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Side reactions and dendrite growth triggered by the unstable interface and inhomogeneous deposition
have become the biggest obstacle to the commercialization for lithium metal batteries. In this study, a
highly-chlorinated organic-inorganic hybrid interfacial protective layer is developed by rationally tuning
the interfacial passivation and robustness to achieve the convenient and efficient Li metal anode. The
polyvinyl chloride (PVC) can effectively resist water and oxygen, which is confirmed by density functional
theory. The organic-dominant solid electrolyte interphases (SEI) with lithium chloride are investigated by
the X-ray photoelectron spectroscopy (XPS) with little mineralization of oxide, such as Li;O and Li;COs.
With such artificial SEI, a uniform and dense lithium deposition morphology are formed and an ultra-long
stable cycle of over 500 h are achieved even at an ultra-high current density of 10 mA/cm?2. Moreover,
the simple and convenient protected anode also exhibits excellent battery stability when paired with
the LiNiggCog1Mng10, (NCM811) and LiFePO4 (LFP) cathode, showing great potential for the commercial

Keywords:

Highly-chlorinated

Water/oxygen resistance

Stable interphase

Dendrite-free lithium metal batteries
High-rate

application of lithium metal batteries.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the development of electric vehicles and energy stor-
age technology, it is urgent to solve the problem of high-energy-
density secondary batteries [1-6]. Lithium metal anode stands
out among many anode materials for its lowest anode potential
(—=3.04V vs. SHE) and ultra-high theoretical specific capacity of
3860 mAh/g [7-11]. However, there are several inherent problems
with the practical use of lithium-metal batteries [12-14]. Due to
the lowest chemical potential of lithium metal, it is difficult for
lithium metal to exist in the organic electrolyte stably, forming a
side reaction intermediate layer on the surface to prevent further
reaction of lithium metal, and the intermediate layer is named SEI
[15]. Unfortunately, the composition of the SEI layer generated in
situ is complex and often breaks and regenerates during the cy-
cle [16]. Such an SEI layer is not only difficult to inhibit dendrite
growth, but also consumes a large amount of electrolyte, which
brings serious capacity decay and safety hazards to lithium metal
batteries [17-20]. Especially at high current densities, the cell will
rapidly fail due to dendrite growth and the accumulation of a large
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number of side reaction products [21]. Therefore, it is necessary to
develop a convenient and efficient artificial protective layer.
Ideally, the artificial protective layer would be stable in the
electrolyte and passivate the lithium metal surface to reduce side
reactions, provide uniform Li* transport channels to reduce den-
drite generation, and have some mechanical strength to accommo-
date the inevitable volume changes [22,23]. To date, various inor-
ganic passivation layers [24-27] have been used as artificial protec-
tive layers with high mechanical modulus and high ionic conduc-
tivity to inhibit dendritic crystal growth and side effects [28,29].
However, the inherent brittleness of mineralized inorganic layers
makes it difficult to withstand the large volume changes of lithium
metal [30]. The highly flexible organic polymer protective layer can
perfectly adapt to the huge volume changes during electrode cy-
cling [31-34]. However, the low mechanical strength of the organic
layer makes it difficult to inhibit the growth of dendrites [35].
Constructing the SEI with organic and inorganic components
can combine the advantages of both [36,37]. In this case, the in-
organic component needs to be the optimal component to give the
composite component high mechanical strength, good ionic con-
ductivity and good toughness. In general, LiX (X=F, Cl, I) is the
best choice [38-40]. Due to its insolubility, LiF is typically formed

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



L. Li, K. Yang, C. Xi et al.

by the decomposition of solvents or lithium salts. LiCl can be used
as a powerful candidate [37,41,42], but it remains difficult to effec-
tively add LiCl in-situ on the surface.

Here, we report the efficient and convenient use of PVC films
as artificial layers to achieve stable cycling at high current densi-
ties. The crucial aspect of this protective layer is that during cy-
cling, it generates a SEI layer rich in LiCl and chlorinated organic
components. The anodes protected by the highly-chlorinated or-
ganic and inorganic SEI remain stable for a long period even at the
water/oxygen environment, also confirmed by the density function
theory (DFT). The interface stability is verified by XPS spectroscopy,
which shows that there are almost no mineralization products Li,O
and Li;CO5 on the surface of the cycled lithium. In addition, by ob-
serving the deposition morphology through SEM, the dense, uni-
form and flat sediments are found, indicating that the protective
layer has good surface leveling ability. The protected anode is ca-
pable of stable cycling over 500h at ultra-high current densities of
10mA/cm?2. With this SEI, both full-cell and half-cell cycling stabil-
ity is greatly improved.

Artificial solid electrolyte interphases (ASEI) was prepared in an
argon-filled glovebox with oxygen and H,0 below 0.5 ppm. A total
of 5mg of PVC were dissolved in 1 mL of tetrahydrofuran (THF),
and the solution was dripped 20 pL onto Li and then dried on a
heating table at 60°C for 24 h to remove THF.

XPS measurements were performed on a Thermo ESCALAB 250
spectrometer, using non-monochromatic Al Ko X-rays as the exci-
tation source and choosing C 1s (284.8eV) as the reference line.
The depth distribution was analyzed by Ar ion sputtering. Chem-
ical information of SEI layer was collected after etching at 0 and
4 min. Scanning electron microscopy (SEM) was used to visualize
the morphology of Li sediments and the thickness of ASEI (PVC
drops are applied to stainless steel foil in the same process, the
thickness and fracture morphology of ASEI were obtained by lig-
uid nitrogen embrittleness.). The surface morphology of ASEI was
observed using an atomic force microscope (AFM) by drop-coating
PVC onto a copper foil for testing in air.

LFP is used as the cathode, which consists of 90 wt% LFP, 5 wt%
polyvinylidene fluoride (PVDF) binder and 5 wt% super P Li (super
P). The area mass load of LFP cathode is about 4 mg/cm?2. The op-
erating potential window of the full battery is 2.8-4.2V. NCM811
was used as the cathode. The cathode was composed of 90 wt%
NCMS811, 5 wt% PVDF adhesive and 5 wt% Super P. The mass load
of NCM811 cathode was about 4 mg/cm?. The operating potential
window of the full battery is 2.8-4.25V. All full battery evalua-
tions were performed at room temperature. A Celgard 2300 sepa-
rator, 50 pL of 1 mol/L LiPFg in the EC/DMC/EMC (1:1:1, v/v/v) with
5% FEC electrolyte, and Li anode with 0.25 mm thickness were em-
ployed in the full cells. The plating/stripping behavior of Li was ac-
cessed by symmetric Li cells (CR2032 coin cell) with 1 mol/L LiTFSI
in DOL/DME (1:1, v/v) with 1% LiNO3 electrolyte. Two pieces of Li
foil were separated using a Celgard 2300 separator. All cathodes
and anodes are 12 mm in diameter. The constant current discharge
charging performance of half and full batteries was evaluated on
the Neware Battery Test System (CT-4008) at room temperature.
Electrochemical impedance spectroscopy (EIS) measurements were
made using a CHI660D electrochemical workstation to achieve a
10mV AC potential in the frequency range of 1000 kHz to 0.01 Hz.
Cyclic voltammetry (CV) measurements were performed on CHI660
electrochemical station with a scanning range of —0.1V to 0.1V
and a scanning rate of 10mV/s.

DFT computations were performed using the Vienna ab initio
simulation package (VASP). The interaction between the ionic core
and valence electrons was described by the projector augmented
wave method (PAW). The total energy convergence and the forces
on each atom were set to be lower than 10~%eV and 0.02eV/A.
Energy cutoff of 500eV for the plane wave basis set was used for
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Fig. 1. (a) Cross-section and mapping of Li-PVC. (b) Two-dimensional AFM image
of Li-PVC. (c) Three-dimensional AFM image of Li-PVC.

the structure optimization. A 1x 1x 1 k-point mesh was used
for the Brillouin zone sampling. The Predew-Burke-Ernzerhor func-
tional with generalized gradient approximation was employed to
describe the electron exchange and correlation energy. The adsorp-
tion energy was represented by AE, which is calculated by the fol-
lowing formula.

AE = Etotal - Eslab - Emolecule (1)

where the Ey, represents the energy of the whole after adsorp-
tion, the E),, represents the energy of the adsorbed substrate, and
the Eqolecule Tepresents the energy of the adsorbed molecules.

The polyvinyl chloride is applied to the surface of lithium metal
by the drip coating method to create an artificial protective layer.
The manufacturing diagram is shown in Fig. S1 (Supporting in-
formation). The concentration optimization diagram is shown in
Fig. S2 (Supporting information). After selecting the optimum drop
coating concentration, the thickness of protective layer is about
1.4pm in Fig. 1a, the PVC-coated Li was named Li-PVC. In Figs. 1b
and c, the surface morphology was further studied using atomic
force microscopy, and the 2D and 3D images showed that the coat-
ing on the Li metal surface is relatively smooth. Although there are
some undulations, the height difference on the surface was only
86 nm, which can be considered as a uniform and smooth surface.
The Young’s modulus of PVC is much higher than that of the com-
monly used polymer polyethylene oxide indicating that PVC can be
used as an organic robust surface (Fig. S3 in Supporting informa-
tion).

The stability in a water/oxygen environment was tested by ex-
posing bare lithium (bare Li) and Li-PVC in the air and water.
Fig. 2a and Fig. S4 (Supporting information) showed that water
and oxygen were effectively resisted by PVC, and the water was
adhered stably on the Li-PVC. This indicates that the PVC coat-
ing is resistant to water/oxygen, which is helpful for the lithium
metal to exit the argon atmosphere. As shown in Fig. S5 (Support-
ing information), the contact angles of ether-based and ester-based
electrolytes on PVC surfaces are 31° and 28°, respectively, indicat-
ing that both electrolytes can wet the PVC surface well. The good
wettability can ensure the stability of the electrode material and
prevent the degradation of the cycle life caused by poor contact.
To further verify the effectiveness of the water and oxygen resis-
tance, bare Li and Li-PVC electrodes were subjected to long-term
cycling after being exposed to air for five minutes. As shown in Fig.
2b, many black substances were generated on the surface of the
bare Li electrode exposed to air, and the voltage hysteresis changes
dramatically. In contrast, the Li-PVC electrode had a smooth and
bright surface, and the voltage hysteresis remained stable for more
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Fig. 2. (a) Bare lithium and Li-PVC exposed to air. (b) After exposure to air, the
voltage curves of a symmetrical Li|Li cell were measured at a current density of
1mA/cm? with a capacity of 1 mAh/cm?. Atomic conformations and adsorption en-
ergy for H,O species adsorption on (c) Li (111), and (d) Li (111) with PVC molecules
(E.qs stands for adsorption energy). Atomic conformations and adsorption energy
for O, species adsorption on (e) Li (111), and (f) Li (111) with PVC molecules. The
arrow points from before to after structural optimization.

than 400 h, which clearly demonstrates the great commercial po-
tential of this water and oxygen resistance capability. DFT was car-
ried out to explore the water/oxygen resistance of PVC and its ef-
fect on lithium deposition. Figs. 2c and e showed the high reactiv-
ity of water and oxygen on lithium sheets. Water and oxygen on
Li-PVC did not decompose and were repelled by PVC films away
from the lithium surface (Figs. 2d and f). The adsorption energy
also proved this point. The adsorption of water and oxygen on Li-
PVC was much weaker than that of bare Li. Similarly, the adsorp-
tion energy of lithium atom on Li-PVC surface was 0.29eV, and the
adsorption energy of lithium atom on bare Li was —0.31eV (Fig. S6
in Supporting information). This indicated that PVC passivated the
Li metal interface and weaken the reaction of Li.

Next, XPS was applied to investigate the composition of the SEI
on the surface of the lithium metal electrode after cycling (Figs.
3a and c). In the C 1s spectra, the peaks ascribed to C-C, C-O,
and Li;CO3 were derived from the electrolyte. In the C 1s spec-
trum of Li-PVC, a larger part of the peaks assigned to C-C and
C-H originated from PVC molecules, while C-O originated from the
decomposition of the electrolyte. In the O 1s spectrum, Li,O, C-O
and C=0 all come from the decomposition of electrolyte. In the F
1s spectrum, LiF originates from the decomposition of electrolyte,
while C-F may originate from LiTFSI. Some LiCl is found in Cl 2p
spectrum, LiCl is produced by PVC during the cycle. This indicates
that the constructed SEI changes from all-organic components to
organic and inorganic composite components in the cycle process.
Fig. 3b shows the proportion of components in SEI. Remarkably, a
small amount of LiF had been detected on the surface of Li de-
posited in the presence of PVC. In contrast, significant amounts
of Li,0 and Li;CO3 were detected on the bare Li surface. There
are up to five kinds of side reaction products on bare Li surface,
while there are only four kinds of side reaction products on Li-PVC
surface. The absence of traditional inorganic side reaction products
indicates that Li-PVC electrode is more corrosion resistant. XPS of
the Li-PVC electrode surface also exhibits similar results (Fig. S7 in
Supporting information).

To understand the corrosion kinetics of Li anode, Tafel plots
showed that Li-PVC exhibited lower exchange current density and
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higher Tafel slope compared to bare Li electrode, indicating that
the composite anode produced fewer side reactions, which was
consistent with the XPS results (Fig. 4a). CV was used to ana-
lyze the reaction kinetics of lithium metal batteries. The CV curves
shown in Fig. 4b reflect the different electrochemical behaviors of
the two electrodes. Compared with the bare Li electrode, the Li-
PVC electrode exhibited a lower current, and the current varied
linearly with the voltage, indicating that the redox process of Li-
PVC was slower and more stable. To gain further insight into the
nucleation and growth model in symmetric cells, a constant po-
tential of —0.4V was explored. From the time-current curve in Fig.
4c, the relaxation time of bare Li was 0.29s. The relaxation time
of Li-PVC was 0.7s. It turns out that the nucleation rate on Li-
PVC was slightly lower than that of Li sheets. The peak current
of Li-PVC is lower than that of the bare Li electrode, indicating
a slower growth rate of nuclei. And the Ty x Im? value of Li-PVC
was higher than that of the bare Li electrode, which proved that
the number of crystal nuclei on Li-PVC was higher than that of
the bare Li electrode [43,44]. The impedance spectra before and af-
ter cycling are shown in Fig. S8 (Supporting information) and Fig.
4d, reflecting the SEI impedance and charge transfer impedance
of the two electrodes. Due to the passivating ability of PVC, the
SEI impedance and charge transfer impedance of Li-PVC are higher
than bare Li before and after cycling. It is noteworthy that the SEI
impedance and charge transfer impedance of bare Li and Li-PVC
both decreased significantly after cycling. This is because LiF, Li,0,
and Li,CO3 become components of the SEI in bare Li during cy-
cling, while LiF and LiCl become components of the SEI in Li-PVC,
as inorganic components are known for their high ionic conductiv-
ity.

The electrodeposition of Li was further investigated using SEM
characterization. After 50 cycles at 1 mA/cm?, spatially inhomoge-
neous and highly porous Li dendrites were distributed on the bare
Li electrode with a thickness of 100 um depositions (Figs. 5a-c). In
sharp contrast, the ion concentration gradient was mitigated on
the Li-PVC and a slow but uniform interfacial ion migration was
achieved, resulting in flat, dense, and dendrite-free Li deposited
with a thickness of 75um (Figs. 5d-f). The results showed that this
simple coating method was effectively applied to dendrite-free Li
metal anodes. Based on the above research results, the schematic
of Li*+ deposition on the bare Li and Li-PVC was shown in Fig. 5g.
During the charging and discharging process of bare Li electrode,
unstable SEI was formed, which could not inhibit dendrite growth
and produce a lot of side reactions. However, the Li-PVC anode
produced a stable SEI during the cycling process, which made the
deposition smoother and the side reactions greatly reduced, so that
the lithium anode withstood higher current density without form-
ing dendrites.

The lithium plating/stripping performance of the PVC-protected
lithium anode was investigated by galvanostatic cycling tests us-
ing a symmetric Li|Li battery. As shown in Fig. 6a, the symmetrical
cells with Li-PVC anodes demonstrated excellent interfacial prop-
erties at current densities of 1mA/cm? and lithium deposition ca-
pacity of 1 mAh/cm?2. Furthermore, the voltage profile of the Li-PVC
anode was very stable even in cycling over 1000 h at a current den-
sity of 1 mAh/cm?, and the high voltage hysteresis endowed the
Li deposition with stronger controllability. However, the cells as-
sembled with bare Li anode exhibited less voltage hysteresis. With
the increase of cycle time, the voltage hysteresis greatly increased
and the voltage plateau fluctuated significantly, which indicated
that the unstable SEI was continuously broken/regenerated during
the deposition/stripping process, and a large number of side re-
actants made the Lit transport difficult. Local short circuits due
to uncontrolled deposition were observed at higher current den-
sities of 3mA/cm? (Fig. S9 in Supporting information). The stair-
case current density test also verified this, and compared to the
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Fig. 3. (a) XPS spectra of the SEIs with the bare Li. (b) Distribution diagram of components in SEL (c) XPS spectra of the SEIs with the Li-PVC (in-depth XPS).
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Fig. 4. (a) Tafel curves of Li symmetric cells. (b) CV curves. (c) Time current curves
in the chronoamperometry. (d) Equivalent circuit of Nyquist diagram after 50 cy-
cles (Re is the body impedance, Rs is the SEI impedance, R is the charge transfer
impedance, and CPE is the constant phase element).

bare Li electrode which is prone to short-circuiting, the Li-PVC
electrode exhibits extremely high stability during the process of
current density changes (Fig. S10 in Supporting information). Re-
markably, the Li-PVC anode achieved stable Li plating/stripping for
500h at an extremely high current density of 10mA/cm? in sym-
metrical cells, while the bare Li anode exhibited a significant accu-
mulation of side reactions resulting in a sharp increase in voltage
hysteresis after approximately 200h (Fig. 6b). This demonstrates
the strong application potential of the layer under high current
density conditions. To evaluate the application prospects of the
PVC protective layer in practical batteries, Li-PVC anodes were as-
sembled with LFP to form Li metal full batteries. Li-PVC exhib-
ited better cyclability. Specifically, the Li-PVC||LFP coin cell exhib-
ited an average coulombic efficiency of 99.9% over 290 cycles at
0.5 C and exhibited a capacity retention rate of 96% (Fig. 6¢c). By
comparison, the bare Li||LFP coin cell showed a low-capacity re-
tention of 79% after 290 cycles, which was attributed to the in-
crease in cell impedance caused by the massive accumulation of
side reaction products. Moreover, the Li-PVC||LFP coin cell exhibits
equally excellent performance at a 5 C rate, with virtually no ca-

# SEl formation * Long cycling

(9) Li electrode

Li dendrite

Fig. 5. (a, b, d, e) Top view and (c, f) cross view SEM images of Li deposits (1
mAh/cm?, 1mA/cm? after 50 cycles) on (a-c) bare Li and (d-f) Li-PVC. (g) Schematic
illustrations of Li plating behavior.

pacity degradation within the first 100 cycles (Fig. S11 in Support-
ing information). In addition, NCM811 batteries exhibited the same
properties (Fig. S12 in Supporting information). Specifically, the Li-
PVC|INCM811 coin cell exhibited a capacity retention of 74% after
170 cycles at 1 C. By comparison, the bare Li|[NCM811 coin cell ex-
hibited a low-capacity retention of 56% after 170 cycles. Compared
to the Bare Li electrode, the Li-PVC electrode exhibits higher dis-
charge specific capacity recovery during the transition from high to
low rates, indicating that the Li-PVC has superior rate performance
(Fig. S13 in Supporting information). The comparison of this work
with other reports in Fig. 6d [45-50], where all works used ether
electrolytes with added lithium nitrate and a fixed areal capacity
of 1 mAh/cm?2. It can be observed that Li-PVC exhibits excellent
performance at high current density, surpassing most of the stud-
ies. This indicates that the Li-PVC strategy is promising for high
current density applications.
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Fig. 6. (a, b) Symmetric Li|Li coin cell curve in a wide range of current density with a fixed capacity of 1 mAh/cm?. (c) Li||LFP and Li-PVC||LFP coin cell in the current density
of 0.5 C under long-term cycle performance. (d) The comparison of this work with other reports.

In conclusion, we have developed a passivated and robust inter-
face for dendrite-free and efficient Li metal anodes. The interface is
very simple and practical to make, and it can exist stably in the air
and can be used for mass production. During the cycle, the PVC-
protected electrode derived SEI rich in LiCl and organic compo-
nents. The SEI of this component is achieved in the near absence of
oxide mineralized products, such as Li;O and Li,COs, to provide a
stable and passivated interface. In addition, the stable layer affects
the reaction kinetics of the lithium deposition and forms uniform
Li* diffusion and dendrite-free deposition. As a result, at a current
density of 10mA/cm?, the symmetric Li|Li cells exhibit excellent
performance. The LFP full-cell performance with almost no degra-
dation also demonstrates the potential application of the protected
anode. This work clarifies the importance of passivating the inter-
face to stabilize lithium metal anodes, which may be a promising
and low-cost strategy for developing safer and more stable high-
rate Li metal anodes.
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