h cm?, the deposited lithium tended to
transform into Li dendrites on bare Li with the increase of deposition capacity (Figure
4ai-iii1). This is in contrast with a-Li, in which lithium dendrites appeared on the surface
just when the deposition capacity is 10 mA h cm™ (Figure 4bi-iii), demonstrating that

the Ag-LixAgy protective layer can inhibit the growth of Li dendrites at low deposition



capacities. In contrast, the surface of p-Li and pa-Li can retain their initial morphologies
after lithium plating, indicating Li" ions are deposited on the surface of Li foil below
the protective layers (Figure 4ci-ciii, di-diii). In the stripping process, when the areal
capacity decreased from 10 to 1 mA h cm™, metallic lithium was stripped uniformly
from p-Li and pa-Li (Figure 4civ, div), while the flocculent and granular “dead Li”
appeared on the surface of bare Li and a-Li (Figure 4aiv, biv). Therefore, PVDF-HFP
layer or organic-inorganic composite layer of protected Li foil would improve the
process of Li plating and stripping to inhibit the formation of Li dendrites and “dead
Li”.

Plating 1 mAh cm?  Plating 5 mAh cm?  Plating 10 mAh cm? Stripping to 1 mAh cm?
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Figure 4. SEM images about morphology evolution of (a) bare Li, (b) a-Li, (c) p-Li

and (d) pa-Li after Li plating with different capacities of (i) 1 mA h cm™, (i) SmA h
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cm™ and (iii) 10 mA h cm, and (iv) Li stripping to capacity of 1 mA h cm™.

Based on the excellent Li plating/stripping performance of pa-Li, the full cells with
pa-Li as anodes and LFP as cathodes perform superior rate performance and
outstanding long-term cycling stability. The rate capacities of different full cells with
bare Li, a-Li, p-Li and pa-Li anodes (Li | | LFP,a-Li | | LFP,p-Li| | LFP,pa-Li| | LFP)
are compared in Figure Sa. The pa-Li| |LFP full cell delivers average reversible
discharge capacities of ~ 167.7, 164.7, 157.3, 141.7 and 123.1 mAh g ' at 0.1, 0.2, 0.5,
1 and 2 C, respectively, which are higher than these values of Li | | LFP, a-Li | | LFP,
p-Li | | LFP. The corresponding charge-discharge profiles of pa-Li | | LFP full cell at
various current densities are displayed in Figure 5b. In addition, the pa-Li | | LFP full
cell possesses a low polarization voltage, while there are higher values for Li | | LFP,
a-Li | | LFP, p-Li | | LFP full cells, demonstrating the boosted reaction kinetics. Figure
Sc shows the voltage profiles of Li | | LFP, a-Li | | LFP, p-Li| | LFP and pa-Li | | LFP
full cells at 1 C. It is observed that the pa-Li | | LFP exists a highest specific capacity
and lowest polarization voltage.

To further investigate the effectiveness of organic-inorganic composite protective
layer, galvanostatic charge-discharge test was carried out to confirm the long-term
cycling stability. Figure 5d shows the discharge capacity and CE of Li| |LFP, a-
Li | | LFP, p-Li | | LFP and pa-Li | | LFP full cells at 1 C. Due to the organic-inorganic
composite protective layer with high ion conductivity and excellent mechanical
property, the pa-Li | | LFP full cell realizes a superior long-term cycling performance

which has a high initial discharge capacity of 144.0 mA h g’ and keeps at 129.0 mA h



g ! after 900 cycles with a low capacity decay of 0.012% per cycle. However, Li | | LFP,
a-Li | | LFP and p-Li | |LFP full cells suffer capacity decreasing quickly. When the
current density is risen to 2 C, the pa-Li | | LFP full cell also outperforms the Li | | LFP,
a-Li | | LFP and p-Li | | LFP full cells (Figure Se). For the pa-Li | | LFP full cell, the
discharge capacity at the 1st cycle is 128.9 mA h g™! and remains at 118.0 mA h g'!
after 900 cycles, delivering an extremely low capacity decay of 0.009% per cycle,
whereas the Li| |LFP, a-Li| |LFP and p-Li| |LFP full cells suffer fast capacity
fading. The corresponding charge-discharge profiles at 1 C and 2 C of Li | |LFP, a-
Li | | LFP, p-Li | | LFP and pa-Li | | LFP full cells are shown in Figure S14 and Figure
S15. The SEM images of different Li foils in Figure S16a, e and Figure S16b, f show
that the surface of the bare Li and a-Li are brittle and full of cracks due to the
passivation/pulverization of the SEI and the accumulation of inactive lithium. Some
cracks appear on the surface of PVDF-HFP protective film, with tiny inactive deposited
Li (Figure S16c, g). In contrast, the pa-Li foil is smoother and no obvious cracks or
pulverization species (Figure S16d, h). Thus, the satisfactory stability of organic-

inorganic composite protective layer renders a long cycle life to the full cell.
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Figure 5. Electrochemical performance of Li | | LFP, a-Li | | LFP, p-Li | | LFP and pa-
Li | | LFP full cells. (a) Rate performance of different full cells at current densities of
0.1, 0.2, 0.5, 1, 2 C. (b) Galvanostatic charge/discharge profiles at different current
density of pa-Li | | LFP full cell. (c¢) Galvanostatic charge/discharge profiles different
full cells at a current density of 1 C. (d, e) Cycling performance and coulombic

efficiencies of different full cells at current densities of 1 C and 2 C.



4. Conclusion

In summary, an effective hybrid interfacial protective layer with organic (PVDF-
HFP) and inorganic (Ag-LixAgy) species was successfully prepared by in-situ reaction
and sedimentation process on the Li foil. The organic-inorganic composite protective
layer possesses outstanding Li" ion conductivity and excellent mechanical properties,
which are beneficial to the uniform Li" ion transportation, the growth inhibition of Li
dendrites, and the formation of “dead Li”. During the charge-discharge process, the
organic-inorganic composite film can maintain interfacial contact with Li foil and
maintain superior structural stability. Thus, the pa-Li | | pa-Li symmetric cell delivers
satisfactory stability and reversibility for 1000 h at a high current density of 5 mA cm’
2 with a low voltage hysteresis of ~ 70 mV. The applicability of our design was further
enhanced through the electrochemical performance of the full cells containing pa-Li
anodes and LiFePOj4 cathodes, with the pa-Li | | LFP full cell exhibiting an impressive
long-term stability for 900 cycles at 2 C, with a low capacity decay rate of 0.009% per
cycle. Therefore, this work proposes a design protocol that enables the synergistic effect
of PVDF-HFP organic species and Ag-LixAgy inorganic species, thus providing a
prospective way for the practical application of highly efficient, long lifespan Li metal

anodes.
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