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Abstract

The high reactivity of Li metal anodes towards liquid electrolytes leads to an
unstable and accumulated solid electrolyte interphase (SEI) film, which results in
dendrite growth and low Coulombic efficiency (CE). Lithium fluoride (LiF) coating is
considered as a reliable and dense SEI film to protect the reactive anode, however, the
chemistry to form uniform, conformal and high quality LiF protection layer on
Lithium metals remains as a major challenge. Here we develop a simple solution
method to obtain LiF coating on Li metal anodes. We have discoverd a chemical
method to fabricate LiF coating via the in-situ reaction between metallic Li and
polyvinylidene fluoride (PVDF)-dimethyl formamide (DMF) solution. Owing to the

chemically and mechanically stable artificial SEI film, the LiF-coated Li anode



delivers a better cycling performance than bare Li anode under various current
densities in symmetrical cells. Stable cycling over 300 plating/striping cycles was
achieved with LiF-coated Li electrodes under a high current density of 3 mA cm™.
The LiF coating also effectively suppresses dendrite formation and reduces side
reactions between the metallic Li and the carbonate-based electrolyte. Therefore, this
simple and low-cost method may benefit the future applications of the next generation
Li metal batteries.
Keywords: Lithium metal battery, lithium metal anode, LiF coating, solid electrolyte
interphase, stable cycling
1. Introduction

Research on rechargeable batteries has made great progress in the past few decades,
especially the research of the lithium ion batteries (LI1Bs)[1-4]. However, the energy
density of commercial LIBs has very limited room for improvement, which makes it
difficult for LIBs to meet the increasing demands of electric vehicles and portable
electronics [5-6]. Li metal batteries have potentials to realize a higher energy
density owing to their high theoretical capacity (3860 mAh g*) and the low
electrochemical potential (—3.04 V vs the standard hydrogen electrode) of Li metal
anodes. Nevertheless, the high reactivity of metallic Li and the huge volume change
during Li plating/striping cycles result in an unstable SEI film when using liquid
organic electrolytes [7]. As a result, Li metal batteries suffer from persistent side
reactions between anodes and electrolytes, Li dendrite growth, low CE, and severe

consumption of the electrolyte [8]. Therefore, to improve the cycling performance of



Li metal anodes and avoid safety issues caused by dendrite growth, a chemically and
mechanically stable SEI film is necessary [9-14].

Great efforts have been made to solve the interfacial issues and construct a robust
SEI film [15-20]. Engineering the liquid electrolytes is a straightforward method to
enhance the stability of the SEI film. By adding additives, using high concentrated
electrolytes and employing new type liquid electrolytes, the interfacial stability can be
significantly improved [21-26]. A functional coating on Li metal anodes can also
contribute to the enhancement of the interfacial stability, especially an artificial SEI
layer. Guo’s group demonstrated that the LisPO, SEI layer by in situ reaction of
polyphosphoric acid with Li metal could suppress dendrite growth and restrain side
reactions between Li metal anodes and liquid electrolytes [27]. LiF is also an ideal
SEI film owing to its high chemical stability, low solubility in carbonate based
electrolytes and high shear modulus [28, 29]. Recently, Cui’s group demonstrated
that the uniform LiF coating on Li metal anode could effectively prevent the corrosion
reaction of carbonate electrolytes and enhance the performance of Li anodes [30].

Herein, we report a mild and scalable method for fabricating LiF-coated Li anodes
at an acceptable cost. As shown in Fig. 1la, a common separator, soaked in the
PVDF-DMF solution previously was pasted onto a polished Li foil for five seconds
before being removed. After the volatilization of the small residual solution, a Li
anode with an artificial LiF SEI layer was obtained. We reason that the LiF coating on
Li anode can effectively minimize the side reaction with electrolytes and hinder the

dendrite formation (Fig. 1b). By contrast, the pristine SEI film of bare Li anode is



vulnerable to defects due to the infinite volume change during plating/striping cycles,
which leads to dendrite formation and growth (Fig. 1c). LiF-coated anodes deliver
significant enhanced cyclic stability compared to bare Li anodes in both symmetrical
cells and full cells with LiCoO, as cathodes in a carbonate electrolyte.
2. Experimental Section
2.1 Formation of LiF on lithium metal

To illustrate the reaction mechanism between metallic Li and PVDF-DMF solution,
we directly dropped the PVDF-DMF solution on the Li foil (Video S1). After about
40 seconds, the solution started to turn blue and then became darker, while, as shown
in Video S2, there was no obvious change when dropping pure DMF solution on the
Li foil. The final product is black and the microstructure of the black layer is shown in
Fig. 2a. Compared with the uniform morphology of bare Li (Fig. S1), the black
product is filled with cracks. The Fourier transform infrared (FTIR) spectrum of the
black film on Li shows the peak at 1650 cm™, which is associated mainly with the
formation of C=C double bonds (Fig. 2b)[31]. Instead, the FTIR spectrum of the
sample fabricated by dropping PVDF-DMF solution on copper foil shows no peak
around 1650 cm™, which indicates that there is nearly no existence of C=C double
bonds in the pristine PVDF powder (Fig. 2b). The X-ray photoelectron spectroscopy
(XPS) results shown in Fig. 2c and Fig. S2 indicate the existence of LiF in the black
film. The gas chromatography (GC, Fig. 2d) results indicate the generation of H,
during the reaction between metallic Li and PVDF-DMF solution, while there is

nearly no release of H, when dipping Li foil into pure DMF. Based on the FTIR, GC



and the XPS results, we speculate that the dehydrofluorination process of PVDF
occurs under the synergistic effect of DMF and metallic Li, which then leads to the
formation of LiF, C=C double bonds and H,. To verify the synergistic effect of DMF,
'H nuclear magnetic resonance (NMR) measurement on pure DMF and the
PVDF-DMF solution was conducted. As shown in Fig. S3, both the two resonances of
methyl protons and the resonance of HCO proton for PVDF-DMF solution shift to
downfield, indicating the decrease in the electron density of amide group due to the
H-bonding interactions between amide group in DMF molecules and H atom in PVDF.
The electron-enriched N and O atoms of DMF donate pairs of electrons and facilitate
the dehydrofluorination of PVDF [28]. We also used other solvents, including
dimethylacetamide (DMACc), N-methyl pyrrolidone (NMP), dimethyl carbonate
(DMC) and methoxymethane (DME), to prepare PVDF solutions instead of DMF. As
shown in Fig. S4, there was no obvious change when dropping other PVDF solutions
on the Li foil, indicating that the DMF plays an important role during the reaction
between PVDF and metallic Li.

We speculate that DMF does not take part in the reaction directly. To verify it, a Li
foil was dipped into the PVDF-DMF solution for 2 min, and then removed. The
solution appeared dark blue, which was possibly caused by the conjugate effect of
C=C double bonds and C-C single bond [32]. The FTIR spectra of the solution
before and after reaction with Li are shown in Fig. S5. No remarkable changes of the
peaks corresponding to DMF were observed. The *H NMR spectra (Fig. S6) also

indicate no change of DMF. The two peaks at ~2.8 ppm are for the methyl protons,



and the peak at ~7.94 ppm for the CHO proton.

2.2 Computation.

To evaluate the thermodynamic stability of reactions between Li metal and PVDF,
we computed the formation energy corresponding to the reaction, which can be
expressed as

Er = [2F (reactant) —2F (resultant)]/x (1)

2E (resultant) represents the total energy of resultants; 2E (reactant) represents that
of the reactant, while x is the number of Li ions involved in reaction. According to
this definition, a positive (negative) Er means that the reaction is an exothermic
(endothermic) process. To simulate different possible polymer resultants in a real
reaction (Fig. 2e), we considered three different kinds of resultants: poly
1,3-double-fluorinated-diene, poly-1, 3, 3, 5-four-fluorinated-diene and poly-1, 3, 3, 5,
5, 7-six-fluoroded-diene. We compared the Er in different reactions, the reaction
equations can be expressed as (2)-(4) respectively:

-[CH2-CF;]2- + 2Li — 2LiF + H, + -[CH=CF-CH=CF]-  (2)
-[CH,-CF;]s- + 2Li — 2LiF + H;, + -[CH=CF-CH,-CF,-CH=CF]-  (3)
-[CH2-CF;]4- + 2Li — 2LiF + H; + -[CH=CF-CH,-CF,-CH,-CF,-CH=CF]- 4)
The Er corresponding to three different resultants are 3.75 eV, 3.70 eV and 3.62 eV,
respectively, indicating that the reaction is energetically favorable and has a high
probability to happen. The Er magnitudes for different resultant chains are almost the
same. Therefore, we can also speculate that the real situation of resultant should be a

mix of different chain structures.

2.3 Synthesis.

To fabricate LiF-coated Li anodes, a common separator previously soaked in the
PVDF-DMF solution was placed on a polished Li foil for five seconds and then taken
away. The morphology of the LiF-coatied Li is shown in Fig. 3a. The LiF film is

uniform and dense with a thickness of ~ 300 nm (Fig. 3b), which is characterized by



focused ion beam-scanning electron microscopy (FIB-SEM). The XPS (Fig. S7)
reveals the major component of the Li coating is LiF.
2.4 Electrochemical Measurements.

To investigate the electrochemical performance of LiF-coated Li anodes,
symmetrical cells were assembled using a carbonate-based electrolyte. Cyclic
voltammetry (CV) measurements were conducted to evaluate the Li plating and
stripping behavior. A Cu disk was used as the working electrode and the as-prepared
LiF-coated Li as the reference and counter electrode. As shown in Fig. S8, the current
intensity of both plating and striping processes during the first two cycles exhibits
only minimal change possibly due to the stable interface between the LiF-coated Li
and the electrolyte. The artificial SEI is expected to function as a passivation layer to
minimize the side reactions between metallic Li and liquid electrolyte. As a result, the
symmetrical cells with LiF-coated Li anodes outperformed the bare Li symmetrical
cells at various current densities (Fig. 4 a,b,c). The overpotential of the bare Li cell
started to increase gradually after 180 cycles at the current density of 3 mA cm?,
while the overpotential of the LiF-coated Li cell was stable with nearly no increase
(Fig. 4b). Similar things happened when using a higher current density of 5 mA cm™.
The typical voltage profiles of one plating/striping cycle under different current
densities are shown in Fig. S9, revealing the overpotential of the LiF-coated Li cells is
much lower than that of the bare Li cell. For the bare Li cells, the increasing
overpotential is caused by both the accumulated ‘dead’ SEI film and the sustaining

consumption of electrolyte. The LiF-coated Li cell also delivers a better performance



with a high areal capacity of 3 mAh cm™ at a high current density of 3 mA cm™ than
the bare Li cell (Fig. S10). Furthermore, the Li|LiCoO, batteries with an areal
capacity of 1 mAh cm? were tested to demonstrate the high performance of
LiF-coated Li anodes in full batteries (Fig. 4d). The full battery with a LiF-coated Li
anode delivered a capacity retention of 85.7% after 200 cycles. In contrast, the
capacity of the bare Li full cell decayed significantly after 200 cycles.

To further study the stability of LiF-coated Li anodes, the symmetrical cells with
LiF-coated Li were disassembled after 100 cycles at the current density of 1 mA cm™.
The morphology of the LiF-coated Li electrode was characterized by SEM. As shown
in Fig. 5a, b, the surface of the LiF-coated Li electrode generally remains flat with
some cracks, but no obvious dendrites, which indicates the LiF coating is
mechanically and electrochemically stable during Li plating/striping cycles. In
contrast, the bare Li electrode possesses a rough surface filled with cracks, which are
obvious even at a low magnification (Fig. 5¢). The SEM image of the bare Li anode
with higher magnification shows that the bare Li exhibits a porous structure with
massive dendrites (Fig. 5d). With LiF coating, the Li metal underneath generally
keeps a dense and stable structure, indicating that the artificial SEI layer effectively
suppresses the corrosion reaction caused by the carbonate electrolyte [33, 34].
Electrochemical impedance spectroscopy (EIS) was conducted on the symmetric cells
before cycling and after 100 cycles at 1 mA cm™ (Fig. S11 and Fig. S12). The lower
impedance of the LiF-coated Li cell at both stages might be due to the chemical

stability of the LiF coating. The XPS analysis of the Li electrodes after 100 cycles



indicates that the SEI film of LiF-coated Li electrodes possesses a higher component
of LiF than that of bare Li electrode (Fig. S13). Besides the better electrochemical
performance, the LiF-coated Li also delivers higher stability in air than bare Li, which
might benefit processing in an industrial setting (Fig. S14).
3. Conclusion

In conclusion, we report a simple and mild method to fabricate LiF-coated Li
electrodes with low cost. Via an in situ reaction between Li metal and PVDF-DMF
solution, a uniform and stable LiF coating is formed on the surface of Li metal. The
reaction mechanism is verified both experimentally and theoretically. The LiF coating
not only effectively minimizes the side reactions between metallic Li and liquid
electrolytes, but also suppresses dendrite growth. Therefore, this artificial SEI layer
enhances the cycling stability of Li metal electrodes both in symmetrical cells and in
full cells. Moreover, this moderate and scalable method may also apply to the
protection of sodium electrodes and other active metal electrodes.

Associated A. Supporting Information

Supplementary data associated with this article can be found in the online version
at
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Fig. 1. (a) Illustration of the process for fabricating LiF-coated Li. (b) LiF-coated Li
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the black layer on the Li metal produced by the reaction between Li metal and
PVDF-DMF solution. The inset is the photograph of the reaction product. Scale bar,
100 um. (b) FTIR spectra of PVDF film on the copper foil and the black layer on the
Li metal. The PVDF film was fabricated by dropping PVDF-DMF solution on the
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black layer on the Li metal. (d) GC indicating the generation of H, during the reaction
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Fig. 3. (a) SEM image of LiF-coated Li. The inset is the photography of LiF-coated Li
metal. (b) Cross-sectional FIB-SEM image of LiF-coated Li. The inset is the image

with a lower magnification. Scale bar, 10 pm (a), 2 um (b) and 5 pum (b, inset).
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Fig. 4. Electrochemical characterization of LiF-coated Li metal. A comparison of the
cycling stability of the symmetric LiF-coated Li metal (red) and bare Li metal (black)
cells with carbonate electrolytes at a current density of (a) 1 mA cm’, (b) 3 mA cm™,
and (c) 5 mA cm™, respectively. (d) The cycling performance of the LiF-coated
Li|LiCoO, cell. The first two cycles were at the current density of 0.2 mA c¢cm™, and
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Fig. 5. SEM images of (a, b) LiF-coated Li electrode and (c, d) bare Li electrode after
100 cycles at a current density of 1 mA cm™. Scale bar, 100 pm (a, ¢), 10 pm (b) and
1 um (d).





